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The word protein is derived from the Greek word ‘Protos’ meaning foremost in time, order or 

importance. The reason for this is that these organic molecules are fundamental building 

blocks of all living organisms. Oversimplified, without functional proteins life, as we know it, 

would never have been developed. Proteins comprise a very versatile group of molecules that 

perform a wide range of functions in the various different forms in which they exist. They 

provide structure, protection and function to the organism or the individual organs in the form 

of e.g. muscles, cartilages, ligaments, neurons and vessels. Formulated as lipoproteins or 

globular proteins, they also regulate transport of substances vital for all physiological 

functions of the organism. Furthermore, they regulate and maintain biochemical homeostasis 

in the body in the form of hormones, antibodies and enzymes.  

With the completion of the human genome project, the scope for identifying new 

proteins and their function has increased vastly. Protein identity, localization and 

compartmentalization are important aspects of studying protein pathways. In the last decades 

rapid developments in molecular biology and sophisticated adaptations in several modes of 

microscopy have added tremendously to the understanding of how protein networks achieve 

to control appropriate functioning of cells, organs and, superimposed, the individual. On top 

of this enrichment in available research tools, rapid developments within the field of 

proteomics further add to the possibilities of studying protein networks. Using such advanced 

proteomic approaches, in this thesis, we have performed cardiac/cardiomyocyte compartment 

specific proteomics where we differentiate the localization of different proteins and at the 

same time aim to identify new compartment specific protein molecules. This is exampled by a 

study that focuses on looking at new players in the intercalated disc, the intercellular contact 

area that electrically and mechanically integrates all individual cardiomyocytes into a 

syncytium that facilitates appropriate pump function of the heart. Such new players may be 

involved in till now not fully understood functions in the physiology and the pathophysiology 

of the organelle.  

The fact that proteins are extremely vital units for biological life is reflected by the 

fact that there always exists a homeostatic environment, which is maintained and controlled 

by protein signaling.  However, during diseased states in the human body, the homeostatic 

balance is disturbed and the body is subjected to maladaptive protein signaling. This can be 

defined as either overexpression of a particular protein leading to increased activity, a 

decreased expression of the protein, disturbed protein-protein interactions or in some cases 

deactivation or overactivation of the protein via biological phenomena such as 
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(de)phosphorylation, (de)glycosilation and several other forms of post-translational 

modifications.  

A very large family of proteins is the phosphotransferase family, a family of enzymes 

that catalyzes phosphorylation reactions. Phosphorylation or the opposite, dephosphorylation, 

is an important biochemical reaction that modifies functioning of a protein. Sub classified 

under the phosphotransferase family is the kinase family. The kinases are responsible for 

controlling and performing a large variety of cellular metabolic functions. Thus far a large 

varity of different kinases have been discovered and at the same time their functional 

importance has been elucidated for the large majority of them. The complete ‘kinome’ is 

known to contain around 518 kinases. Some kinases that have been very widely studied for 

decades are protein kinase D (PKD), Protein kinase C (PKC), MAP kinases, the cAMP 

dependent protein kinase A (PKA) and Ca2+ calmodulin dependent protein kinase family 

(CAMK).  

The main function of the heart is to maintain a regulated blood circulation throughout 

the body both during rest and exercise conditions. To perform its functions in a controlled 

fashion and to be able to adapt its performance when this is demanded, the heart is largely 

dependent on activity of several of the above-mentioned kinases, which are known to play 

important roles in the heart. For example, PKA is the most important mediator of the fight 

and flight response, the main energy production pathways and also an important player in 

cardiac disease mechanisms. CAMKII, a member of the CAMK family, has recently been 

implicated as an overactive molecule in cardiac diseases; studies have shown that heart failure 

is strongly associated with and affected by an increased CAMKII protein level and increased 

enzyme activity.  

PKA, a ubiquitously expressed kinase, is one of the downstream components of the 

beta-adrenergic pathway, which controls cardiac rhythm and contractility. Functionality of 

PKA is dependent on the A kinase anchoring protein (AKAP) family which regulates 

organization in time and space. In the past few years, a lot of studies have elucidated the 

function of these AKAPs. With PKA associated pathways being active players in cardiac 

diseases it becomes naturally important to investigate the role of the different AKAPs in 

cardiac diseases.  This is emphasized by the fact that during end stage heart failure, PKA 

catalytic activity is known to remain unchanged but that the regulatory subunit (responsible 

for compartment specific localization of the catalytic subunit via interactions with AKAPs) 

levels are down regulated. Since PKA substrate phosphorylation is importantly reduced, this 
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implies that AKAPS could be an important target subjective to modulation in its function 

during pathophysiological remodeling of the heart (1).  

 
Figure 1: PKA and CAMKII are different in structure but have a large similarity in their targets. This 
figure represents the different targets of PKA (connected by red lines) and CAMKII (connected by 
green lines).  
 

CAMKII on the other hand is known to be functionally more active under diseased 

states. Under physiological levels, binding of calcified calmodulin activates CAMKII but a 

recently discovered pathway involving oxidation of paired methionines in the enzyme shows 

that CAMKII can stay in persistently active confirmation even in the absence of calcified 

calmodulin. These findings along with results that stress the deleterious activities of increased 

CAMKII activity are a second example that highlight the phenomenon of maladaptive protein 

signaling in the heart in terms of modified protein activity (2).  

Both PKA and CAMKII, though structurally different carry out a similar function of 

catalyzing phosphorylation reactions and also share some of the same targets. These enzymes 

are very efficient examples of how two proteins with similar biological functions can behave 

differently under comparable pathological conditions. Using PKA and CAMKII as two 

chosen targets of interest, the performed research as expressed in this thesis describes 

maladaptive protein signaling during heart diseases and displays examples where metabolic 

balances can be disturbed due to increase in protein activity/levels (CAMKII), decreased 
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protein levels (PKA-Regulatory subunits) or disturbances in protein-protein (PKA-AKAP) 

interactions important for a normal functioning of the heart.  

The outlay of this thesis is as follows. Chapter 2 highlights the need for a better 

understanding of the cardiac proteome using the intercalated disc as an example. It also 

introduces the readers to how advanced proteomic approaches can be used to study and 

discover new intercalated disc members. Chapter 3 sheds light on the role of PKA-AKAP 

interaction in cardiac physiology in order to explain how protein-protein interactions regulate 

normal physiological function. Chapter 4 describes the disruption of PKA-AKAP interactions 

in human heart failure and Chapter 5 follows up on this study through investigating the 

implication of these PKA-AKAP interactions in the different phases during progression to 

heart failure using an experimental model of pressure overload. Chapter 6 shows the role 

played by CaMKII in heart disease using sinus node dysfunction as an example; this chapter 

along with chapter 4 and 5 exhibits a small part of the complex signaling matrix present in 

heart failure and highlights how important modulators of cardiac physiology behave during 

disease. Finally, Chapter 7 comprises the general discussion where the main findings of this 

thesis are being discussed in a larger perspective.  
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ABSTRACT 

Synchronous beating of the heart is dependent on the efficient functioning of the cardiac 

intercalated disc (ID). The ID is composed of a complex protein network enabling electrical 

continuity and chemical communication between individual cardiomyocytes. Off late a lot of 

studies have shed light on increasingly prevalent cardiac diseases like arrythmogenic 

cardiomyopathy (AC) involving the ID. Insufficient knowledge of the ID composition makes 

it difficult to study these disease mechanisms in more detail. Here, for the first time using a 

combination of membrane enrichment, in-depth proteomics analysis and bioinformatics 

strategies, we have discovered a defined set of new putative ID proteins. An ID enriched 

membrane fraction, which included the ID markers connexin-43 (Cx43) and n-cadherin, was 

prepared using differential centrifugation. We quantitatively evaluated 3455 proteins for their 

enrichment in the ID-enriched membrane fraction with respect to their levels in the 

counterpart soluble fraction. An intuitive data filtering approach was used to generate a final 

set of 48 high potential ID proteins. These included well-known markers such as Cx43 and n-

cadherin, but also several interesting novel candidates. We selected one candidate (Flotillin-2) 

and show its exclusive staining, and co-localization, with n-cadherin in the ID of human and 

rat heart sections. 

	  

INTRODUCTION	  

Evidence of the heart being a functional syncytium was first given in the 19th century 

and this was later followed by the idea that cardiomyocytes were connected via low cell-to-

cell resistances (1). An important structure involved in providing these low cell-to-cell 

resistances and at the same time separating two cardiomyocytes is the intercalated disc (ID) 

(2) (3).  The ID is a highly coordinated and complex structure with two main functions a) to 

maintain mechanical coupling and b) to enable fast propagation of electrical impulses 

throughout the heart. The structural components of the ID are divided into three parts: the 

desmosome, the fascia adherens (FA) and gap junctions (GJ). Recently a new region, the 

translational junction was described by Bennet et. al. at the perimeter of the FA. Very little 

information is available to date about the exact role of this last ID component (4). The 

desmosomes and the FA are structural and mechanical components respectively of the ID and 

the GJ being the electrical component.  

Tissues that are subject to high contractile force, for example the cardiac muscle, are 

rich in desmosomal junctions because of their dense and robust nature and are able to provide 
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structural support between myocytes via interaction with the cytoskeleton (5). Desmosomes 

are transmembrane structures (Fig. 1) composed of desmocollin and desmoglein on the 

extracellular side, which interact in a heterophilc manner in the gap between two adjacent 

cardiomyocyte membranes to connect them. The cytosolic side of the desmosome is 

composed of desmoplakin, plakoglobin (also known as γ-catenin) and this complex links the 

desmosome to the cytoskeleton (6).  

 

                    

Figure 1: A schematic representation of two adjoining cardiomyocytes via the desmosome. The 
desmosome is made up of heterophilic dimers of desmocollin-2 and desmoglein-2 (shown in blue and 
grey).  Interactions with plakophilin-2, desmoplakin-2 and plakoglobin link the desmosome complex 
to the intermediate filament protein desmin.   

 
The FA supports the mechanical connection between cardiomyocytes by linking them 

to the actin cytoskeleton and thereby providing uniform mechanical strength to the heart (7). 

At the same time by also being the anchor point where myofibrils are attached allows the FA 

to transmit contractile force from one cell to another (8). Two adjacent cardiomyocytes are 

zipped together via a transmembrane protein named n-cadherin (Fig. 2), which, along with the 

!

Figure!1!
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members of the catenin family on the cytoplasmic side, are the main components of the FA 

(9).   

 

                 

 

Figure 2: Adherens junctions connecting two neighboring cardiomyocytes through hemophilic dimers 
of n-cadherin. The intracellular components of this structure comprise of different catenins that 
connect the cadherins to the actin cytoskeleton. Other proteins known to be members of the ID but not 
the traditional components of the adherens junction are also shown to be present, representing the 
complex interactions between the different components of the ID.  

 
GJs are present in nearly all cell types of the body and in the cardiac muscle they 

contribute to electrical cell-to-cell coupling and impulse propagation between cells by 

connecting the cytoplasm of neighbouring cells. The GJ channels between two 

cardiomyocytes, all consist of two hemichannels called connexons, which in turn are formed 

through hexagonal arrangements of connexin proteins (Fig. 3) (10) (11). The connexins form 

a large family of functionally distinct proteins and Connexin43 is the most abundant connexin 

isoform in the ventricular myocardium (12). Because of a low resistance maintained by the GJ 

!
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compared to the membrane (13), the GJ is permeable to ions and signalling molecules up to a 

size of about 1 kD such as cAMP and IP3 (14).  

 

 

Figure 3: Representation of A cardiac gap junction (channel) formed between two cardiomyocytes. 
Each channel consists of two hemichannels (connexons) that are composed of 6 hexagonally arranged 
connexin proteins. The α/β tubulins connect the gap junctions to the microtubule whereas the 
interaction with caveolins targets the channel to lipid rafts. Zonna occludens-1 an important member 
of this complex interacts directly with connexin-43.  

The function of the ID suggests that this is an important structural component for the 

synchronised beating of the heart but our current understanding of the ID structure is 

incomplete. Lately, many diseases involving the ID such as arrhythmogenic cardiomyopathy 

(AC) are on the rise with a 1 in 5000 incidence (15). Mutations in desmosomal proteins like 

plakophillin-2 and demoglein-2 are primarily responsible for this disease (16-21). However, 

the incomplete picture of the ID composition is a major bottleneck in understanding the 

underlying mechanisms of such diseases.   

  The complex organization of the ID makes us believe that there are many more 

proteins yet to be discovered to completely understand the composition and functioning of the 

ID. To date there have been around 200 proteins reported to be present in the ID based on 

reviews of existing literature  (reviewed by Estigoy et. al.) (22). However the authors of this 

study have listed these 200 ID proteins based on a systematic review of the current literature, 

confirmed by cardiac immunohistochemistry data available within the human protein atlas 

(www.proteinatlas.org). Although this is a powerful approach, it does not bring forward new 

insights based on new experimental data.  

!
!
!
!
!
!
!
!
!
!
!
!
!

!
!
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In this study, using biochemistry, advanced proteomics technology and in-silico 

prediction, we have taken a more unbiased approach to identify novel components of the ID. 

Based on an in-depth analysis of an ID-enriched cardiac membrane fraction, we put forward a 

dedicated, stringently filtered, library of 48 novel putative ID proteins, of which we currently 

validate one as a proof- of- principle for our approach by conventional imaging techniques.  

 

MATERIALS AND METHODS 

1) Animal and Animal Procedures 

Animal care and handling was performed in accordance with the ‘ European Directive for the 

protection of Vertebrate animals used for Experimental and Scientific Purpose, European 

Community Directive 86/609/CEE’. All experiments were approved by the committee for 

experiments on Animals of the Utrecht University, The Netherlands.  Male Wistar rats were 

housed at 210C and 60% humidity with an artificial 12:12 h light dark cycle and were fed with 

standard chow and water (ad libitum).  

 

1.2) Anesthetics and Euthanasia  

Animals used for this study were anaesthetized with 2.5% isoflurane in 40% oxygen and 

heparin (1 ml, 5000 I.U, IP) was administered to avoid the formation of any clots. Hearts 

were extracorporated by making an incision in the thoracic cavity. The aorta was canulated 

and the hearts were flushed with PBS to remove any remaining blood and were frozen in 

liquid nitrogen immediately and stored at -80 °C until further use.  

 

2) Isolation of ID Enriched Fractions  

Frozen rat hearts (n=3) were thawed for 10 minutes at 4 °C followed by careful dissection of 

the left ventricle (LV). The LV was cut into smaller pieces and homogenized using a glass 

Teflon homogenizer in the presence of the lysis buffer (20mM tris HCL pH 7.4, 1mM EGTA, 

50mM NaCl, 5mM NaN3, 1mM PMSF, 50mM Na3VO4 and a protease inhibitor cocktail 

(Roche, Germany).  The lysate was centrifuged at 500g to remove all unbroken cells and 

nuclei, the supernatant was collected and again centrifuged at 10,000g. The resulting pellet 

was collected as the ID enriched fraction and was dissolved in lysis buffer (same as above). 

The supernatant being the cytosolic fraction was used as a control to estimate enrichment 

levels of proteins in the ID enriched fraction and hence for the following proteomics analysis 

two fractions were used; the ID enriched (ID) and cytosolic (CF).  

A similar protocol was used for the enrichment of the human ID fractions from donor 
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LV free wall tissue. This tissue was obtained f rom healthy cont ro l ,  m a l e  individuals 

w i t h o u t  any  d iagnosed  cardiovascular disorders. All investigations conform to the 

principles outlined in the Declaration of Helsinki and experimental protocols were approved 

by the Ethical Review Boards of the Albert Szent-Gyorgyi Medical University (source of 

human hearts) (Hungary) and University Medical Center Utrecht (The Netherlands). 

 

3) Sample Preparation for Proteomic analysis  

Protein samples (250µg per heart) were reduced and denatured by heat at 96 °C for 10 

minutes in 150 µl of 1X sample buffer (Invitrogen). The proteins were separated on a 4-15% 

gradient gel (Bio-Rad, Germany) and coomassie stained. Each gel lane (3x ID-fraction, 3x 

cytosolic fraction) was cut into 15 equal bands, which were subsequently reduced, alkylated 

and in-gel digested as described previously (23)  

 

3.2) Liquid chromatography and mass spectrometry 

Peptides were separated on an in-house made 50 cm column, 75 µm inner diameter, packed 

with 1.8 µm C18 resin (Agilent Zorbax SB-C18) at a constant temperature of 40 °C. The 

column was connected to a Q Exactive quadrupole orbitrap mass spectrometer (Thermo 

Scientific) through a nanoelectrospray ion source.  Injected peptides were first trapped with a 

double fritted trapping column (Dr Maisch Reprosil C18, 3 µm, 2 cm x 100 µm) at a pressure 

of 800 bar with 100% solvent A (0.1 % formic acid (FA) in water) before being 

chromatographically separated by a linear gradient of buffer B (0.1% FA in acetonitrile) from 

7% up to 30% in 150 min at a flow rate of 150 nl/min. Total measurement time for each 

sample took 180 minutes. The eluent was sprayed via a distal coated fused silica emitter (360 

µm o.d., 20 µm i.d., 10 µm tip i.d.; constructed in-house) butt-connected to the analytical 

column.  Mass spectra were acquired on the Q-Exactive in data dependent mode with an 

automatic switch between a full scan and up to 20 MS/MS scans. Target value for the full 

scan MS spectra was 3,000,000 with a maximum injection time of 250 ms and a resolution of 

35,000 at m/z 200. The twenty most intense ions with charge two or more from the survey 

scan were selected with an isolation window of 1.5 m/z and fragmented by HCD with 

normalized collision energies of 25. The ion target value for MS/MS was set to 50,000 with a 

maximum injection time of 120 ms and a resolution of 17,500 at m/z 200. Repeat sequencing 

of peptides was kept to a minimum by dynamic exclusion of the sequenced peptides for 40 s. 
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4) Data analysis 

For the label free quantitative analysis, the raw files were processed using MaxQuant version 

1.3.0.5 (24).  The MS/MS spectra were searched against the IPI rat database 3.36 (42,689 

sequences; 22,370,705 residues) using the Andromeda search engine. Database search was 

performed with the following parameters: an initial mass tolerance of ±20 ppm for precursor 

masses and a final mass tolerance of ±7 ppm; a mass tolerance of ±0.05 Da for HCD fragment 

ions, and up to two missed cleavages were allowed. Cysteine carbamidomethylation was used 

as a fixed modification and methionine oxidation and protein N-terminal acetylation as 

variable modifications. For the identification, the false discovery rate was set to 0.01 for 

peptides and proteins. The minimum peptide length allowed was set to seven amino acids. 

The match between runs feature was switched on.  

 

4.2) Filtering  

To isolate putative ID proteins from the proteins identified in the membrane enriched fraction 

we carried out a two-fold selection/filtering process.  First, we calculated an enrichment ratio 

(ER) using the average intensities of the label free quantitation (LFQ) of the three ID fractions 

divided by the average of the LFQ intensities of the three cytosolic fractions (ER=Avg. ID 

LFQ/Avg. CF LFQ intensity). Using the ER values we generated two prioritized protein lists. 

The most stringent set consisted of, proteins that were uniquely present in all the ID fractions, 

while completely absent in all three CF fractions (list A). These were given an arbitrary 

ER=100. The remaining proteins were subjected to the second part of our filtering/selection 

process, which, consisted of three consecutive steps; (i) Only proteins present in two or more 

ID fractions were taken further, (ii) these were required to be identified by at least 3 peptide 

spectral matches (PSMs) in total in three fractions (iii) A minimum ER value of 10 was used 

as a final stringent filter. This resulted in a second ID candidate list (list B). Both List A and B 

were combined (supplemental table1) and further filtered based on the presence of a 

transmembrane domain, or designation of the protein as a membrane associated protein 

according to Uniprot (www.uniprot.org) to result in a candidate list of 59 proteins 

(supplemental table 2). These proteins were further reduced to a list of 48 proteins (table 1) by 

leaving out all proteins that were predicted to be exclusively located at the endoplasmic 

reticulum membrane.  
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5) Absolute quantitation of the cardiac proteome 

To evaluate the differences in protein abundances of all identified proteins, we utilized 

absolute protein quantitation evaluation based on spectral counts as described earlier (25) 

(26). Briefly, for each protein we calculated the Fabb factor by dividing the sum of all 

observed peptide spectral matches (in all 6 runs) by the molecular weight of the protein. 

Subsequently, all Fabb factors were normalized to the total of all Fabb-factors and converted to 

parts-per-million (ppm) values. Proteins were then ranked from high to low abundant using 

descending ppm-values. 

 

6) Immunoblotting  

LV samples were resolved by SDS-PAGE, electro-transferred to nitrocellulose membranes 

(Amersham bioscience) and immersed in TBST-buffer (20 mM Tris-HCL, pH 7.5, 0.5M 

NaCl, 0.1% Tween 20) with 5% (w/v) milk powder. Antibodies used: n-cadherin (Sigma-

C3678), connexin-43 (Cx43) (Becton & Dickson-610062) and Fottilin-2 (Thermos Scientific-

Pierce Antibodies, PA5-21296) GAPDH (Millipore-MAB374). 

 

7) Immunohistology 

Expression of flotillin-2 (Thermos Scientific-Pierce Antibodies, PA5-21296) and n-cadherin 

(Sigma-C3678) was determined by immunohistochemistry on human and rat cryo-sections 

(10µm) as described previously (27).  
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Figure 4: Different ID markers used to confirm the enrichment of the ID fraction. The ID fraction is 
compared to different fractions obtained during the enrichment process. Panel A:  Connexin 43. Panel 
B: N-Cadherin and Panel C: Gapdh. Panel D: ID staining (in green) of Cx43 human cardiomyocytes.  

 
RESULTS	  

ID enriched fraction characterization  

The ID fraction was tested for the presence and enrichment of known ID markers n-cadherin 

and Cx43. Both ID markers were abundantly present in the ID-rich fraction (Fig. 4A&B). 

Cx43 was clearly enriched in the ID fraction, in comparison to whole lysate samples and the 

other fractions (cytosolic fraction, unbroken cells and nuclei) collected during differential 

centrifugation. GAPDH was used to assure equal input (Fig. 4C). Figure 4D shows Cx43 

immunostaining in a mouse cardiomyocyte at the intercalated disc and the alpha actin staining 

(cross-striations) displays the cellular architecture aiding in identification of the ID.   

Proteomic analysis of the ID and cytosolic fraction  

Proteomic analysis of the ID and cytoplasmic fractions revealed a total of 3455 proteins, of 

which 1882 were present in both the CF fraction and the ID enriched fraction. 647 proteins 
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were found uniquely in the ID fraction and 926 were unique in the CF. To isolate true ID 

proteins we utilized an intuitive data-filtering scheme based on the LFQ intensity based 

enrichment factor (ER) and several MS-based criteria (Fig. 5, see materials and methods 

section 4.2 for details). In this way we could isolate 100 candidate proteins to be specifically 

enriched in the ID-fraction with high confidence.  These 100 candidates (supplemental table 

1) were further evaluated for the presence of a membrane spanning domain or a Uniprot 

annotation as membrane bound, or membrane associated protein. Reducing the candidate list 

down to 59 candidates (supplemental table 2).  The final list containing 48 putative ID 

proteins was deduced after exclusion of proteins known to reside in the endoplasmic 

reticulum membrane. The ID protein list included known markers such as Cx43 (gap junction 

alpha-1) and n-cadherin, consistent with figures 4A,B, &D and previous reports (28) (29) (30) 

(31). Other, known ID markers included, ankyrin-1, catenin beta-1 and desmoglein-2 (12) 

(Table1). Desmoglein2 and Cadherin-2 were found enriched with ER values of 69 and 68 

respectively.  Flotillin-2, which was heavily enriched (ER=100) was selected for further 

screening and to confirm its presence at the ID using immunohistochemistry.   

 

Flotilin-2 is present in the human cardiac intercalated disc   

Immunohistochemistry and western blotting confirmed presence of flotilin-2 at the ID. 

Flotilin-2 showed a clear localization at the ID. The merged picture of flotilin-2 and n-

cadherin showed a clear co-localization at the ID in both human and rat tissue (Fig. 6A&B). 

Flotillin-2 also showed a clear enrichment in the human ID enriched fractions isolated from 

control human LV tissue in comparison to their respective cytosolic fractions (Fig. 6C).  

 

DISCUSSION 

With a rise in diseases related to the ID, the need for complete knowledge of the ID 

composition has become vital. The main hurdle is the lack of technical expertise to isolate 

pure fractions of the ID. Other than using information from current literature to understand 

the composition of the ID as a whole, till date there have been no comprehensive studies 

conducted to actually identify novel ID proteins and understand the composition of this entire 

complex structure (22). This study is the first of its kind where a membrane fraction, heavily 

enriched with ID-components was isolated and analyzed in-depth by mass spectrometry-based 

proteomics.   
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Figure 5: A schematic representation of the approach followed to enrich for the intercalated disc (ID) 
and to screen for potential members. The cytosolic fraction (CF) was used as a control to quantify 
enrichment levels. Enrichment was done using differential centrifugation steps. Samples were digested 
in-gel and subsequently analyzed using label free quantitation. Customized filters were applied to the 
proteins in order to leave out non-ID proteins. 
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Figure 6: Human and rat cardiac tissue (left ventricular) showing the presence of flotilin-2 co-
localized with n-cadherin in the ID. Panel A: Colocalization of n-cadherin (left) and flotilin-2 
(middle) in the human ID. A merged picture (overlay, right) showing the clear co-localization of n-
cadherin and flotilin-2. Panel B: Colocalization of n-cadherin (left) and flotilin-2 (middle) in the rat 
ID. A merged picture (overlay, right) showing the clear co-localization of n-cadherin and flotilin-2.  
Panel C: Western blots displaying the enrichment of flottilin2 in the human intercalated disc (ID1 and 
ID2) fractions in comparison to their respective cytosolic fractions (CF1 and CF2).  

In our study, The ID-enriched membrane fraction showed a strong enrichment of the ID 

markers n-cadherin and Cx43 (Fig. 4A&B), compared to the overall heart lysate, thereby 

confirming our initial enrichment procedure. The presence of a large number of cytoplasmic, 

cytoskeletal, mitochondrial and endoplasmic reticulum proteins however suggested that the 

fraction was still quite impure. Therefore we relied on a filtering approach, which was based 

on the specific features of known ID proteins (e.g. Cx43), which also correlated well with the 

obtained Western blot results. This should avoid taking false positives into validation. 

!
!
!
!
!
!
!
!

!
!
!
!

Figure!6!



	  

	   30	  

 

Table 1: Table 1 represents the list of the top 48 candidates shortlisted after the filtering approaches. 
All proteins are displayed with the average enrichment ratio (ER) values and overall abundances in 
ppm (particles per million) to estimate relative protein concentrations. The proteins in yellow are 
known ID proteins.  

Protein(names ER1 ER2 ER3 AVG.(ER Stdev(ER ppm(Overall
Phosphatidate(cytidylyltransferase 100 100 100 100 0 63
ThioredoxinCrelated(transmembrane(protein(2 100 100 100 100 0 32
FlotillinC2 100 100 100 100 0 31
Protein(Rpl3l 100 96 100 99 2 78
Protein(Scamp3 100 15 100 72 49 80
Leukocyte(surface(antigen(CD47 100 15 100 72 49 78
Trimeric(intracellular(cation(channel(type(A 100 9 100 70 53 146
Desmoglein2 7 100 100 69 54 17
CadherinC2 100 5 100 68 55 36
Nexilin 5 100 100 68 55 18
ATPCdependent(zinc(metalloprotease(YME1L1 100 4 100 68 55 34
Cleft(lip(and(palate(associated(transmembrane(protein(1 100 4 100 68 56 14
GlypicanC1;Secreted(glypicanC1 41 20 90 50 36 346
Protein(Sqrdl 28 4 100 44 50 50
CD81(antigen 9 9 100 39 53 209
CLIPCassociating(protein(2 9 5 100 38 54 23
NeuropilinC1 100 6 9 38 53 58
Mitochondrial(fission(regulator(1Clike 9 4 100 38 54 57
Popeye(domain(containing(2 10 4 100 38 54 57
Golgi(integral(membrane(protein(4 7 8 100 38 54 28
NADHCubiquinone(oxidoreductase(chain(1 24 7 78 36 37 865
Histidine(rich(calcium(binding(protein,(isoform(CRA_b 37 31 33 34 3 219
Dehydrogenase/reductase(SDR(family(member(4 72 4 11 29 38 357
Golgi(apparatus(protein(1 21 18 27 22 5 107
Alanyl((Membrane)(aminopeptidase 16 9 36 21 14 94
Integrin(betaC1 9 11 41 20 18 212
RasCrelated(protein(RapC1A 7 12 37 19 16 525
Gap(junction(alphaC1(protein 21 22 10 18 7 386
Receptor(expressionCenhancing(protein(5 21 12 19 18 5 244
Ankyrin(1,(erythroid 11 30 10 17 11 109
Catenin(betaC1 33 8 11 17 14 36
CadherinCH 24 10 13 16 7 369
Mito.(inner(membrane(translocase(subunit(Tim23 8 12 27 16 10 164
Sodium/potassiumCtransporting(ATPase(subunit(alphaC1 17 12 18 15 3 2,319
Ectonucleotide(pyrophosphatase/phosphodiesterase( 21 12 11 15 6 106
ReticulonC4 13 3 29 15 13 27
Sodium/potassiumCtransporting(ATPase(subunit(alphaC2 9 20 12 14 6 243
Peroxisomal(multifunctional(enzyme(type(2 21 16 5 14 8 198
Protein(Ktn1 11 15 15 14 2 93
Extended(synaptotagminC1 6 8 28 14 12 72
Procollagen,(type(VI,(alpha(2,(isoform(CRA_a 8 4 29 14 13 63
LysosomeCassociated(membrane(glycoprotein(1 19 8 9 12 6 185
Dipeptidyl(peptidase(4peptidase(4(60(kDa(soluble(form 7 10 21 12 7 133
CD163(antigen((Predicted) 16 10 9 12 4 39
Uncharacterized(protein 19 4 12 11 8 210
Glutamyl(aminopeptidase 9 9 15 11 4 186
Protein(LOC100909752 14 3 15 11 7 157
Blood(vessel(epicardial(substance 12 7 12 10 2 128
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This may have led to the exclusion of other putative candidates, which may not be exclusively 

localized at the ID. For instance, the known marker plakophilin was detected in our ID 

fraction with ER=34 however it was not very abundant (5 ppm) in our samples and therefore 

only detected in one ID fraction and one CF fraction, thereby not making it to the final 

stringent candidate list.  

In the final list of potential candidates 13.3% of the candidates were known ID 

proteins further strengthening the basis of our filtering approach and increasing the potential 

of the new candidates to be actual ID proteins. Based on ER values signifying heavy 

enrichment we selected Flotillin-2 (ER=100) as a potential ID protein.   

Flotilin-2 is a member of the flotilin family, which is generally known to function as a 

caveolin functional homolog (32). It is abundantly expressed in striated muscle tissue and has 

been detected in extracts from both mouse myocardium and neonatal cardiomyocyte 

structures (33). We were able to confirm the presence of flotilin-2 in the ID via 

immunohistology and Western blot (Fig. 6). Flotilin-2 presented exclusive localization at the 

cell junctions of human and rat cardiomyocytes and was heavily enriched in the ID fraction 

isolated from human LV tissue. As of now, not much is known about the function of this 

protein at this location in the myocardium.  

The other candidates in our list also appeared to be promising ones. For example, we 

have discussed another heavily enriched candidate nexilin (ER=68) to be a member of the ID. 

Nexilin is a known cardiac Z-disk protein and mutations in this protein have been linked to 

dilated cardiomyopathy by destabilizing the Z-disk (34). The ID has been suggested to be 

similar to a giant Z-disks (22) and hence it becomes quite reasonable to assume that these 

structures may have similarities in protein compositions. Also, at the intracellular end of the 

ID, the sarcomere interfaces the ID with a final sarcomeric Z-disk.  Three factors a) an ER 

value of 68 (four fold more enriched than the cut-off value), b) being present in the Z-disk 

and c) with a reasonable assumption that the Z-disk may have a large number of proteins in 

common with the ID, made us believe nexilin to be a strong potential candidate for the ID 

composition.  

The above-presented results not only highlight the difficulties in studying the ID 

composition but also shows how the use of advanced proteomic tools can allow us to get 

closer to deciphering the composition of the ID. This study is being continued with 

immunohistochemistry experiments to assess and confirm the localization of more candidates 

like nexilin in the cardiac ID. Immunoprecipitation experiments with different ID scaffolding 
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proteins and knock out studies will provide a further and more in depth understanding of the 

possible role of these proteins in the ID.  
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ABSTRACT  

The cAMP dependent protein kinase (PKA) is an elementary molecule involved in both acute 

and chronic modulation of cardiac function. Substantial research in recent years has 

highlighted the importance of A-kinase anchoring proteins (AKAP) therein as they act as the 

backbones of major macromolecular signaling complexes of the β-adrenergic/cAMP/PKA 

pathway. This review discusses the role of AKAP staged complexes in acute and chronic 

cardiac modulation by dissecting their role in altering the activity of different ion channels, 

which underlie cardiac action potential (AP) generation, and by reviewing the involvement of 

different AKAP complexes in mechanisms of cardiac remodeling and arrhythmias. 

 
Abbreviations:  
AC:            Adenylyl Cyclase  
ATPase:     Adenylpyrophosphatase  
AP:             Action Potential  
AKAP:       A-Kinase Anchoring Protein   
cAMP:       Cyclic Adenosine Monophosphate  
CaN   :        Calcineurin  
Cav1.2:      Voltage gated Ca2+ channel isoform 1.2 
EC     :       Excitation Contraction coupling  
HCN  :       Hyperpolarization-Activated cyclic nucleotide-gated channel 
HERG:       Human Ether a-go-go-related gene  
IL-6    :       Interleukin 6 
IKKβ  :       Inhibitor of Nuclear factor kappa-B kinase subunit beta 
KCNQ1 :    Potassium Voltage Gated Channel 
LQTS    :    Long QT Syndrome 
Nav1.5   :  Voltage gated sodium channel isoform 1.5 
NCX      :   Sodium-Calcium Exchanger 
NFATc  :   Nuclear Factor of Activated T-Cells, cytoplasmic 
NF-kβ   :    Nuclear factor Kappa-Light-Chain-enhancer of activated B-cells 
PDE      :    Phospho diesterase  
PKA      :   cAMP Dependent Protein Kinase  
PKA-R/C: cAMP Dependent Protein Kinase  regulatory/catalytic subunit  
PKC      :   Protein Kinase C 
Ryr        :   Ryanodine receptor  
SR         : Sarcoplasmic Reticulum 
SERCA:    Sarco/Endoplasmic reticulum Ca2+  ATPase 
SAN     :    Sino Atrial Node 
T-Tubule:  Transverse tubule  
 
 
 
1. INTRODUCTION 

The heart is the engine of our circulatory system that by pumping blood throughout the body 

ensures that oxygen and nutrients are delivered and CO2 and waste products are removed as 
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per the requirements of each organ. This pump function is facilitated by a highly orchestrated 

contraction of all individual cardiomyocytes that form the cardiac muscle of both atria and 

ventricles. The cardiomyocytes posses a special contractile protein-machinery allowing them 

to generate mechanical force after being stimulated by an electrical impulse. Every heartbeat 

depends on this electrical impulse also known as the action potential (AP), which is 

spontaneously raised within the sinoatrial node (SAN) that is located in the lateral right 

atrium (1).  The SAN is made up of a small number of specialized cells and is capable of 

controlling the beating rate of the heart (2), by the modulation of two opposing parts of the 

autonomic nervous system being the sympathetic system and the parasympathetic system. 

The parasympathetic system generally tempers heart rate, decreases the number of APs per 

period of time, which is mediated through release of the neurotransmitter acetylcholine that 

increases the threshold for spontaneous AP generation. Opposing this, the sympathetic 

nervous system increases the rate and force of ventricular and atrial contraction through 

release of catecholamines likes adrenalin and noradrenaline, which stimulate the SAN to 

increase firing rate of the APs.  

The sympathetic nervous system comprises of numerous molecular components that 

make up a large number of important transduction pathways. One of these pathways is the β-

adrenergic pathway, which is activated by catecholamines that bind on the extracellular side 

to various isoforms of the G protein coupled β-adrenergic receptors (β-receptors). Initially 

two isoforms (β1 and β2) of the β-receptor family were considered important but with time 

more isoforms have been detected although it is still questionable whether these isoforms also 

fulfill functions in the cardiac muscle (3) (4). Activation of the β -receptor increases the 

intracellular concentration of the second messenger cyclic adenosine monophosphate (cAMP) 

via activation of various adenylyl cyclases (AC) by the alpha subunit of the β-receptors. This 

increase in cAMP triggers activation of cAMP-dependent protein kinase (PKA) and various 

other cAMP responsive proteins. Activated PKA is able to phosphorylate a large variety of 

substrate proteins involved in regulation of electrical activity and contractility, such as the 

KCNQ1 channel (5), voltage gated L-type Ca2+ channels (6), the ryanodine receptor (7) the 

SERCA inhibitory protein phospholamban (8)  myosin binding protein C and P (9), and 

troponin I and N (10).  

PKA is a ubiquitously present serine/threonine kinase.  In its inactive form it is present 

as a heterotetramer composed of two regulatory subunits (PKA-R) and two catalytic subunits 

(PKA-C). Binding of cAMP to two specific sites on each regulatory subunit causes a 

conformational change within the tetramer thereby releasing both PKA-Cs and rendering 



	  

	   40	  

them active (11). Based on the pattern of its elution from DEAE-cellulose columns, the PKA 

enzyme has been classified into two types, PKA type I and type II (12) (13).  Both subtypes 

are encoded by in total 7 different genes. There are three subunits of PKA-C: Cα, Cβ, Cγ and 

four of PKA-R; RIα, RIβ, RIIα and RIIβ (14). Given its ubiquitous presence and its numerous 

targets, the various isoforms of PKA-R and PKA-C are not sufficient to accommodate the 

complexity and specificity of total cAMP signaling. To regulate activity of the enzyme in a 

controlled physiological manner cAMP/PKA signaling within cells is compartmentalized. 

This is achieved via the diverse family of A-Kinase Anchoring proteins (AKAPs).  

The AKAPs compose a large family of structurally diverse proteins (15) (16) of which 

so far 17 subfamilies have been identified in the heart (17) , that are responsible for 

localization of PKA to different compartments of the cardiomyocyte. All AKAPs utilize a 

small, structurally conserved amphipathic helix of 14-18 residues to interact with PKA-R with 

nanomolar affinity (18). Nuclear magnetic resonance and X-Ray crystallography studies have 

revealed that the anchoring domain of AKAPs binds to the hydrophobic groove in the 

docking and dimerization domain of the regulatory subunit of PKA (19) (20). Most AKAPs 

appear specific for the RII subunit but AKAPs with dual specificity for example D-AKAP2 

have also been identified and, as such, these bind both to the RI and RII holoenzyme (21) 

(22). Only recently, the first two AKAPs that are entirely RI specific have been identified, 

SPHKAP and smAKAP (23) (24).  

Since AKAPs are proteins of relatively low abundance, for long it has been quite 

difficult to study their individual biological functions. However, over the past years a large 

number of AKAPs have been identified and in addition, their biological functions are 

currently emerging. AKAPs assemble PKA together with signal terminators, such as 

phosphoprotein phosphatases and cAMP specific phosphodiesterases in a multi protein 

signalling complex (Fig. 1). In this review we will discuss the significance and role of these 

proteins in controlling the electro-mechanical aspects of normal cardiac function. To do so, 

we will follow the sub sequential sequence of events that underlie action potential generation 

(excitation) that triggers events that stir the contraction.  In addition, we will briefly touch 

upon AKAPs that might be involved in maladaptive progression of diverse cardiac 

pathologies.  
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Figure 1: A representation of how an AKAP macromolecular complex is composed. The amphipathic 
helix of the AKAP binds to docking and dimerization domain of the PKA holoenzyme. The AKAP 
targets PKA to different substrates via the targeting domain and at the same posses sites for bind of 
other signaling molecules required for the completeion of the macromolecular complex.   
 
2. AKAPs and acute cardiac modulation  

The first evidence of AKAP mediated PKA modulation of cardiomyocyte contraction was 

demonstrated by Fink et. al. (25). In their study, a peptide model of AKAP-Lbc’s (AKAP13) 

anchoring domain, named Ht-31, was used to disrupt the majority of AKAP-PKA-RII 

interactions in isolated cardiomyocytes. Ht-31 treated cells showed altered β -adrenergic 

signaling upon catecholamine stimulation leading to a significantly decreased level of PKA 

phosphorylation of the sarcomeric proteins Troponin-I and myosin binding protein C; proteins 

which are involved in regulation of actin-myosin interactions.  

The resulting physiological effect of decreased phosphorylation of these sarcomeric 

proteins was a decrease in cell shortening. This is because phosphorylation of Troponin-I 

decreases the sensitivity of actomyosin ATPase to cytosolic Ca2+ by decreasing the affinity of 

troponin C for Ca2+ (25).  A different but more recent study by Patel et al. used, instead of Ht-

31, a cell penetrating peptide AKAD fused to a carrier peptide TAT to disrupt PKA-AKAP 

interactions in vitro and ex vivo thereby significantly significantly inhibiting cellular PKA 

activity and induced a negative effect on chronotropy (rhythm), inotropy (force) and lusitropy 

(relaxation). On top of that, a decreased PKA phosphorylation of phospholamban was 

identified, implicating an important role of PKA-AKAP interactions in controlling contractile 

function throughout the cardiac cycle (26).  

!
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Despite the introduction of peptides similar to Ht-31 but specific for RI or RII 

isoforms such as RIAD (27) (28) and AKAPsuperIS (29) (30) respectively and small 

molecules effecting PKA-AKAP interactions (31) and the fact that the above studies 

indefinitely show the importance of PKA-AKAP interactions in cardiac contractility, they still 

had their limitations. These studies used peptides that knocked out either RII-AKAP or 

RI/RII-AKAP interactions but not a single specific one. Therefore these results initiated the 

scope for studies that aimed to elucidate the roles played by single AKAP-PKA interactions 

in cardiac contractility.    

 

2.1 AKAPs and the cardiac action potential   

The cardiac AP exists through the temporal changes in inflow and outflow of different ions 

via their respective ion channels, which in turn elicit the rise and fall of membrane potential 

during the 4 subsequent phases of the AP. All phases of the cardiac AP are influenced through 

several underlying molecular components like ion channels, modulating kinases and 

phosphatases, and phosphodiesterases (PDE). One of the ways these molecular components 

are modified is through phosphorylation. PKA is one of the major kinases phosphorylating 

several of such molecules when the cardiac AP is acutely affected during catecholamine 

stimulation. Fig. 2 displays a schematic representation of the different phases of the AP, the 

various underlying currents and molecular components modified by PKA phosphorylation 

during these different phases.  

 

2.1 Role of AKAPs during depolarization  

Cardiac contraction is initiated by a fast depolarization of the membrane caused by opening of 

the Nav1.5 (sodium) channels, subsequently followed by opening of voltage dependent L-

type Ca2+ channels. Till date no AKAP has been discovered that is involved in PKA 

regulation of the cardiac sodium channel. However, older studies have demonstrated that 

brain sodium channels (familiar to the cardiac one) are phosphorylated by PKA (32), and one 

study identified AKAP15 (not specifying which isoform) to be associated with brain sodium 

channels in order to tether PKA in close proximity of the target phosphorylation site S673 

(33). Cantrell et al used an AKAP15 derived peptide, AP2, that disrupted the interaction 

between AKAP15 and PKA-RII and this disruption resulted in a 15-20% decrease in peak 

(Na+) current implying the importance of AKAP15 in PKA regulation of brain-type sodium 

channels (34). These results were not completely conclusive as the AP2 peptide is expected to 

bind to PKA-RII and hence to disrupt interactions between more than just one AKAP known 
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to interact with PKA-RII. In rats, the cardiac Nav1.5 channel that conducts the depolarizing 

sodium current (Ina) is phosphorylated by PKA at Ser526 (525 in human) and Ser529 (528 in 

human) during stimulation with catecholamines (35) (36). Logically, the fact that Nav1.5 is 

phosphorylated by PKA allows one to speculate about the presence of an AKAP that may be 

mediating the localization of PKA near the sodium channel.  

 During the second half of the depolarization phase the initiation of excitation-

contraction coupling (EC) coupling starts through the entry of Ca2+ into the cytosol via 

opening of L-type calcium channels that conduct ICa-L. During exposure to exercise or stress 

(also named the fight-or-flight response) it is required that the heart beats in a faster rhythm 

(increased chronotropy) with a higher force of contraction (increased inotropy) in order to 

meet the increase in circulatory demands. To facilitate this, more calcium must be introduced 

in the cell and/or the Ca2+ sensitivity of the Ryr has to be increased in order to increase the 

release of Ca2+ from the SR. This requirement is fulfilled by activation of the beta-adrenergic  

 
Figure 2:  A schematic representation of the 4 phases of the cardiac action potential. The color of each 
phase is correlated to its respective currents by the same colored arrows. The displayed channels and 
their currents, and contractile proteins are substrates modulated by PKA phosphorylation during the 
different phases. The L-type Ca2+ channels that are activated in the late phase of the upstroke, are also 
active during the plateau phase since they deactivate gradually as the resting membrane potential of 
the cell reaches below their activation threshold. Similarly, the K+ channels IK1 and KCNQ1 are also 
partially open during the plateau phase. For reasons of clarity, this is however not depicted in mingled 
colors as this figure, in a simplified fashion, illustrates the phase where each of these channels is 
playing a major role.  
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receptors and their translating downstream pathways. AKAP15 (AKAP18α) has been shown 

to co-immunoprecipitate and co-localize with PKA and L-type Ca2+ channels (or Cav1.2 

channels) when isolated from rat hearts.  
 

Figure 3: Schematic representation of the AKAP staged complexes in the depolarization phase of the 
AP, AKAP15/18α and AKAP79/150 localize macromolecular complexes to different pools of L-type 
Ca2+ channels.  
 

This interaction of the channel and AKAP15 is mediated through a leucine zipper 

motif and assists PKA in phosphorylation of the Cav1.2 channel at Ser1928 (Fig. 3). 

Inhibition of this complex using competing peptides to disrupt PKA anchoring to Cav1.2 

attenuated the channels’ response to β -adrenergic stimulation by effectively inhibiting the 

PKA regulation of ICa-L (37). Following this observation, not unexpectedly, a role of this 

complex was confirmed in the molecular mechanism that regulates calcium channel function 

during the fight-or-flight response (38), shedding further light on the importance of the AKAP 

in excitation-contraction coupling during sympathetic  stimulation AKAP5 

(murineAKAP150, humanAKAP79) has also been identified to direct PKA-dependent 

phosphorylation of L-type Ca2+ channels resulting in augmentation of the current in HEK293 

cells transfected with the channel (39). Recently, more detailed information on the exact 

nature of this regulation in the heart was reported. In mice, a macro molecular complex 

existing of β-adrenergic receptors, AC5, AC6, calcineurin, Caveolin-3, PKA, AKAP5 and a 

subset of L-type Ca2+ channels was identified (Fig. 3). The composition of this complex was 

disrupted in cardiomyocytes isolated from AKAP5 knockout mice and consequently, β -

! ! ! ! ! ! ! !
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
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adrenergic regulation of Ca2+ transients and phosphorylation of PKA substrates involved in 

Ca2+ cycling was disturbed (40). 

 

 
Figure 4: mAKAP maintains a signaling complex at the RyR to increase the receptors sensitivity to 
calcium induced calcium release during sympathetic stimulation.  
	  
	  
 

Figure 5: Different AKAP associated complexes function during the repolarization phase of the AP.  
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2.2 Role of AKAPs in the plateau phase 

As the action potential is reaching the plateau phase, EC coupling enters its second phase in 

which Ca2+ is progressively released from the SR via ryanodine receptors through a process 

named the calcium-induced-calcium-release mechanism. Upon sympathetic stimulation, 

phosphorylation of the ryanodine receptor increases its sensitivity to the increased ICa-L 

resulting in an enhanced SR Ca2+ release. This allows a stronger force of contraction by 

making more Ca2+ available to bind to the myosin and troponin filaments (41).  The ryanodine 

receptor is known to be multi-phorsphorylated by different kinases for example at Ser2030, 

Ser2808 and 2809 by PKA, however phosphorylation by PKA at Ser2030 and 2808 have been 

shown to be the functionally important ones and also the ones playing a role in disease 

mechanims (42) (43). Phosphorylation of the receptor during adrenergic stimulation is 

performed by PKA that is anchored to the receptor by mAKAP (muscle specific AKAP), a 

member of the AKAP6 gene family (44, 45). mAKAP alsomaintains the balance in PKA 

activity and ryanodine phosphorylation by additionally anchoring PDE4D3, a 

phosphodiesterase that keeps a check on the local cAMP levels in order to preserve a 

balanced activity of the enzyme. Moreover, PP2A is also anchored which dampens the 

phosphorylation status of the ryanodine receptor (7, 46) (Fig. 4). A recently conducted study 

also showed the involvement of AKAP5 playing a role in the phosphorylation of the 

ryanodine receptor although that underlying mechanism is still unclear (40).  

 

2.3 Role of AKAPs during repolarization  

The plateau phase is followed by the repolarization phase and this phase is executed through 

two different movements of ions: (a) removal of Ca2+ from the cytosol, and (b) extrusion of 

K+ from the cell in order to restore the cells’ negative membrane potential.  

 

2.3 (a) Role of AKAPs during removal of cytosolic Ca2+ 

During the final part of EC coupling, cytosolic Ca2+ levels decline in order to arrest 

contraction and to initiate relaxation of the cardiomyocytes. The removal of cytosolic Ca2+ is 

achieved via four mechanisms; through the sarcoplasmic reticulum Ca2+-ATPase (SERCA), 

the sarcolemmal Na+/- Ca2+ exchanger (NCX), the sarcolemmal Ca2+ ATPase and the 

mitochondrial Ca2+ uniporter (reviewed by Bers et al. (47)). SERCA regulates Ca2+ re-uptake 

into the SR and in its inactive form; it is bound to a small 52 amino acid inhibitory protein 

named phospholamban. Phospholamban is bound to SERCA in a dephosphorylated state and 

its inhibitory function can be modulated via phosphorylation by PKA. Once activated, 
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phospholamban dissociates from SERCA thereby increasing the activity of SERCA (48). A 

complex composed of AKAP18δ, PKA, phospholamban and SERCA has been identified and 

it has been shown that AKAP18δ plays a vital role in phosphorylation of phospholamban 

upon adrenergic stimulation. In this study, disruption of the interaction of phospholamban and 

AKAP18δ reduced PKA-dependent phosphorylation of phospholamban by 50%. Moreover, 

neonatal rat ventricular myocytes with a siRNA mediated complete knockdown of AKAP18δ, 

showed decreased rates of Ca2+ re-uptake by SERCA during β -adrenergic stimulation via 

isoproterenol. These results taken together highlight the importance of this AKAP in the final 

phase of EC coupling of the cardiomyocyte (8) (Fig. 5). However, a recent study by Jones and 

colleagues questions this model (49). In their study, the authors show a normal regulation of 

calcium cycling in cardiomyocytes, and an unaffected phosphorylation of phospholamban at 

the PKA site Ser16 in an AKAP7 (all isoforms of the family, AKAP18α, β, γ and δ) knockout 

mouse model. As such they claim the involvement of a different, but yet unknown, AKAP. 

Results of this latter study raise questions, which require re-establishment of the previously 

accepted model.  

The NCX also plays a vital role in the efflux of Ca2+ from the cells after contraction; it 

extrudes one Ca2+ in exchange for 3 Na+. Schulze et al showed the existence of a macro-

molecular complex in the adult rat heart, which was composed of mAKAP, PKA-RI, PP1, 

PP2A, PKC and the NCX channel (Fig. 5). In addition, Western blot experiments on NCX 

immunoprecipitations excluded the interaction of five other tested AKAPs (AKAP79, 

AKAP95, AKAP149, AKAP121 and AKAP220) (50). Though it is widely accepted that 

mAKAP is a RII specific AKAP and surface plasmon resonance studies revealed no clear 

interactions between mAKAP and the RI subunit (51), the study by Schulze et al could not 

confirm the presence of the RII subunit in their macro-molecular complex (50).  As such, the 

role of NCX phosphorylation by PKA still remains a paradox.  

Though not much is known about the modulation of the mitochondrial uniporter by 

PKA phosphorylation, the sarcolemmal ATPase on the other hand is phosphorylated by PKA 

(52) and this phenomenon is important for the increased outward movement of intracellular 

Ca2+.  However no AKAP has been discovered until date that might be involved in staging of 

a possible macromolecular complex around the sarcolemmal Ca2+ ATPase.  

 

2.3 (b) Extrusion of K+ 

After the removal of Ca2+ from the cytosol through SERCA and the other named mechanisms 

is completed, relaxation starts and the AP proceeds towards the final repolarization phase. 
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The L-type Ca2+ channels start to close whereas the delayed rectifier conducting channels, 

which are still open, ensure a progressive hyperpolarization of the membrane potential. This 

leads to opening of more K+ channels like Kir2.1 channels (conducting IK1). The outward 

flow of K+ ions causes the cell to repolarize and most channels close when the membrane 

potential reaches about -85 mV. The repolarization phase ensures ventricular relaxation in 

order to facilitate an appropriate diastolic filling of the cardiac chambers. The KCNQ1 

channel, which conducts the repolarizing IKs current is phosphorylated by PKA at Ser27 and 

this phosphorylation is modulated by a channel micro domain formulated by a 

macromolecular complex of PKA, KCNQ1, PP1, PDE4D3 and the anchoring protein yotiao 

(AKAP9) (5). Yotiao mediates anchoring of PKA to the KCNQ1 channels in order to 

modulate channel function upon β -adrenergic stimulation when a higher rate of contraction 

and a faster relaxation is required (Fig. 5). In this complex PDE4D3 and PP1 are present to 

maintain equilibrium in PKA activity and monitor the phosphorylation of the KCNQ1 

channel respectively (53).  

Yotiao itself has been implicated in post-phosphorylation and allosteric modulation of 

the KCNQ1 channel. Phosphorylation of yotiao by PKA at Ser43 has been shown to be 

critical for KNCQ1 channel function. Replacement of Ser43 by an alanine not only disrupted 

the PKA dependent phosphorylation of yotiao at the N-terminus but also diminished the 

functional response of the KCNQ1 channel (wildtype and pseudo-phosphorylated) to cAMP 

(54), stressing the functional importance of this AKAP.  

 

3. AKAPs and chronic cardiac remodeling   

PKA signaling and especially alterations in this signaling are highly associated with cardiac 

remodeling during situations that deviate from the normal physiological one (e.g. cardiac 

hypertrophy and cardiac failure). Cardiac hypertrophy is either a physiological response of the 

heart (compensated) to chronically increased systemic demands, but may also manifest itself 

as pathophysiological (decompensated) form. Recent studies have revealed 1) the 

involvement of two AKAPs (AKAP-Lbc and mAKAP), and 2) altered organization of PKA-

AKAP complexes in the hypertrophic response of the heart. In addition, AKAPs have been 

involved in electrical remodeling and arrhythmogenesis. 

 

3.1 AKAP-Lbc 

AKAP-Lbc, a member of the AKAP13 gene family has been identified as a mediator of 

cardiac hypertrophy and analysis of tissue samples from patients with hypertrophic 
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cardiomyopathy revealed 2-fold increased levels of AKAP-Lbc in comparison to matched 

controls (55). AKAP-Lbc recruits a complex consisting of PKA, Protein Kinase D (PKD) and 

protein kinase C (PKC). By synchronizing phosphorylation of PKC and PKA (serine 2737), 

PKD becomes activated and released from the complex to phosphorylate the class II histone 

deacetylase 5 (HDAC5) that promotes the transcriptional activation of genes involved in 

hypertrophy via the myocyte-specific enhancer-binding factor-2 (MEF-2) pathway (56).  

AKAP-Lbc also acts as a guanine nucleotide exchange factor (GEF) for the small 

GTPase RhoA that is involved in pathways leading to cardiomyocyte hypertrophy. Collins et 

al., showed an increase in AKAP-Lbc mRNA levels and heart weight/body weight ratios after 

chronic infusion of phenylephrine into mice. Knockdown of AKAP-Lbc via RNA 

interference in isolated cardiomyocytes attenuated this hypertrophic response (57). To 

elucidate the downstream effectors of this pathway a recent study by Vescovo et al. 

demonstrated a transduction complex formed by AKAP-Lbc and the inhibitor of NF-κB 

kinase subunit β (IΚΚβ). They showed that AKAP-Lbc promotes the formation of RhoA-GTP 

and activation of Rho kinase, which leads to activation of NF-κB. Activated NF-κB, in turn, 

induces transcription of the interleukin-6 gene (IL-6) ensuing the stimulation of IL-6 

mediated pathways involved with fetal gene expression and cardiac hypertrophy (58).   

 

3.2 mAKAP   

Elevated mAKAP expression levels have been detected in cultures of neonatal rat 

cardiomyocytes treated chronically with hypertrophic stimulants like phenylephrine (59). This 

anchoring protein indirectly mediates the activation of the Ca2+/Calmodulin dependent 

phosphatase calcineurin. Calcineurin’s activity is enhanced through elevation of cytoplasmic 

Ca2+ levels resulting from PKA dependent phosphorylation of the ryanodine receptor. 

Activated calcineurin subsequently dephosphorylates the hyper-phosphorylated nuclear 

transcription factor NFATc, an event that leads to its translocation to the nucleus where it 

mediates the expression of hypertrophic genes. During pathological remodeling AC5 

associates with mAKAP and this complex proved to be important in cardiomyocyte 

hypertrophy by controlling the regulation of the second messenger cAMP (59, 60).  A recent 

study indicates that mAKAP also binds to phospholipase-c (PLC) and disruption of this 

complex in neonatal cardiomyocytes inhibits endothelin-1 induced hypertrophy (61). 

During heart failure and other cardiomyopathies several neurohumoral factors are 

deregulated in the heart. Disoriented catecholamine signaling leads to imbalance in the β -
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adrenergic pathway by desensitization and down-regulation of β -adrenergic receptors and 

hence disturbed cAMP/PKA signaling (62) (63).  

 

3.3 AKAPs and Long-QT Syndrome 

Long-QT syndrome (LQTS) is an inherited arrhythmogenic disease characterized by 

prolongation of the QT interval on the echocardiogram (ECG). The QT segment of the ECG 

relates to the repolarization phase of the AP, which points out the rate of ventricular 

relaxation during diastole. Patients suffering from LQTS are vulnerable to sudden cardiac 

death during exercise or stress because of repolarization labilities (64). As discussed earlier, a 

macromolecular complex of PKA, KCNQ1, Yotiao, PP1 and PDE4d3 is necessary for the 

enhanced functioning of this Iks encoding KCNQ1 channel in order to increase current 

amplitude during sympathetic regulation. Single nucleotide polymorphisms in both the 

KCNQ1 and the Yotiao genes are described that lead to a dissociation of the Yotiao-

macromolecular complex from the KCNQ1 channel and this is known to cause LQTS1 (5) 

(65).  

The molecular nature of the binding between yotiao and KCNQ1 involves the distal C 

terminus of the channel and both the C and N termini of Yotiao. A rare missense mutation in 

a LQTS family was discovered in yotiao (S1570L). Analysis of the consequences of this 

mutation using a computational model of a ventricular myocyte predicted a disrupted binding 

of the anchoring protein to the channel. The result of this disruption is a markedly reduced 

PKA phosphorylation of the channel, a blunted response of the channel to cAMP and thereby 

insufficient AP/QT shortening: increased QTc. during adrenergic circumstances as observed 

in this particular family (65). A similar molecular phenotype was observed with the G589D 

missense mutation found in KCNQ1 (66). 

A different form of LQTS is the long-QT8 syndrome (Timothy syndrome), which is 

characterized by a single amino acid substitution (G406R) in the Cav1.2 L-type Ca2+ channel. 

This results in an abnormally slow rate of inactivation and exhibition of a high frequency of 

coordinated openings between nearby channels (67). Cheng and colleagues recently showed 

that AKAP150 (AKAP5 family) which anchors a complex composed of PKA, AC5 and 

calcineurin and steers regulation of Cav1.2 during EC coupling (40), is required for the 

presentation of a LQT8 phenotype in a transgenic mouse model of this disease. The mutation 

of these LQT8 Cav1.2 channels resulted in cardiac hypertrophy, delayed inactivation of Ica-L , 

increased coupled gating of the Cav1.2 channels and increased AP durations. This phenotype 
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could be rescued by crossing the LQT8 line with AKAP150-/- knockout mice, which resulted 

in a phenotype almost comparable to that in wild type control mice (68).  

 

3.4. AKAPs and aberrancies of cardiac rhythm 

Two separate studies suggest that dual specific mitochondrial D-AKAP2 (AKAP10) is 

involved in the regulation of heart rhythm. The exact molecular mechanisms behind this still 

remain to be elucidated but findings conducted in humans, mice and mouse embryonic stem 

cell derived embryoid bodies point towards the same inference (69). The results of a screen, 

comparing allele frequencies of 6500 single nucleotide polymorphisms (SNP) between DNA 

pools of healthy European-American individuals showed a SNP that results in an amino acid 

change at 646 from Isoleucine (Ile) to Valine (Val) in D-AKAP2. This amino acid SNP was 

located within the PKA-binding domain of the protein and in-vitro assays demonstrated that 

the Ile variant bound PKA RIα with a three fold lower affinity than the Val variant. In their 

study the investigators also revealed that the Val variant was associated with a significant 

shortening of the P-R interval on the ECG. This could be attributed to disturbances in 

subcellular localization of PKA RIα, which was due to the altered affinity of the kinase 

towards the mutated anchoring protein. Examination of the Val646 polymorphism in a cohort 

of 122 patients showed that these patients with the Val646 SNP had elevated heart rates but 

low heart rate variability, which is a known risk factor of triggering sudden cardiac death 

(70).  

 

4) Conclusion and future perspectives 

The importance of AKAPs for PKA efficiency and specificity in space and time is evident. 

However, the functional characterization of all individual cardiac AKAPs is far from 

complete. For instance, several ion channels that play a major role in the morphology of the 

cardiac AP are functionally modulated PKA substrates  (Table 1), which implies the 

involvement of AKAPs and the current absence of knowledge of these plausible AKAPs 

opens new avenues to explore. This information could further strengthen our understanding of 

ion channel dysfunction in pathophysiology in situations where expression levels seem to be 

unchanged but current densities appear to be affected. Inappropriate phosphorylation status 

potentially in combination with disturbances in protein turn over/mislocalization may result 

from defective composition of PKA/AKAP complexes. Further knowledge on this interesting 

family of proteins might be acquired through lessons that can be learnt from their role as 

established in signaling mechanisms of neuronal ion channels. Discovery of these proteins 
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and their functions will help to understand the complex matrix of signaling mechanisms in the 

heart and this will subsequently help us to understand cardiac diseases in more detail at the 

molecular level. β-blockers have been effective drugs to manage heart failure but upon 

chronic administration act by blunting the total β-adrenergic/cAMP response. In depth 

knowledge of the different functionalities of individual AKAP pathways will ultimately 

contribute to the development of more specific drugs to achieve clinically more effective 

treatments with less side effects.  

 
Table 1 

 
 
Table1: List of various ion channels involved in the cardiac action potential, which, are PKA 
substrates. Phospholamban, though not belonging to the class of ion channels has been included in this 
classification due to its vital role in the regulation of SERCA.   
 
 

Current Gene for α subunit Site of 

phosphorylation 

Reference 

Ina SCN5A Ser525, Ser528 

(Human) 

(36) (71) 

(35) 

Ical Cav1.2 Ser1928 (72) 

SR Ca2+ release Ryanodine Receptor S2030, S2808 (42) (43) 

SERCA uptake  Phospholamban  S16 (73) 

IKs KCNQ1 S27 (74) 

Ikr HERG (KCNH2) Ser283, Ser890, 

Ser1137, Thr895 

(75) (76) 

(77) (76) 

IKur Kv1.5 (KCNA5) Serine 24 (78)  (79) 

IK1 Kir2.1 (KCNJ2) 

Kir2.2 (KCNJ12) 

 (80) 

IK-ATP Kir6.2 (Bir JCNJ11) Thr224 (81) (81) 

If HCN4 S719, S831, S918, 

S1005, S1051, 

T1071, S1128, 

T1153, S1154, and 

S1155 

(82) 
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ABSTRACT 

Here we reveal that the characterization of large-scale re-arrangements of signaling scaffolds 

induced by heart failure   can serve as a novel concept to identify potential, more specific 

therapeutic targets. In the mammalian heart, the cAMP pathway, with the cAMP-dependent 

protein kinase (PKA) in a central role, acts directly downstream of adrenergic receptors to 

mediate cardiac contractility and rhythm. Heart failure, characterized by severe alterations in 

adrenergic stimulation, is mainly treated with β-blockers, however, contrasting results have 

shown both beneficial and detrimental effects of decreased cAMP levels in failing hearts. We 

hypothesize that the origin of this behavior lies in the complex spatiotemporal organization of 

the regulatory subunit of PKA (PKA-R), which associates tightly with various A-kinase 

anchoring proteins (AKAPs) to tightly localize PKA‟s activity. Using chemical proteomics 

directly applied to human patient and control heart tissue we demonstrate that the association 

profile of PKA-R with several AKAPs is severely altered in the failing heart, whereby for 

instance the interaction  between PKA and the novel AKAP SPHKAP was about 6-fold 

upregulated upon failing heart conditions. The observed altered profiles can already explain 

many aspects of the aberrant cAMP-response in the failing human heart, validating that this 

dataset may provide a resource for several novel, more specific, treatment option 

 

 

INTRODUCTION 

A common form of heart failure (HF) is dilated cardiomyopathy (DCM), a multi-factorial 

disease in which enlargement and dysfunction of the ventricles leads to the exhaustion of 

compensatory mechanisms and ultimately HF. Aberrant signaling has a large impact on the 

development of HF (1), likely due to the strong dependence of cardiac contractility, rhythm 

and electrophysiology on signaling events. DCM is associated with a reduced density of β1- 

adrenergic receptors and an increased concentration of catecholamines in the circulation (2). 

Currently, β-adrenergic receptor antagonists or the so-called β-blockers are the main 

treatments available for HF.  Although very effective, these drugs also have many side- 

effects,  attributed  to  the  influence  on  downstream  β-adrenergic  targets,  such  as  protein 

kinases. Therefore, inhibition of these kinases directly, rather than targeting the receptor 

could pose as a more specific therapeutic alternative (3). 

Under healthy conditions, proteins controlling cAMP signals downstream of β-adrenergic 

stimulation are of crucial importance to modify cardiac contraction and rhythm (1). The main 

target of cAMP is the cAMP-dependent protein kinase (PKA), of which the holoenzyme 
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consists of two regulatory (PKA-R) and two catalytic (PKA-C) subunits. In failing conditions 

the function of the β-adrenergic/cAMP response is disrupted. The overall levels of PKA-R 

type I and II were found to be reduced by 30% and 40% respectively (4). In contrast, the 

concentration of  cAMP  and  the  activity  of  PKA-C  in  DCM  affected  myocardium  are 

unaltered (4). As a consequence, phosphorylation of several downstream PKA-targets, such 

as troponin I (4), and phospholamban (5), are also altered in end-stage heart failure. For 

spatiotemporal resolution, PKA is tethered to distinct sites within the cell through binding to 

different members of the large and diverse family of A-kinase anchoring proteins (AKAPs). 

In heart, the general importance of PKA localization was demonstrated by Fink et al., who 

showed that disruption of PKA/AKAP interactions by Ht31 alters the β-adrenergic response 

and downstream phosphorylation of several myofilament proteins (6). Autophosphorylation 

of PKA-R, which aids in the high affinity targeting to AKAPs, was also reduced in end-stage 

heart failure (7). Many studies into the role of cAMP in HF have shown both advantageous 

and detrimental effects of cAMP reducing drugs (8). Despite the overall consensus that 

cAMP signaling pathways are altered during HF (8), the origin of these disparate results 

could lie in the context of different PKA signaling protein complexes being functionally 

divided through differential localization by AKAPs. Only a small subset of AKAPs have thus 

far been characterized functionally in heart (9), although many more have been shown to be 

present (10, 11). 

Altogether, the unaltered cAMP concentration and activity of PKA-C in conjunction 

with reduced PKA-R expression (4) and autophosphorylation (7) suggest a modified 

regulation of localized PKA/AKAP activity and strong involvement of AKAPs in the 

deteriorating events occurring during end-stage heart failure. Therefore, elucidating which 

cAMP/PKA signaling events are altered under HF conditions may raise novel, more 

specific, therapeutic opportunities (12). 

In the present study we used a cAMP-centered enrichment to profile changes 

occurring in cyclic nucleotide signaling proteins in HF. Not only PKA, but also cGMP-

dependent protein kinase  (PKG) expression, appeared severely altered.  This method also 

allowed us to visualize, which PKA-AKAP interactions are altered in HF. Many of the 

observed changes fit well with the loss-of-function and reduced contractility observed in 

DCM, but also novel players, such as SPHKAP and PALM2-AKAP2 are revealed as 

important regulators of cardiac physiology that are altered under failing conditions. 
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MATERIAL AND METHODS 

 

Tissue lysate preparation 

For the chemical proteomics studies,  control  donor left  ventricular free wall  tissue was 

obtained  from  6  healthy  control  male  and  female  individuals  without  any  

diagnosed cardiovascular disorders (supplemental table 1). Before cardiac explantation, the 

DCM organ donors did not receive medication except for dobutamine, furosemide, and/or 

plasma expanders. DCM affected donor heart tissue originated from 5 explanted hearts 

classified as NYHA IV.  All investigations conform to the principles outlined in the 

Declaration of Helsinki (13) and experimental protocols were approved by the Ethical 

Review Boards of the Albert Szent-Györgyi Medical University (Hungary) and University 

Medical Center Utrecht (The Netherlands). Lysate preparation protocols were as described 

previously for mouse and rat ventricular tissue (10). 
 

cAMP-pull downs for XIC-based label-free  quantitation 

The pulldowns with 2-AHA-cAMP agarose  (100µL dry volume, BIOLOG, Bremen, 

Germany, ligand concentration: 6µmol/mL) in the presence of 10mM ADP and GDP were 

performed as described previously (14). Briefly, 10 mg total protein was used as input for all 

experiments. After pull-down, bound proteins were eluted with 90µl of 8M urea. 

Subsequently, digestion with Lys-C (Roche Diagnostics, Almere, The Netherlands) for 4 

hr at  37  oC,  was  followed  by reduction  with  2mM  Dithiothreitol  for 15min  at  56 oC  

and alkylation with 4mM iodoacetamide in the dark for 30 minutes at room temperature. 

Further digestion was performed in 2M urea with trypsin (Roche Diagnostics, Almere, The 

Netherlands) for 16hr at 37 oC. The digests were lyophilized and taken up in 20µL 5% 

formic acid prior to analysis. The total digest was injected on a Nano-HPLC coupled to an 

LTQ- Orbitrap  Velos  (Thermo,  Bremen,  Germany)  using  the  conditions  as  described  

in  the Supplemental Methods. For the in-depth analysis the peptide digests were separated 

by strong cation exchange into 22 fractions prior to injection onto a Nano-HPLC equipped 

LTQ- Orbitrap (Thermo, Bremen, Germany) as described previously (14). 
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Figure 1 Affinity enrichment is required to study low abundant cAMP signaling proteins 
A. Targeted cAMP-affinity enrichment approach is performed in healthy and DCM affected failing 
human heart tissue using complementary label-free quantitation based on spectral counts and strong 
cation exchange (bottom left) and ion volume based quantitation (right). B. SDS-PAGE  gel of left 
ventricular free wall tissue protein lysate from a healthy control donor (C1). C. SDS-PAGE gel of 
2-AHA-cAMP pull-downs in human left ventricular tissue. D.Proteins identified in the cAMP pull-
down experiments (at least two unique peptides) plotted with their  enrichment  factor  
(Supplemental  Methods)  as  compared  to  the  whole  left ventricular lysate of control 1. Proteins 
with an enrichment factor ≥10 are presented in blue, whereas others are in red.	  
 

Protein identification and quantitation 
For ion volume-based quantitation, generated spectra were processed with  MaxQuant to 

generate peaklists (15) and protein identification was carried out using Mascot (version 

2.2.0,) Matrix Science, London, UK) against a concatenated forward-reversed IPI-Human 

lysate proteomics approaches [18]. Therefore, we used an immobilized
cAMP-resin based chemical proteomics approach [10] to enrich,
characterize and quantify PKA-AKAP complexes and other cyclic
nucleotide signaling proteins directly in tissue (Fig. 1A). An initial
qualitative comparison of a pull down from two controls (C1, C2) and
two DCM hearts (P1, P2) on SDS-PAGE (Fig. 1B and C) showed a very
similar pattern of bands, although consistent differences between them
were also present. For quantitative mass spectrometric analysis, the
cAMP-pull-down fractions from six control donors (C1–C6) and five
DCM donors (P1–P5) were digested directly off-bead. These samples
were analyzed and quantified in two different ways (Fig. 1A). For an in-

depth approach, from four randomly selected samples (C1, C2, P1, P2;
samples presented on gel in Fig. 1C), the resulting peptide mixture was
further separated using strong cation exchange (SCX) prior to LC-
MS/MS analysis, and spectral counting was used for quantitation. In a
less in-depth, but much faster screening approach, a larger set of
samples (C2–C6, P1–P5, Supplemental Table 1)wasanalyzeddirectly on
the LC-MS/MS setup without prior SCX separation. For these samples
label free ion-volume quantitation was used [16]. In total, in all 14
analyses, 642 unique proteins were identified. On average, around 260
proteins in each in-depth sample (Supplemental Table 1) and around
200–250 proteins in each of the ion volume quantitation datasets were
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Fig. 1. Affinity enrichment is required to study low abundant cAMP signaling proteins. A. Targeted cAMP-affinity enrichment approach is performed in healthy and DCM affected
failing human heart tissue using complementary label-free quantitation based on spectral counts and strong cation exchange (bottom left) and ion volume based quantitation
(right). B. SDS-PAGE gel of left ventricular free wall tissue protein lysate from a healthy control donor (C1). C. SDS-PAGE gel of 2-AHA-cAMP pull-downs in human left ventricular
tissue. D. Proteins identified in the cAMP pull-down experiments (at least two unique peptides) plotted with their enrichment factor (Supplemental methods) as compared to the
whole left ventricular lysate of control 1. Proteins with an enrichment factor !10 are presented in blue, whereas others are in red.Affinity enrichment is required to study low
abundant cAMP signaling proteins. A. Targeted cAMP-affinity enrichment approach is performed in healthy and DCM affected failing human heart tissue using complementary label-
free quantitation based on spectral counts and strong cation exchange (bottom left) and ion volume based quantitation (right). B. SDS-PAGE gel of left ventricular free wall tissue
protein lysate from a healthy control donor (C1). C. SDS-PAGE gel of 2-AHA-cAMP pull-downs in human left ventricular tissue. D. Proteins identified in the cAMP pull-down
experiments (at least two unique peptides) plotted with their enrichment factor (Supplemental methods) as compared to the whole left ventricular lysate of control 1. Proteins with
an enrichment factor !10 are presented in blue, whereas others are in red.
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database (details provided in supplemental methods). Label-free quantification was 

performed using the MaxQuant Label-free software package (16). Data was normalized to 

total intensity and the run-to-run matching window was set to 3 minutes. Protein redundancy 

was reduced using Scaffold version 2.1.1 (www.Proteomesoftware.com). Quantitation using 

normalized spectral counts (17) is described in detail in the Supplemental Methods. 

 

 
 
Figure 2 Alterations in cAMP interacting proteins 

A. Label free normalized intensity ratios (Patients/Controls) for C2-C6 and P1-P5. P-values 
calculated by two-tailed student‟s t-test, horizontal bars represent mean normalized intensity and 
ratios were calculated based on sums (supplemental table 5). B. Western blots at whole lysate level 
(left) to evaluate expression levels of PKA-RIα and PKA-RIIα. C. Label free normalized intensity 
ratios  (Patients/Controls) for C3-C7 and P3-P7  for  all  quantified AKAPs. P-values calculated by 
two-tailed student‟s t-test, horizontal bars represent mean normalized   intensity   and   ratios   
were   calculated   based   on   the   summed   intensities D. AKAPs not covered in the label-free 
screening method, but with significant c o u n t s  t o  perform spectral counting.  Proteins w i t h   * 
s h o w e d  s i g n i f i c a n t  differences between patients and controls.  

 

Immunoblotting	  

Left ventricle lysate samples were resolved prior to and after cAMP affinity purification by 

SDS-PAGE,  electro-transferred  to  nitrocellulose  membranes  (Amersham  Bioscience) 

and immersed in TBST-buffer (20mM Tris-HCL, pH 7.5, 0.5 M NaCl, 0.1% Tween 20) 

with 5% (w/v) BSA or milk powder. Antibodies used are outlined in the Supplemental 

seen. Spectral count comparison with a global LV proteome analysis
survey (donor C1, Fig. 1B, 1544 proteins) allowed us to discriminate
specific low abundant “real” cAMP binding proteins (enrichment of 10-
fold or more) and their interactors from high abundant background
proteins to establish a consistent “core cAMP interactome of the human
LV” (Fig. 1D, Supplemental Table 1, for details see supplemental
materials and methods).

3.2. Quantitative profiling of the core cAMP-interactome in healthy and
failing hearts

To evaluate alterations in the cyclic nucleotide signaling pathways
of the failing human left ventricle, we quantified the relative levels of
PKA-R, PKG and PDE2 (primary interactors of the beads) by ion volume
based label-free quantitation (Fig. 2A), Western blotting (Fig. 2B) and
spectral count quantitation (Supplemental Fig. 1A). These complemen-
tarymethods showed that both PKA-RI! and RII! are reduced by ~50%,
in line with previous reports [4], whereas PDE2A and PKGI! were
increased around 3-fold.Western blots both at the lysate and pull down
levels of PKA-RI! and RII! (Fig. 2B, Supplemental Fig. 2) show the
validity of using chemical proteomics to examine in detail protein
expression alterations of low-abundant signaling proteins. Themore in-
depth approach using SCX and spectral counting provides highly similar
data. It should be noted that in the latter, pseudo-ratios (i.e. ratios

calculated based on the difference in normalized spectral counts, see
Supplemental methods) are used and that these numbers can therefore
not be compared directly. Although n=2 for this extensive workflow is
somewhat low, the data in Fig. 2 and Supplemental Fig. 1 show the same
alterations in the failing heart, particularly for the proteins identified/
quantified with higher amounts of spectra (PKA, PKG, PDE2). Several
high abundant ‘background’ proteins known to interact with cAMP-
beads [10], albeit with much less affinity were used as internal stan-
dards, such as GAPDH (Fig. 2A, Supplemental Fig. 1A) and nucleoside
diphosphate kinase (Supplemental Tables 1 and 3), which showed no
change between healthy and failing human hearts in both sets of
experiments. Typicalmarkers of HF, like calcium/calmodulin dependent
kinase type 2 delta (CaMKIID) with a known up-regulation under HF
conditions [19], showed an expected P/C-ratio of 3.26 (Supplemental
Table 2).

Since cAMP is the bait and PKA-R its primary target, the AKAPs, and
other secondary interactors, are enriched based on their association
with PKA rather than on their absolute expression profile. Therefore
this semi-quantitative method supplies information on the relative
population of distinct PKA/AKAP complexes in each state. Using the
ion volume quantitation, four AKAPs could be differentially quantified
in each individual: AKAP1, AKAP2 (PALM2-AKAP2), AKAP7 (" or #),
and SPHKAP. Depicted in Fig. 2C are the observed ratios for these four
AKAPs. Since the AKAPs are secondary interactors of cAMP, their

Fig. 2. Alterations in cAMP interacting proteins. A. Label free normalized intensity ratios (Patients/Controls) for C2–C6 and P1–P5. P-values calculated by two-tailed student's t-test,
horizontal bars represent mean normalized intensity and ratios were calculated based on sums (Supplemental Table 4). B. Western blots at whole lysate level (left) to evaluate
expression levels of PKA-RI! and PKA-RII!. Pull down level western blots confirm mass spectrometry based data represented in A. C. Label free normalized intensity ratios
(patients/controls) for C3–C7 and P3–P7 for all quantified AKAPs. P-values calculated by two-tailed student's t-test, horizontal bars represent mean normalized intensity and ratios were
calculated based on the summed intensities (Supplemental Table 4). D. AKAPs not covered in the label-free screening method, but with significant counts to perform spectral counting.
Proteinswith * showed significant differences betweenpatients and controls according to theG-test as outlined in Supplementalmethods (data fromSupplemental Table 3).Alterations in
cAMP interacting proteins. A. Label free normalized intensity ratios (Patients/Controls) for C2–C6 and P1–P5. P-values calculated by two-tailed student's t-test, horizontal bars represent
meannormalized intensity and ratioswere calculatedbasedonsums (Supplemental Table 4). B.Western blots atwhole lysate level (left) to evaluate expression levels of PKA-RI! andPKA-
RII!. Pull down level western blots confirmmass spectrometry based data represented in Panel A. C. Label free normalized intensity ratios (patients/controls) for C3–C7 and P3–P7 for all
quantified AKAPs. P-values calculated by two-tailed student's t-test, horizontal bars represent mean normalized intensity and ratios were calculated based on the summed intensities
(Supplemental Table 4). D. AKAPs not covered in the label-free screeningmethod, but with significant counts to perform spectral counting. Proteins with * showed significant differences
between patients and controls according to the G-test as outlined in Supplemental methods (data from Supplemental Table 3).
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methods.  

 

RESULTS 

 

Affinity enrichment of cAMP/PKA/AKAP signaling proteins 
In a recent large scale proteome mapping of the human left ventricle we showed that PKA 

and AKAPs are only marginally detectable in full lysate proteomics approaches.(18) 

Therefore, we used an immobilized cAMP-resin based chemical proteomics approach (10) to 

enrich,  characterize  and  quantify  PKA-AKAP  complexes  and  other  cyclic  nucleotide 

signaling proteins directly in tissue (figure 1A). An initial qualitative comparison of a pull 

down from two controls (C1, C2) and two DCM hearts (P1, P2) on SDS-PAGE (Figure 1B 

and C) showed a very similar pattern of bands, although consistent differences between them 

were  also  present.  For q u a n t i t a t i v e  mass  s p e c t r o m e t r i c  ana ly s i s , t h e  cAMP -

pull-down fractions from six control donors (C1-C6) and five DCM donors (P1-P5) 

were digested directly off-beads. These samples were analyzed and quantified in two 

different ways (Figure 1A). For an in-depth approach, from four samples (C1, C2, P1, 

P2), the resulting peptide mixture was further separated using strong cation exchange  

(SCX) prior to LC-MS/MS analysis, and spectral counting was used for quantitation. In a 

less in-depth, but much faster screening approach, a larger set of samples  (C2-C6, P1-P5, 

supplemental table 1) was analyzed directly on the LC-MS/MS setup without prior SCX 

separation. For these samples label free ion-volume quantitation was used (16). In total, in 

all 14 analyses, 642 unique proteins  were  identified.  On  average,  around  260  

proteins  in  each  in-depth  sample (supplemental table 2) and around 200-250 proteins in 

each of the ion volume quantitation datasets were seen. Spectral count comparison with a 

global LV proteome analysis survey (donor C1, figure 1B, 1544 proteins) allowed us to 

discriminate specific low abundant “real” cAMP binding proteins (enrichment of 10-fold 

or more) and their interactors from high abundant background proteins to establish a 

consistent “core cAMP interactome of the human LV” (Figure 1D, supplemental table 2, for 

details see supplemental materials and methods). 

 

Quantitative Profiling of the Core cAMP-interactome in Healthy and Failing Hearts 

To evaluate alterations in the cyclic nucleotide signaling pathways of the failing human 

left ventricle, we quantified the relative levels of PKA-R, PKG and PDE2 (primary 
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interactors of the beads) by ion volume based label-free quantitation (Figure 2A), Western 

blotting (Figure 2B) and spectral count quantitation (supplemental figure 1A). These 

complementary methods showed that both PKA-RIα and RIIα are reduced by ~50%, in line 

with previous reports (4), whereas PDE2A and PKGIα were increased around 3-fold. 

Western blots both at the lysate and pull down levels of PKA-RIα and RIIα (Figure 2B, 

supplemental figure 2) show the validity of using chemical proteomics to examine in detail 

protein expression alterations of low-abundant signaling proteins.  The more in-depth  

approach  using  SCX  and  spectral counting provides highly similar data. It should be 

noted that in the latter, pseudo-ratios (i.e. ratios calculated based on the difference in 

normalized spectral counts, see supplemental methods) are used and that these numbers 

can therefore not be compared head-to-head. Several high abundant „background‟ proteins 

known to interact with cAMP-beads (10), albeit with  much  less  affinity were used as  

internal  standards, such as  GAPDH    (Figure 2A, supplemental figure 1A) and nucleoside 

diphosphate kinase (supplemental table 2 and 3), which showed no change between healthy 

and failing human hearts in both sets of experiments. Typical markers of HF, like 

calcium/calmodulin dependent kinase type 2 delta (CaMKIID) with a known up-regulation 

under HF conditions,(19) showed an expected P/C- ratio of 3.26 (supplemental table 3). 

Since cAMP is the bait and PKA-R its primary target, the AKAPs, and other 

secondary interactors, are enriched based on their association with PKA rather than on their 

absolute expression profile. Therefore this semi-quantitative method supplies information on 

the relative population of distinct PKA/AKAP complexes in each state. Using the ion 

volume quantitation, four AKAPs could be differentially quantified in each individual 

sample:  AKAP1 AKAP2 (PALM2-AKAP2), AKAP7 (γ or δ), and SPHKAP. Depicted in 

figure 2C are the observed ratios for these four AKAPs. Since the AKAPs are secondary 

interactors of cAMP, their observed raw ratios are biased and should be normalized against 

their primary cAMP binder, i.e. their preferred PKA-R isoform. For each of the above 

AKAPs their specificity is known:  AKAP1  and  AKAP2  bind  to  both  PKA-RI and  

PKA-RII,  AKAP7  is  PKA-RII specific (14) and SPHKAP is PKA-RI specific (20). In 

figure 2C, the numbers in parentheses depict the PKA-R normalized ratios showing that 

upon failing a much larger population of PKA-R is associated with PALM2-AKAP2, 

AKAP7 and SPHKAP, whereas the AKAP1 population seems hardly altered. AKAP11 

was also quantified (supplemental table 3), but does not show a pattern that consistently 

correlates with healthy or failing conditions. All these observations were confirmed by the 
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spectral count data in supplemental figure 1B. The in-depth approach added another 3 

quantifiable AKAPs (based on stringent criteria outlined in materials and methods); 

Yotiao (AKAP9), microtubule associated protein (MAP2) and AKAP13  (Figure 2D and 

supplemental figure 1B).  An increase in MAP2-PKA-RII association (12-fold) and a 

decrease in Yotiao-PKA-RII interactions (7-fold) was observed in the failing heart, although 

it should be mentioned that this data is based on a smaller sample size (n=4) comparison. In 

the heart, Yotiao is crucial for cardiac rhythm through anchoring PKA-RII in close proximity 

to the re-polarizing KCNQ1/KCNE potassium channel. To place the decrease in Yotiao 

anchoring in clinical perspective, a larger cohort of DCM induced failing patients was 

tested for QT-interval alterations. ECG analysis (Supplemental Table 6) revealed significant 

prolongation of the QRS and QTc time between controls and DCM patients meaning that 

both ventricular activation and relaxation were affected.  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  

Figure 3: Altered enrichment of myofilament proteins 
A. Label-free ion volume and normalized spectral count data on cMyBPC3 and Titin and of B.  the  
troponin  complex  members troponin  C,  T  and  I show decreased  enrichment.  C. Western 
blotting of troponin I and T at whole lysate level in the same patient/control set shows a slight 
increase in expression, suggesting a PKA-enrichment dependent decrease of these proteins. 
 

 

observed raw ratios are biased and should be normalized against their
primary cAMP binder, i.e. their preferred PKA-R isoform. For each of
the above AKAPs their specificity is known: AKAP1 and AKAP2 bind to
both PKA-RI and PKA-RII, AKAP7 is PKA-RII specific [14] and SPHKAP
is PKA-RI specific [20]. In Fig. 2C, the numbers in parentheses depict
the PKA-R normalized ratios showing that upon failing a much larger
population of PKA-R is associated with PALM2-AKAP2, AKAP7 and
SPHKAP, whereas the AKAP1 population seems hardly altered.
AKAP11 was also quantified (Supplemental Table 2), but does not
show a pattern that consistently correlates with healthy or failing
conditions. All these observations were confirmed by the spectral
count data in Supplemental Fig. 1B. The in-depth approach added
another 3 quantifiable AKAPs (based on stringent criteria outlined in
materials and methods); Yotiao (AKAP9), microtubule associated
protein (MAP2) and AKAP13 (Fig. 2D and Supplemental Fig. 1B). An
increase in MAP2-PKA-RII association (12-fold) and a decrease in
Yotiao-PKA-RII interactions (7-fold) was observed in the failing heart,
although it should be mentioned that this data is based on a smaller
sample size (n=2) comparison. In the heart, Yotiao is crucial for
cardiac rhythm through anchoring PKA-RII in close proximity to the
re-polarizing KCNQ1/KCNE potassium channel. To place the decrease
in Yotiao anchoring in clinical perspective, a larger cohort of DCM
induced failing patients was tested for QT-interval alterations. ECG
analysis (Supplemental Table 5) revealed significant prolongation of
the QRS and QTc time between controls and DCM patients meaning
that both ventricular activation and relaxation were affected.

3.3. Altered enrichment of myofilament PKA targets

Several myofilamentous phosphorylation targets of PKA were also
identified in our pull down. Since these are abundant proteins in the
human left ventricle, these were not observed as highly enriched
proteins (Supplemental Table 2C). Several of these have ratios
deviating from 1.0 which may indicate two things; (i) these high
abundant proteins were expressed at different levels in patients and
controls, and therefore (non-specifically) co-purified with the pull-

downwith a ratio reflecting their expression levels, such as the earlier
mentioned CaMKIID or (ii) a sub-fraction of the total amount of the
protein is a PKA interactor. Recently, Troponin T (TnT) was identified
as the long sought sarcomeric AKAP [21]. Therefore, it is likely that the
myofilament proteins in Fig. 3A, as well as alpha actinin 2 (ACTN2,
ratio 0.2 Supplemental Table 2) are coming down with TnT, which in
turn is bound to PKA. PKA is known to phosphorylate titin [22],
troponin I (TnI) [23] and cardiac myosin binding protein C (cMyBPC3)
[24]. While the proteomics data clearly indicate a decrease in
enrichment of these myofilament proteins from the patient material,
(Fig. 3A and B), Western blots of TnT and TnI at lysate level showed a
slight increase of these proteins in a select set of patients as reported
previously [25]. This suggests that a sub-fraction of troponin, and
perhaps also of cMyBPC3 and Titin specifically co-purifies with PKA
and that the interaction with these myofilament proteins is reduced
under failing conditions.

All trends observed within the label-free data are represented in
heat maps analyzed by cluster analysis (Supplemental Fig. 3). This
figure shows that within the enriched core proteome, a good set of HF
predictable proteins resides. Clustering based on these results clearly
indicates that patients and controls are different.

4. Discussion

At physiological level, the involvement of general alterations in
cAMP signaling proteins in failing hearts has been established over the
past decade. However at the molecular level, it is still debated whether
increased cAMP signaling has a beneficial, pathogenic or compensatory
effect on cardiac function. The conflicting results obtained from knock-
out mouse models seem difficult to capture in a single hypothesis as
reviewed previously [8]. It is not unlikely that the origin of these
disparate results lies in the complex localization profile of PKA in the
heart and that actually both hypotheses are valid, i.e. different pools of
cAMP, that mediate different PKA-AKAP scaffolds have either detri-
mental or beneficial effects. Several AKAPs are involved in cardiac EC-
coupling downstream of !-adrenergic receptors: AKAP18" (AKAP7)

Fig. 3. Altered enrichment of myofilament proteins. A. Label-free ion volume and normalized spectral count data on cMyBPC3 and Titin and of B. the troponin complex members
troponin C, T and I show decreased enrichment. C. Western blotting of troponin I and T at whole lysate level in the same patient/control set shows a slight increase in expression,
suggesting a PKA-enrichment dependent decrease of these proteins.
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Altered enrichment of myofilament PKA targets 

Several myofilamentous phosphorylation targets of PKA were also identified in our 

pull down. Since these are abundant proteins in the human left ventricle, these were not 

observed as highly enriched proteins (supplemental table 3C). Several of these have ratios 

deviating from 1.0 which may indicate two things; (i) these high abundant proteins were 

expressed at different levels in patients and controls, and therefore (aspecifically) co-

purified with the pull-down with a ratio reflecting their expression levels, such as the earlier 

mentioned CaMKIID or (ii) a sub-fraction of the total amount of the protein is a PKA 

interactor. 

Recently,  Troponin  T  (TnT)  was  identified  as  the  long  sought  sarcomeric  

AKAP  (21). Therefore, it is likely that the myofilament proteins in figure 3A, as well as 

alpha actinin 2 (ACTN2, ratio 0.2 supplemental table 3) are coming down with TnT. 

PKA is known to phosphorylate titin  (22), troponin I   (TnI)  (23) and cardiac 

myosin binding protein C (cMyBPC3) (24). While the proteomics data clearly 

indicate a decrease in enrichment of these myofilament proteins from the patient material, 

(Figure 3A and 3B), Western blots of TnT and TnI at lysate level showed a slight 

increase of these proteins in a select set of patients  as  reported  previously  (25).  This 

suggests that a sub-fraction of troponin, and perhaps also of cMyBPC3 and Titin 

specifically co-purifies with PKA and that the amount of interaction with these myofilament 

proteins is reduced under failing conditions. All trends observed within the label-free data 

are represented in heat maps analyzed by cluster analysis (supplemental figure 3). This 

figure shows that within the enriched core proteome, a good set of HF predictable proteins 

resides. Clustering based on these results clearly indicates that patients and controls are 

different. 

 

DISCUSSION 

At physiological level, the general implication and alteration of cAMP signaling proteins in 

failing hearts has been established over the past decade. However at the molecular level, it is 

still debated whether increased cAMP signaling has a beneficial, pathogenic or compensatory 

effect on cardiac function. The conflicting results obtained from knock-out mouse models 

seem difficult to capture in a single hypothesis as reviewed previously (8). It is not unlikely 

that the origin of these disparate results lies in the complex localization profile of PKA in the 

heart and that actually both hypotheses are valid, i.e. different pools of cAMP, mediating 
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different PKA-AKAP scaffolds have either detrimental or beneficial effects. Several AKAPs 

are involved in cardiac EC-coupling downstream of the β-adrenergic response: 

AKAP18δ (AKAP7) organizes a complex of PKA, phospholamban and the Ca2+-ATPase 

SERCA2 (26). AKAP18α mediates L-type Ca2+ channel phoshporylation to increase inflow 

of extracellular Ca2+ (27). mAKAP (AKAP6) is associated with the ryanodine receptor to 

modulate its open probability through PKA phosphorylation thereby mediating Ca2+  release 

from intracellular stores  (28).  Gravin  (AKAP12)  (29) and AKAP79  (AKAP5)  (30), 

associate with the β- Adrenergic receptor itself to regulate its phosphorylationstate. 

	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  
 
 
Figure 4 Altered PKA-AKAP association under DCM conditions affects signaling at multiple 
levels. 
Changes in expression of cyclic nucleotide binding proteins (PKA-R, PKG, PDE2A), as well as, 
differential association of AKAPs to PKA-R form the basis of the blunted adrenergic response of 
failing hearts. Green indicates an increase in expression or association, while red represents a 
decrease. In blue are potential consequences as based on the established function of these signaling 
nodes in the heart. 

 
	  

Based on the observations here, we hypothesize that PKA-R can bind to different 

AKAPs to accommodate, or even compensate for, the altered signaling load at the receptor 

level in the failing heart. As further evidence for this hypothesis in recent literature, general 

disruption of PKA-AKAP complex formation was found to inhibit proper myocyte 

contractility (6). In addition, PKA phosphorylation on CREB (31) and phospholamban (5) 

organizes a complex of PKA, phospholamban and the Ca2+-ATPase
SERCA2 [26]. AKAP18!mediates L-type Ca2+ channel phosphorylation
to increase inflow of extracellular Ca2+ [27]. mAKAP (AKAP6) is
associatedwith the ryanodine receptor tomodulate its open probability
through PKA phosphorylation thereby mediating Ca2+ release from
intracellular stores [28]. Gravin (AKAP12) [29] and AKAP79 (AKAP5)
[30], associate with the "-adrenergic receptor itself to regulate its
phosphorylation state.

Based on the observations here, we hypothesize that PKA-R can
bind to different AKAPs to accommodate, or even compensate for, the
altered signaling load at the receptor level in the failing heart. As
further evidence for this hypothesis in recent literature, general
disruption of PKA-AKAP complex formation was found to inhibit
proper myocyte contractility [6]. In addition, PKA phosphorylation on
CREB [31] and phospholamban [5] are increased, while phosphory-
lation of troponin I was found downregulated [4] in human DCM
tissue. Also PKA-RII! itself was observed autophosphorylated at lower
levels, thereby reducing its affinity for AKAPs [7]. Furthermore, the
involvement of specific PKA-AKAP complex malformations in several
pathological outcomes shows that proper PKA association is crucial
[32–35].

PKA-RI andPKA-RII expression (~50%)was founddown-regulated in
the human DCM heart, in line with a previous report [4]. At the same
time, we found PKG I! 3.2-fold up-regulated. This is an interesting
observation in the light of reported counteractive cross-talk between
the cAMPand cGMPpathways in the cardiac context [36]. PKG functions
downstream of the nitric oxide/natriuretic peptide signals and has a
negative inotropic effect on the heart. Through phosphorylation, PKG
mediates the reduction of L-type Ca2+-channel open probability [37]. It
is not unlikely that through this mechanism, the increase in PKG
contributes to the reduced contractility of the failing heart. Directly
related to this pathway, we found that PDE2A was 6-fold up-regulated.
PDE2A has dual specificity for cAMP and cGMP, while the hydrolytic
activity is increased by cGMP binding to the N-terminal GAF-domain
[38]. Mongillo et al. demonstrated that PDE2A has a strong limiting
effect on the intracellular cAMP concentration induced by "-adrenergic
stimulation of rat neonatal cardiomyocytes [39]. This mechanism of

increased cAMP hydrolysis was shown to be dependent on cGMP/PKG
acting downstream of the "3-adrenergic receptor ("3-AR). In light of
these data, it is tempting to speculate that the upregulation of several
components of this pathway, as observed in our data, are a com-
pensatory mechanism to control the increased "1-AR and "2-AR
stimulus in failinghearts via the alternative"3-AR/NO/cGMP/PKG/PDE2
pathway.

Recently, we and others identified the presence of at least 18
different AKAP family members in the heart [40,41]. Besides their role
in normal heart physiology, cAMP/PKA/AKAPs are also involved in
pathophysiological conditions. For instance, mAKAP (AKAP6) is
implicated in the onset of hypertrophy [33], AKAP-Lbc (AKAP13) is
upregulated in hypertrophic cardiomyocytes [32], and a dysfunction
of PKA/Yotiao (AKAP9) anchoring to the repolarizing potassium
channel IKs is the underlying cause of inherited Long-QT syndrome
[35]. An Ile646-Val polymorphism in D-AKAP2was found to result in a
shorter P–R interval [34].

Our data show directly that PKA-AKAP associations are changing in
failing hearts. In Fig. 4, all alterations are outlined with specific
consequences in blue. AKAP7 mediates adrenergically driven PKA-
dependent phosphorylation of PLB at Ser16 [26]. This relieves PLB's
inhibitory role on SERCA2 and increases ATP dependent Ca2+-reuptake
to accommodate a faster heart rhythm. The increased association of
PKA-RII! and AKAP7 is consistent with the increased adrenergic load.
Overrepresentation of this signaling module would increase energy
consumption dramatically and in the long run severely fatigue the
failing heart. Lygren et al. proposed to utilize this aspect by designing a
peptide to specifically disrupt AKAP7/PLB interaction for the treatment
of HF [12]. In contrast to our, and Lygren's findings [12], it should be
noted that in the failing hearts, PLB levels are unchanged, while its
phosphorylation is reduced [42]. SERCA2 levels are also reduced under
these conditions. These observations suggest a strongly inhibited
SERCA2 activity in HF, and a potential uncoupling of the AKAP7/PKA
complex from the PLB/SERCA2 site, or yet other signaling proteins
present at this site that affect its regulation.

D-AKAP1 (AKAP1) is involved in cell survival through modulation
of Bad phosphorylation [43], however in the light of the reduced PKA-
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are increased, while phosphorylation of troponin I was found downregulated (4) in 

human DCM tissue. Also PKA-RIIα  itself  was  observed  autophosphorylated  at  lower  

levels,  thereby  reducing  its affinity for  AKAPs  (7).  Furthermore, the involvement  of  

specific  PKA-AKAP  complete malformations in several pathological outcomes shows that 

proper PKA association is crucial (32-35). PKA-RI and PKA-RII expression (~50%) was 

found down regulated in the human DCM heart, in line with a previous report (4). At the 

same time, we found PKG Iα 3.2-fold up- regulated. This is an interesting observation in the 

light of reported counteractive cross talk between the cAMP and cGMP pathways in the 

cardiac context (36). PKG functions downstream of the nitric oxide/natriuretic peptide 

signals and has a negative inotropic effect on the heart.  Through phosphorylation, PKG 

mediates the reduction of L-type Ca2+-channel open probability (37). It is not unlikely that 

through this mechanism, the increase in PKG contributes to the reduced contractility of the 

failing heart. Directly related to this pathway, we found that PDE2A was 6-fold up-

regulated. PDE2A has dual specificity for cAMP and cGMP, while the hydrolytic activity is 

increased by cGMP binding to the N-terminal GAF- domain (38). Mongillo et al. 

demonstrated that PDE2A has a strong limiting effect on the intracellular cAMP 

concentration induced by β-adrenergic stimulation of rat neonatal cardiomyocytes (39). This 

mechanism of increased cAMP hydrolysis was shown to be dependent on cGMP/PKG acting 

downstream of the β3-adrenergic receptor (β3-AR). In light of these data, it is tempting to 

speculate that the upregulation of several components of this pathway, as observed in our 

data, are a compensatory mechanism to control the increased β1- AR and β2-AR stimulus in 

failing hearts via the alternative β3-AR/NO/cGMP/PKG/PDE2 pathway. 

Recently, others and we identified the presence of at least 18 different AKAP family 

members in the heart (40, 41). Besides their role in normal heart physiology, 

cAMP/PKA/AKAPs are also involved in pathophysiological conditions.  For instance, 

mAKAP (AKAP6) is implicated in the onset of hypertrophy (33), AKAP-Lbc (AKAP13) is 

upregulated in  hypertrophic  cardiomyocytes  (32),  and  a  dysfunction  of  PKA/Yotiao 

(AKAP9) anchoring to the repolarizing potassium channel IKs  is the underlying cause 

of inherited Long-QT syndrome (35). An Ile646-Val polymorphism in D-AKAP2 was 

found to result in a shorter P-R interval (34). 

Our data show directly that PKA-AKAP associations are changing in failing hearts. 

In figure 4, all alterations are outlined with specific consequences in blue. AKAP7 mediates 

adrenergically driven PKA-dependent phosphorylation of PLB at Ser16 (26). This relieves 
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PLB‟s inhibitory role on SERCA2 and increases ATP dependent Ca2+-reuptake to 

accommodate a faster heart rhythm. The increased association of PKA-RIIα and AKAP7 is 

consistent with the increased adrenergic load. Overrepresentation of this signaling module 

would increase energy consumption dramatically and in the long run severely fatigue the 

failing heart.  Lygren  et  al.  proposed  to  utilize  this  aspect  by  designing  a  peptide  to 

specifically disrupt AKAP7/PLB interaction for the treatment of HF (12). In contrast to our, 

and Lygren‟s findings (12), it should be noted that in the failing hearts, PLB levels are 

unchanged, while its phosphorylation is reduced (42). SERCA2 levels are also reduced under 

these conditions. These observations suggest a strongly inhibited SERCA2 activity in HF, 

and a potential uncoupling of the AKAP7/PKA complex from the PLB/SERCA2 site, or yet 

other signaling proteins present at this site that affect its regulation. 

D-AKAP1 (AKAP1) is involved in cell survival through modulation of Bad 

phosphorylation (43), however in the light of the reduced PKA-RIα and PKA-RIIα 

expression, the observed decrease in D-AKAP1 needs to be normalized from 0.4 to 0.8 

(Figure 3A) and seems not significant. Interesting is also the strong increased association of 

SPHKAP (11.6 fold) and PALM2-AKAP2 (11.5 fold), both shown previously to be 

abundantly present in ventricular tissue (10, 11, 20), although the role of these AKAPs in 

cardiac physiology is currently not documented.  The more in-depth analysis yielded 

changes in associat ion of MAP2 and Yotiao. An increased microtubule 

polymerization, as well as increased expression of α and β-tubulin is observed in HF 

tissue, figure 3 and  (44).  The concomitant reduction in contractility is attributed to 

increased stiffness and viscosity of the cardiomyocytes with higher microtubule content. 

Recently, in dendrites and neurons, cAMP and PKA have been shown to mediate 

microtubule bundling and cross bridging via interactions with MAP2 (45). In these cells, 

increased PKA phosphorylation at microtubule sites increased microtubule polymerization. 

The found increased association of PKA with MAP2 could potentially mediate the observed 

increased polymerization of microtubule in cardiomyocytes of HF patients through a cAMP 

dependent mechanism as described in neurons (45). Along these lines, Nath et al. discovered 

that cAMP induced arrests of rhythmic and synchronous contractions of fetal rat myocytes 

could be  reversed  by  colchicine,  i.e.  destabilization  of  microtubules  restored  proper 

contraction (46). 

In heart, Yotiao functions at the IKs-channel, through formation of a multiprotein 

complex with, PKA-RII, PKA-C, PP1 and PDE4D3. IKs  current amplitude is increased 
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upon induced β -adrenergic stimulation, via Yotiao-linked PKA phosphorylation of the 

channel, thereby shortening the action potential (47, 48). Two mutations, KCNQ1-

G589D(47) and Yotiao- S1570L(49), both disrupt proper coupling of Yotiao to IKs, thereby 

causing the inherited long QT syndrome. The involvement of disrupted IKs function in DCM 

conditions was not earlier established, however our data indicate that in DCM affected 

tissue PKA is uncoupled from Yotiao, thereby impairing proper IKs phosphorylation and 

prolonging the QT-time resulting in an effect similar to the mutations. This predicted 

acquired long-QT syndrome was furthervalidated by us in a larger cohort of similar 

controls and patients (supplemental table 6). 

PKA anchoring close to the myofilaments, the core of the β-adrenergic contractile 

response, has been proposed, and recently, Sumandea et al. proposed Troponin T as the 

long soughtsarcomeric AKAP (21). Our data now indicate that anchoring of PKA in this 

compartment of the cell is hampered in failing DCM tissue. Obviously a reduction of PKA 

near its myofilament targets can have a dramatic effect on the contractile machinery. 

Illustrative of this effect is the observed Troponin T Lys210 deletion observed in familial 

DCM, which heavily effects phosphorylation of several sarcomeric proteins (Troponin T, I, 

cMyBP3 etc.), (50). Altogether, the data presented here provide strong evidence for 

major changes in PKA- AKAP association occurring when the heart transforms from 

healthy to failing conditions. Novel players are identified and prior observed global 

alterations in cyclic nucleotide signaling proteins are confirmed, but now at single 

AKAP resolution. It becomes clear that these changes  fo rm a  f r amew ork  that  

a l t o g e t h e r  accommodates  the  obse rved  r e d u c e d  contractility, rhythm and 

aberrant calcium handling of the failing human heart. This novel concept prompts further 

investigation into the role of single AKAP signaling complexes to validate more 

specifically their contribution to the framework. This information will increase therapeutic 

specificity and allow the development of next generation β-blockers. 
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Abstract  

Aims: Pathophysiological progression to Heart Failure (HF) occurs in different phases and 

encompasses alterations in β-adrenergic signaling. Detailed information concerning temporal 

changes in 1) the components of ventricular remodeling and associated arrhythmias, and 2) 

the PKA-AKAP (A kinase anchoring protein) interaction profile is lacking.  

Methods: Rats were subjected to aortic banding (TAC) or Sham surgeries. Epicardial 

mapping was performed to test arrhythmogenicity. Proteomic analysis of the cAMP 

interactome was performed to study temporal changes in the PKA-AKAP profile during 

progression to HF.  

Results: TAC groups were classified as T4 (4 weeks, compensated), T12 (transition) and T16 

(HF) based on; echo-based morphology and contractility, hypertrophy and CaMKII- δ levels. 

At T4, sustained polymorphic ventricular tachycardias (pVT) were induced in 8/13 T4 and 

0/13 in Sham rats. Arrhythmias appeared related to increased fibrosis, Cx43 heterogeneity and 

dispersion of conduction. At T4,	  phosphorylation	  of	  various	  PKA	  substrates	  was	  

increased,	  whereas	  it	  was	  reduced	  at	  T12	  and	  T16.	  Proteomic analysis showed a highest 

association of PKA-Regulatory (R) subunits and cGMP pathway components (PDE2A & 

PKGIα) at T12 and a decrease at T16. AKAPs (dAKAP1, AKAP18δ, AKAP11 and 

SPHKAP) showed a highest association with R subunits at T4 and all values decreased 

towards T16.  

Conclusion: The initial compensated hypertrophy (T4) shows arrhythmias while 

phosphorylation status is up possibly by increased interaction with AKAPs. The T12 group 

showed maximal association of PKA-R subunits and 50% mortality, whereas T16 displayed 

decreases, which could be the first signs of exhaustion of the downstream components of 

cAMP driven signaling. 

 

 

Key words: cAMP, AKAP, Heart failure, TAC-model, and arrhythmia 

 

Abbreviations:  

 
AKAP: A kinase anchoring protein 

CaMKII-δ: Ca2+ calmodulin dependent protein kinase II δ 



	  

	   81	  

CH
APTER	  5	  

cAMP: Cyclic adenosine monophosphate 

CV: Conduction velocity,  l: longitudinal, t: transversal, tm: transmural  

Cx43: Connexin 43 

FS: Fractional Shortening  

HF: Heart Failure 

HW: Heart Weight 

IVSd/s: Intra ventricular septum during diastole/systole 

LVIDd/s: Left ventricular inner diameter during diastole/systole 

LVPWd/s: Left ventricular posterior wall during diastole/systole 

LT50: Median lethal time 

MS/MS: Mass spectrometry Mass Spectrometry/ tandem mass spectrometry 

NYHA: New York Heart Association 

PKA: cAMP dependent protein kinase  

PDE2A: cGMP-‐dependent	  3',5'-‐cyclic	  phosphodiesterase	  

PKG1-‐alpha:	  cGMP	  dependent	  protein	  kinase	  G	  

pVT: Polymorphic ventricular tachycardia 

RV: Right ventricle 

SPHKAP: SPHK1 interactor and AKAP domain containing protein 

TAC: Transverse aortic constriction 

 
INTRODUCTION  
Heart failure (HF) is the “common” endpoint of several cardiac diseases. During its 

progression, a number of cardiac adaptation processes take place, collectively called 

ventricular remodeling, that underlie the stage dependent “phenotype” 1. After the initial 

insult, the stages can be separated in asymptomatic compensated hypertrophy (NYHA I), the 

process of transition in which symptoms become apparent (NYHA II), the symptomatic stage 

requiring more intensive therapy (NYHA III), and the maladaptive phase of HF (NYHA IV).  

Investigations	   into	   the	   different	   remodeling	   processes	   of	   each	   of	   these	  

subsequent	  phases,	   including	  their	  arrhythmogenic	  consequences,	  are	  scarce	  and	  often	  

limited	   to	   a	   specific	   stage	   only.	   An	   example	   is	   the chronic Atrio-Ventricular block dog 

model, in which beneficial contractile and structural remodeling leading to compensated 

hypertrophy is accompanied by electrical remodeling and predisposition to arrhythmias 2,	  

indicating	  that	  the	  enhanced	  arrhythmic	  susceptibility	  is	  an	  early	  phenomenon. This was 
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recently confirmed in a rat model of pressure overload (TAC) that was temporarily followed 

for 3 months and showed 25% mortality at 3 weeks and 50% mortality at 6 weeks 3.  

Besides the “arrhythmic phenotype”, the temporal effects of neurohumoral signals on 

its downstream targets have not been fully elucidated. An important contributing mechanism 

is the β-adrenergic receptor pathway 4,	   that	   when	   persistently	   elevated	   in	   its	   activity	  

triggers	  development	  of	  HF.	  Upon a rise in cAMP, the catalytic subunits from the cAMP-

dependent protein kinase A (PKA-C) are released from the regulatory subunit (PKA)-R dimer 

to phosphorylate their targets 5	  in	  a	  space and time dependent manner. To achieve this in an 

organized fashion, PKA is guided by a wide variety of A kinase anchoring proteins (AKAPs) 
6. In-vitro and In-vivo studies using competing peptides have shown the importance of these 

PKA-AKAP interactions in maintenance of normal cardiac function and disruptions of PKA-

AKAP interactions significantly impair PKA substrate phosphorylation 7	  8	  9.  

For long, de-sensitization and down regulation of β adrenergic receptors,	  10 and more 

recently also decreased levels of PKA regulatory subunits with altered PKA-AKAP 

interaction 11 have been considered as one of the most prominent causes for impaired cardiac 

function in HF. The levels of the second messenger cAMP and the catalytic activity of PKA 

are, however, known to remain unchanged in end stage human HF 8. In this study, using a rat 

model of pressure overload, we hypothesized that a decrease in PKA substrate 

phosphorylation is attributed to a spatial reorganization of PKA-AKAP complexes in time. In 

addition, we aimed to investigate whether an increase in the propensity for ventricular 

arrhythmias could be confirmed in the early phase of cardiac remodeling.  

 

MATERIALS AND METHODS 

	  

A	  detailed	  description	  of	  the	  materials	  and	  methods	  that	  were	  used	  can	  be	  found	  in	  the	  

supplement.	  

1)   Rat model of pressure over load 

Animal care and handling was performed in accordance with the ‘ European Directive for the 

protection of Vertebrate animals used for Experimental and Scientific Purpose, European 

Community Directive 86/609/CEE’. All experiments were approved by the committee for 

experiments on Animals of the Utrecht University, The Netherlands.  Male Wistar rats were 

housed at 210C and 60% humidity with an artificial 12:12 h light dark cycle and were fed with 
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standard chow and water (ad libitum). TAC rats (n=85, 59+26) were followed in time and 

sacrificed at three different points; T4 (4	  weeks	  post-‐TAC),	  T12	  and	  T16. 

 

1.1) Transverse Aortic Constriction 

In brief, rats were anaesthetized with 2.5% isoflurane in 40% oxygen and ventilated at 75 

breaths per minute with a peak pressure of 12 cm H2O and were placed in a supine position. 

The thorax was accessed by dissection of the pectoral muscles and the intercostal muscles left 

of the sternum. The aortic arch was cleared from connective tissue and fat, and ligated with a 

22 Gauge (0.72 mm) needle between the truncus brachiocephalicus and the left common 

carotid artery.  

	  

1.2)	  	  Transthoracic	  echocardiography	  and	  Doppler	  measurements	  

Left ventricular internal diameter (LVID), thickness of the InterVentricular Septum (IVS), 

and posterior wall (LVPW), both in systole (s) and diastole (d) were measured using 

echocardiography. Fractional shortening (FS) was calculated as ([LVIDd-

LVIDs]/LVIDd)*100 12. Doppler echocardiography was used to estimate strictness of the 

constriction, using the Doppler estimated Bernoulli equation (4*(Vmax)2) 13	  14. 

!

Table!1!
!
!
!
!
!

!
! Sham!(n=13)! TAC!(n=13)!

RV!θL,!cm·s91! 68.6±!2.4! 67.1±!3.4!

RV!θT,!cm·s91! 43.4±!2.3! 39.0±!1.9!

RV!Anisotropic!Ratio! 1.64±!0.10! 1.75±!0.09!

RV!ERP,!ms! 45.4±!2.7! 54.6±!3.9!

RV!DoC,!cm·s91! 1.21±!0.088! 1.32±!0.13!

LV!θL,!cm·s91! 62.8±!5.7! 68.9±!3.3!

LV!θT,!cm·s91" 27.5±!2.5! 27.9±!2.7!

LV!Anisotropic!Ratio! 2.29±!0.13! 2.63±!0.20!

LV!ERP,!ms! 59.1±!4.1! 67.5±!3.3!

LV!DoC,!cm·s91! 1.23±!0.075! 1.90%±%0.087*%

LV!θTM,!cm·s91! 58.5±!3.9! 37.6±%2.9*%

!
Table!2!

!
!

Parameter! T4!(n=4)! T12!(n=4)! T16!(n=4)!
BNP! =! =! (+)!
CAMKII! +! ++! (++)!
Hypertrophy!(HW/TL)! +! +! +!
Fractional!Shortening! 9! 99! 999!
Septal!Wall!Thickness!(d)! =! +! ++!
Β9adrenergic!receptor!
levels!

(+)! (++)! 9!

Left!Ventricular!
Dilatation!

No! No! No!
 

Table 1: Comparison of all TAC groups based on HF parameters. The number of + or – signs denote 
the degree of increase or decrease of a particular parameter arbitrarily and = denotes no change. Non-
significant comparisons are placed within brackets.   
 
1.3) Arrhythmia susceptibility testing 
Hearts were extracorporated, Langendorff-perfused and extracellular electrograms were 

recorded with a 247 or 208-point multi-terminal electrode (19x13 for LV or 16x13 grid). 

Recordings of LV and right ventricle (RV) were made during stimulation on the LV at a basic 

cycle length of 150 ms using burst pacing. Conduction	   velocity	   (CV)	   parallel	   (θL)	   and	  
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perpendicular	   (θT)	   to	   fiber	   direction	  was	  determined	   from	   the	  paced	   activation	  maps.	  

Transmural	   CV	   was	   calculated	   from	   local	   activation	   times	   derived	   from	   electrograms	  

recorded	  with	  three	  separate	  needle	  electrodes.	  	  

	  

2) 	  cAMP	  pull	  down	  for	  label	  free	  PKA-‐AKAP	  interaction	  analysis	  

The	  cAMP	  pull-‐down	  was	  performed	  with	  cAMP	  agarose	  beads	  as	  previously	  described	  11.	  	  

	  

3) 	  Protein	  Identification	  and	  quantification	  

Each	   sample	   was	   analyzed	   in	   duplicate	   on	   a	   Q-‐Exactive	   quadrupole	   orbitrap	   mass	  

spectrometer	   (Thermo	   Scientific).	   For	   the	   label	   free	   analysis,	   raw	   files	  were	   processed	  

using	   the	   MaxQuant	   software	   and	   MS/MS	   spectra	   were	   searched	   against	   the	   IPI	   rat	  

database	  3.36.	  

	  

4) Quantitative	  reverse	  transcriptase-‐PCR	  

cDNA	   was	   generated	   using	   RT-‐PCR	   and	   QPCR	   was	   performed	   with	   iQTM	   SYBR	   Green	  

supermix	  on	  the	  MYiQ2	  Real	  Time	  PCR	  Detection	  System.	  	  

	  

5)	  Immunoblotting	  

LV samples were resolved by SDS-PAGE, electro-transferred to nitrocellulose membranes and 

immersed in TBST-buffer with 5% milk powder. Blots were incubated with respective 

antibodies (overnight) and developed on the Biorad ChemiDocXRS+.   

 

6) Immunohistology and Connexin43 (Cx43) heterogeneity, fibrosis quantification  

Heterogeneity of Cx43 distribution was quantified using photomicrographs transformed in eight 

bit black and white pictures and a custom written script in MatLab was applied to assess for 

individual Cx43 pixels. For fibrosis the amount of pixels were measured using image-J 

software.  

 

7) Statistical Analysis 

Data	  were	  analyzed	  using	  R	  studio.	  Statistical	  significance	  of	  differences	  was	  evaluated	  by	  

paired	  Student’s	  t-‐test,	  ANOVA	  or	  Fisher’s	  Exact	  test	  followed	  by	  post-‐hoc	  Bonferroni	  test	  

as	   appropriate.	   Two-‐sided	  P-‐values	   <0.05	  were	   considered	   statistically	   significant.	  Data	  

are	  expressed	  as	  mean	  ±	  SEM.	  	  
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Survival	   analysis	  was	   performed	  by	   calculating	   the	  median	   lethal	   time	   (LT50)	  which	   is	  

defined	  as	  the	  number	  of	  days	  resulting	  in	  a	  50%	  mortality.	  LT50	  was	  computed	  by	  fitting	  

a	  weibull	  model.	  Hierarchical	  clustering	  was	  created	  in	  programming	  language	  R	  version	  

2.14.1	  and	  the	  distance	  between	  the	  clusters	  was	  calculated	  by	  the	  “Pearson	  method”.	  	  

	  

!

Table!1!
!
!
!
!
!

!
! Sham!(n=13)! TAC!(n=13)!

RV!θL,!cm·s91! 68.6±!2.4! 67.1±!3.4!

RV!θT,!cm·s91! 43.4±!2.3! 39.0±!1.9!

RV!Anisotropic!Ratio! 1.64±!0.10! 1.75±!0.09!

RV!ERP,!ms! 45.4±!2.7! 54.6±!3.9!

RV!DoC,!cm·s91! 1.21±!0.088! 1.32±!0.13!

LV!θL,!cm·s91! 62.8±!5.7! 68.9±!3.3!

LV!θT,!cm·s91" 27.5±!2.5! 27.9±!2.7!

LV!Anisotropic!Ratio! 2.29±!0.13! 2.63±!0.20!

LV!ERP,!ms! 59.1±!4.1! 67.5±!3.3!

LV!DoC,!cm·s91! 1.23±!0.075! 1.90%±%0.087*%

LV!θTM,!cm·s91! 58.5±!3.9! 37.6±%2.9*%

!
Table!2!

!
!

Parameter! T4!(n=4)! T12!(n=4)! T16!(n=4)!
BNP! =! =! (+)!
CAMKII! +! ++! (++)!
Hypertrophy!(HW/TL)! +! +! +!
Fractional!Shortening! 9! 99! 999!
Septal!Wall!Thickness!(d)! =! +! ++!
Β9adrenergic!receptor!
levels!

(+)! (++)! 9!

Left!Ventricular!
Dilatation!

No! No! No!

	  

Table 2: Data of electrical mapping study during Langendorff perfusion. RV/LV, right and left 
ventricle, respectively; θL/θT/θTM, conduction velocity longitudinal, transversal, or perpendicular to 
epicardial fiber direction, respectively, at pacing cycle length of 150 ms; ERP, effective refractory 
period; DoC, dispersion of conduction. *, P<0.01 vs. sham; †, P<0.01 vs. TAC-. Significant 
comparisons are highlighted in bold. 
 
RESULTS  

1) Diagnosis of HF and characterization of phenotypes.  

*/±/+ P<0.05 

**/±±/++ P<0.001 

***/±±±/+++ P<0.0001 
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Ongoing cardiac remodeling and progression to HF in the rats was analyzed using the 

following parameters: Brain Natriuretic Peptide (BNP) expression, protein levels of Ca2+ 

calmodulin dependent protein kinase II  (CaMKII-δ), presence of hypertrophy, 

echocardiographic parameters: LVPW, IVS, LVID, and FS, and b2 adrenergic receptor 

expression. The CaMKII- δ levels were measured based on their ion intensities from the 

proteomics data set. We believe that CaMKII- δ comes down as a direct interactor of the 

beads and can be used as an indirect measure of the levels of enzyme in each group. 
 

 
 
Figure 1: Temporal changes in the mRNA expression levels of BNP (Panel A). Panel B: Ion 
intensities of CaMKII-δ levels. Panel C: Absolute heart weight (HW) to tibia length (TL) ratios. 
Panel D: Fractional-shortening (FS) measurements of all groups recorded from echocardiographic 
views and Panels E & F: Western blots representing the β -2 adrenergic receptor protein levels and 
their quantification (4 animals in each group).  

!
!

Figure!1!
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!
Figure!2!

!
!

 

 
Figure 2: Temporal changes in echocardiographic parameters (all in mm): Panels A&B: IVSd and 
IVSs. Panels C&D: LVPWd and LVPWs. Panel E&F:  LVIDd and LVIDs. Statistical significance is 
represented as * vs. Sham, ± vs. T4, and + vs. T12.  
 

Based on the summation of above-mentioned parameters, the three TAC groups could 

be clearly separated (Table 1) as: 1) compensated; 2) transition, and 3) (early stage) HF based 

on (insignificant) increased levels of BNP (Figure 1A), increased CaMKII-δ levels at T4 with 

a further elevation at T12-T16 (Figure 1B), an increased hypertrophy based on heart weight 

tibia length ratios (HW/TL) (Figure 1C), a progressively and significantly decreased FS: 

Sham:48%, T4:38%, T12:32% & T16:22% (Figure 1D), and an initial, non-significant 

increase in β2 receptor expression at T4-T12, which returned significantly to baseline at T16 

(Figure 1, E&F). IVSd/s, LVPWd/s and LVIDs were not different at T4, while they were 

increased at T12. At T16, a further increase was noted in IVSd/s and LVPWd/s with a 

decrease in LVIDd (Figure 2A-2F).  

Though these data evidently show the presence of progressively increasing 

hypertrophy in the TAC treated animals, absence of chamber dilatation in the proposed HF 

group T16 is indicative of the fact that these animals were not yet in end stage HF. An 
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additional observation that supported this finding was the absence of pulmonary edema (based 

on lung weight measurements, data not shown) in the T16 group.  

 

2). Electrical Remodeling and arrhythmogenesis. 

In the early phase of remodeling (T4), pVTs were induced by programmed stimulation in 8/13 

(62%) compared to 0/13 in sham rats (p=0.001) (Figure 3A). Epicardial electrical activation 

patterns during VT showed variable sites of earliest activation of consecutive beats and 

altering sites of functional conduction block (Figure 3B). RV and LV epicardial CV 

longitudinal and transversal to fiber direction was not different between sham and T4. 

However, transmural CV was slowed in T4 rats (37.6±2.9 vs. 58.5±3.9 cm·s-1; P<0.01) (Table 

2).  

Cx43 immunolabeling displayed a significantly more heterogeneous distribution 

pattern in T4. Some areas exhibited normal Cx43 expression, while in other regions Cx43 

expression was clearly reduced or even nearly absent (Figure 3, C&E). The amount of fibrosis 

in T4 rats was significantly higher (Figure 3, D&F), and in addition, dispersion of LV 

conduction velocity was also increased (1.23+0.08 to 1.9+0.09, p<0.01) (Table2).  

 

3) Phosphorylation of PKA substrates.  

PKA phosphorylation of various substrates was significantly increased after 4 weeks of TAC, 

followed by a gradual decrease at T12 and T16 (Figure 4, A&B).  

 

4) cAMP and AKAPs with chemical proteomics 

Levels of both PKA-R subunits, RI-α and RII-α, in the T4 group were similar to sham animals 

whereas they were significantly increased in T12. In T16 a reduction was seen (Figure 5, 

A&B). In line with this observation, a bell shaped curve with the highest value reached at T12 

was seen for PDE2A and PKG1-aplha (Figure 5, C&D).  

Significantly increased levels of association between PKA and AKAP1, AKAP18δ, 

SPHKAP and AKAP11 were seen in T4 (Figure 5, E-H). Most AKAPs displayed a decrease at 

T12 going back to baseline values at T16, while SPHKAP is reaching the maximum value at 

T12 followed by a reduction at T16.   
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!
!

!

Figure!3!
	  

Figure 3: Panel A: Relative incidence of arrhythmias (polymorphic ventricular tachycardia, pVT) in 
the Sham and T4 group. Panel B; Epicardial activation maps of a pVT induced in the left ventricle of 
a Langendorff perfused T4 heart. Simultaneously recorded activation maps of LV are displayed in 
chronical order to show evolution of the arrhythmia. The pVT was induced by 1 premature stimulus 
applied at the center of the recording electrode on LV. The first 2 activation maps are from the last 
basic and premature stimulus. Note the centrifugal spread of activation of these 2 maps of LV (red 
earliest activation, blue latest activation). Panel C&D: Anti-Cx43 labeling along with merge 
photographs of both anti-cx43 and anti-dystrophin labeling from left ventricle, and representative 
examples of Sirius red staining on LV of Sham and T4 rats. Scale bar=100 µm. Panel E&F: 
Quantifications of Cx43 and of collagen content (as assesses using Sirius Red staining).  
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5) Confirmation of different sub-groups 
The clustering analysis revealed that all TAC groups were distinct from each other with the 

highest degree of similarity between T12 and T16 (Figure 6A). In addition a survival analysis 

of the TAC groups revealed a mean lethal time of 12.65 weeks meaning that 50% of the TAC 

population was lost at that moment in time (Figure 6B).  

 

DISCUSSION  

Development of HF has been described as a process where the heart goes through a series of 

phases 1 2. Despite progress 15, there are many questions that still remain unanswered when it 

comes to explicitly describing the nature of the remodeling processes, including in these 

different phases (re)organization of the cAMP/PKA/AKAP pathway. The New York Heart 

Association (NYHA) classification of HF divides progression of the disease into four classes. 

Of these four classes, the early ones are associated with high mortality rates owing to sudden 

cardiac death (SCD) 15 16. Many studies suggest an enhanced vulnerability to arrhythmias as 

the roots to SCD, though the evidence that confirms arrhythmogenicity to be a predominant 

reason for sudden cardiac death is often lacking. To demonstrate the time dependent changes, 

in the present study the rats were classified (table 1) in 3 different “phenotypes”: 1) 

compensated hypertrophy, 2) transition and 3) early onset HF.  This classification was 

confirmed using the clustering analysis (Figure 7) identifying 3 complete different (sham, T4 

and T12-T16) groups. 

	  
Figure 4: PKA substrate phosphorylation levels in the different groups. Panel A: All bands are 
substrates of PKA and the band intensities demonstrate the levels of phosphorylation of different 
substrates in the different groups. Panel B: Quantification of the western blot, showing different levels 
PKA substrate phosphorylation in the four treatment groups.   

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

!
!

Figure!4!
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Figure!5!

	  

Figure 5: Alterations in interacting proteins of cAMP. Ratio’s of label free normalized intensity for 
primary (Panels A-D) and secondary (Panels E-H) interactors of cAMP of the four different treated 
groups. Horizontal bars represent mean normalized intensities and ratios were calculated based on the 
summed, normalized intensities.  
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Figure 6: Panel A: A hierarchical clustering of the complete cAMP interactome of the (all individual 
proteins and their intensities) four treatment groups, where the height represents the degree of 
similarity between the groups. Panel B: Survival of the two groups, LT50=12.65 weeks. Survival data 
were fitted to a Weibull distribution using the SAS procedure LIFEREG (see Methods).  
 
	  

Alterations in the 3 groups 

1. Compensated stage  

In T4 rats, alterations were seen as the increased phosphorylation status of PKA substrates 

(Figure 4), a maximal attained increase in association of 3 AKAPs and an increase in PDE2A, 

PKG-1 alpha and SPHKAP interaction (Figure 5). At this moment, pVTs were easily induced 
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with pacing in 62% of the animals, possibly explained by an increased dispersion of LV 

conduction velocity, a decreased CV transmural and an increased biventricular fibrosis and 

Cx43 heterogeneity (Figure 3) 

 

2. Transition 

In T12 rats, the phosphorylation status of PKA substrates was reduced below baseline (Figure 

4), the PKA-RI and RII subunits, PDE2A, PKG-I alpha and SPHKAP (Figure 5) were 

maximally enhanced, while the other 3 AKAPs were starting to decrease.  

 

3. Early onset HF 

At T16, PKA phosphorylation status remained low (Figure 4), now combined with a reduced 

(but still increased when compared to Sham) PKA-RI, PDE2A and PKG-1 alpha, while PKA-

RII was severely reduced and association of the 3 AKAPs returned back to baseline values. 

Association level of SPHKAP started to reduce but was still significantly higher when 

compared to Sham (Figure 5). These animals, however, could not be diagnosed for end stage 

HF comparable to what is seen in NYHA class IV patients, as we did not observe left 

ventricular chamber dilation or presence of any pulmonary edema.  

 

Electrical Remodeling and arrhythmogenesis in Transition to HF 

In the rat model, a period of asymptomatic “compensatory” hypertrophy (NYHA I/II) in 

response to pressure overload has been clearly demonstrated by others 3, 17 18, and by us (T4). 

Vulnerability to arrhythmias may underlie SCD in the early stages after an insult. Here we 

show that arrhythmias occur early and may arise as a consequence of disturbed conduction 

due to increased levels of bi-ventricular fibrosis and Cx43 heterogeneity. Recently, Akar et al. 

even mentioned that arrhythmias could be induced as early as 2 weeks after TAC 3.  

The relationship between the occurrence of VT and dispersion in Cx43 expression has 

been shown in patients 19 20, dogs 3 21, rabbits 22, and rats 23 20. Heterogeneous electrical 

uncoupling affects conduction and repolarization across the ventricular wall. Importantly, 

there was a linear correlation between the amount of dispersion of LV-CV and heterogeneity 

of Cx43 expression in our study (R2=0.769; P<0.001). This inhomogeneous conduction is 

either due to heterogeneous downregulation of Cx43 and/or the increased levels of fibrosis.  

Clinical circumspection has suggested that chronic pressure overload eventually leads 

to complete de-compensation 24.  Though the different stages of HF are known, the 

experimental evidence of a phase where the transition from compensation to early de-
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compensation occurs is not readily available. In this study, we used T12 as the phase of 

transition. It demonstrated increased levels of CaMKII-δ, whereas increased CaMKII-δ 

activity is known to have deleterious cardiac effects by inducing apoptosis, arrhythmias and 

altered gene reprograming through HDAC4.  A slight increase in CaMKII-δ levels was seen 

in our compensated phenotype (T4), a finding consistent with our previous work in dogs, 

where CaMKII activity was increased during compensated hypertrophy but did not induce 

activation of HDAC4, required for gene reprograming 25. Ling et. al., describes CaMKII-δ as 

a bridging molecule for the transition from pressure overload induced hypertrophy to heart 

failure 18. Our study lacks the determination of the activity levels of CaMKII but increases in 

CaMKII phosphorylation and expression in response to pressure overload hypertrophy have 

been established very well by other investigators 26 27.  

 

PKA-AKAP alterations in progression to HF 

The AKAP family forms an integral part of the β -receptor/cAMP/PKA pathway and is 

responsible for effective localization of PKA within the cardiomyocyte 28. In HF, this pathway 

is affected in three main ways; (i) Desensitization and down regulation of β -adrenergic 

receptors, (ii) a decrease in R subunits of PKA, and (iii) a decreased phosphorylation of PKA 

substrates 11, 29, indicating an ineffective enzyme function due to ineffective localization of the 

catalytic subunits and a spatial and temporal reorganization of PKA-AKAP complexes. Most 

PKA-AKAP complexes are formed around a basic structure downstream of the cAMP-

dependent β -adrenergic pathway and consist of the PKA holoenzyme, an AKAP (can be 

different for different PKA targets), a phosphodiesterase, adenylyl cyclases, protein 

phosphatases and the respective PKA substrates, which could range from being receptors, 

structural proteins or ion channels 30-35. Using cAMP as the bait we managed to pull down 

several of these PKA-AKAP complexes and evaluated their temporal organization in 

progression to HF.  

TAC results in an increased adrenergic drive and increased association levels of 

PDE2A and PKGI-alpha.  Several PKA-AKAP complexes are known to include a 

phosphodiesterase (PDE) such as from the PDE3 or PDE4 family 36 37. Though we are not 

aware of any evidence of a PDE2 family member being associated with an AKAP currently, 

we identified PDE2A abundantly in our pull-downs and its presence is in coherence with our 

previous human study 11.  PDE2A is activated by binding of cGMP to its GAF domain and is 

known to degrade cAMP by hydrolysis 38. PDE2A is elevated in experimental and human HF 

and at the same time overexpression of PDE2A 1) abolishes β-adrenergic responsiveness by 
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inhibiting increases in L-type Ca2+ current via hydrolysis of cAMP and 2) protects against 

pathological hypertrophy 39. These results are in line with the increase of PDE2A at T4, which 

might be a compensatory/protective mechanism against pathological hypertrophy by keeping 

cAMP levels in range. Increased hydrolysis of cAMP by PDE2A resulting in a negative 

inotropic effect is dependent on the cGMP/PKG/NO/PDE2A/β3-AR pathway 38 39. Increased 

association of PKG-1 alpha is seen at T4 and may also underlie the compensating nature of 

this phase.  

At T4, association of AKAPs goes up in order to assure appropriate PKA-R 

localization. The increased PKA substrate phosphorylation indicates an increase in the 

adrenergic drive. Both AKAP1 and SPHKAP are known mitochondrial AKAPs 40 41 42, 

although the exact function of SPHKAP as cardiac mitochondrial AKAP is unknown. AKAP1 

has been suggested to regulate the cardiac stress response and disappearance of AKAP1 is 

associated with mitochondrial dysfunction and increased cardiomyocyte death and in 

experimental models of pathological hypertrophy: a negative regulator of hypertrophy 43 30. 

The increased association of AKAP1 at T4 is logical. AKAP 18 arbitrates PKA dependent 

phosphorylation of the SERCA inhibitory protein phospholamban at serine 16 44. The 

increased association of AKAP18δ with RII alpha is consistent with the expected increase in 

[Ca2+]   cycling to increase force of contraction.  AKAP11 shows a similar pattern of 

association but at the moment functional information on its role is lacking.  

At T12, the transition phase, the system is imbalanced and sensitized leading to a 

reduction in the PKA substrate phosphorylation. The R subunit association to the beads, 

indicative of expression levels, increases, while AKAPs association with the R subunits 

decreases. This may disturb the compensatory mechanisms and likely is an effort to normalize 

the ineffective localization of PKA due to a decrease in PKA-AKAPs interaction.  

Progressing further, it seems at T16 that the system is exhausted. The decrease in the 

compensating R subunits along with a further decrease in AKAP association at this time, and 

cessation of anchored cAMP signaling results in a further decrease in PKA substrate 

phosphorylation.  

Ineffective phosphorylation of PKA substrates directly affects cardiac function 

negatively. The substrates of PKA can range from receptors, ion channels to myofilament 

proteins. For example, reduced phosphorylation of myofilament proteins troponin-I and 

myosin-binding protein C in dilated cardiomyopathy and HF respectively has been observed 
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29 45.  Decreased phosphorylation of these proteins could be due to ineffective PKA 

localization due to a decreased association of the AKAPs with the PKA-R subunits. 

Also another class of PKA substrates, being the ion channels may be affected in this 

way. The L-type Ca2+ channel, IKs channel and SERCA are important substrates of PKA and 

affect normal physiology 46. In the event of disturbed PKA/AKAP signaling during heart 

failure, modification of their phosphorylation may lead to electrical remodeling and 

arrhythmogenesis. This study opens up the scope for new questions related to mechanisms 

underlying PKA substrate phosphorylation and their functional and arrhythmic outcomes in 

disease.   

 

Integration of arrhythmias with reorganized PKA-AKAP 

Also in this model, the initial beneficial adaptations that lead to (the necessary) compensated 

remodeling seem to cause an enhanced propensity for ventricular arrhythmias. The 

remodeling initiated by, among others, the β -adrenergic pathway shows negative 

consequences directly from the start. Whether these changes are reversible or treatable by 

specific medication is unknown, but for the prevention of sudden cardiac death in “a healthy” 

population are required. It can be speculated that the cause of death at later time points will be 

more related to mechanical dysfunction and less to arrhythmias.   

 

Study limitations 

Given the high mortality rate of more than 50% at 12 and 16 weeks of TAC, and the results 

published in the paper by Akar et al 3, we did not opt for further time dependent determination 

of arrhythmia induction after T4. Moreover, as expressed in our aims we were primarily 

interested to evaluate early arrhythmogenesis. In our electrophysiological evaluation, 

repolarization parameters have not been measured adequately. Nor have cellular 

electrophysiological and contractile measurements been performed possibly underestimating 

the relevance of focal arrhythmogenic mechanisms in the initiation and perpetuation of 

polymorphic VTs. 

 

CONCLUSION 

The initial compensated hypertrophy stage (T4) shows arrhythmias while phosphorylation 

status is up possibly by increased interaction with 3 AKAPs. The transition (T12) group had 

the maximal upregulation of associated PKA-R subunits and 50% mortality, whereas T16 
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displayed decreases, which we interpret as the first signs of exhaustion, of the downstream 

components of the cAMP driven signaling. 

 

ACKNOWLEDGEMENTS 

This study was funded by grants from Utrecht University Focus & Massa  (To Dr. T.A.B van 

Veen and Dr. A. Scholten), Fondation Leducq Transatlantic Alliance for CaMKII-δ (To Prof 

Dr. M. A. Vos and Prof. Dr. A.J.R Heck) and The Netherlands Proteomics Centre (to Dr. A. 

Scholten and Prof. Dr. A.J.R.Heck), embedded in the Netherlands Genomics Initiative. The 

mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 

(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository with the 

dataset identifier PXD000436. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

	   98	  

REFERENCES 

 

1. Katz AM. Maladaptive growth in the failing heart: the cardiomyopathy of overload. 
Cardiovascular drugs and therapy / sponsored by the International Society of 
Cardiovascular Pharmacotherapy 2002;16:245-249. 

2. Oros A, Beekman JD, Vos MA. The canine model with chronic, complete atrio-
ventricular block. Pharmacology & therapeutics 2008;119:168-178. 

3. Akar FG, Spragg DD, Tunin RS, Kass DA, Tomaselli GF. Mechanisms underlying 
conduction slowing and arrhythmogenesis in nonischemic dilated cardiomyopathy. 
Circulation research 2004;95:717-725. 

4. Freeman K, Colon-Rivera C, Olsson MC, Moore RL, Weinberger HD, Grupp IL, et al. 
Progression from hypertrophic to dilated cardiomyopathy in mice that express a 
mutant myosin transgene. American journal of physiology Heart and circulatory 
physiology 2001;280:H151-159. 

5. Taylor SS, Buechler JA, Yonemoto W. cAMP-dependent protein kinase: framework 
for a diverse family of regulatory enzymes. Annual review of biochemistry 
1990;59:971-1005. 

6. Smith FD, Langeberg LK, Scott JD. The where's and when's of kinase anchoring. 
Trends in biochemical sciences 2006;31:316-323. 

7. Fink MA, Zakhary DR, Mackey JA, Desnoyer RW, Apperson-Hansen C, Damron DS, 
et al. AKAP-mediated targeting of protein kinase a regulates contractility in cardiac 
myocytes. Circulation research 2001;88:291-297. 

8. Zakhary DR, Moravec CS, Stewart RW, Bond M. Protein kinase A (PKA)-dependent 
troponin-I phosphorylation and PKA regulatory subunits are decreased in human 
dilated cardiomyopathy. Circulation 1999;99:505-510. 

9. Patel HH, Hamuro LL, Chun BJ, Kawaraguchi Y, Quick A, Rebolledo B, et al. 
Disruption of protein kinase A localization using a trans-activator of transcription 
(TAT)-conjugated A-kinase-anchoring peptide reduces cardiac function. The Journal 
of biological chemistry 2010;285:27632-27640. 

10. Bristow MR, Ginsburg R, Umans V, Fowler M, Minobe W, Rasmussen R, et al. Beta 
1- and beta 2-adrenergic-receptor subpopulations in nonfailing and failing human 
ventricular myocardium: coupling of both receptor subtypes to muscle contraction and 
selective beta 1-receptor down-regulation in heart failure. Circulation research 
1986;59:297-309. 

11. Aye TT, Soni S, van Veen TA, van der Heyden MA, Cappadona S, Varro A, et al. 
Reorganized PKA-AKAP associations in the failing human heart. Journal of 
molecular and cellular cardiology 2012;52:511-518. 

12. Stypmann J, Engelen MA, Epping C, van Rijen HV, Milberg P, Bruch C, et al. Age 
and gender related reference values for transthoracic Doppler-echocardiography in the 
anesthetized CD1 mouse. The international journal of cardiovascular imaging 
2006;22:353-362. 

13. van Empel VP, Bertrand AT, van Oort RJ, van der Nagel R, Engelen M, van Rijen 
HV, et al. EUK-8, a superoxide dismutase and catalase mimetic, reduces cardiac 
oxidative stress and ameliorates pressure overload-induced heart failure in the 
harlequin mouse mutant. Journal of the American College of Cardiology 2006;48:824-
832. 

14. Boulaksil M, Noorman M, Engelen MA, van Veen TA, Vos MA, de Bakker JM, et al. 
Longitudinal arrhythmogenic remodelling in a mouse model of longstanding pressure 



	  

	   99	  

CH
APTER	  5	  

overload. Netherlands heart journal : monthly journal of the Netherlands Society of 
Cardiology and the Netherlands Heart Foundation 2010;18:509-515. 

15. Gradman A, Deedwania P, Cody R, Massie B, Packer M, Pitt B, et al. Predictors of 
total mortality and sudden death in mild to moderate heart failure. Captopril-Digoxin 
Study Group. Journal of the American College of Cardiology 1989;14:564-570; 
discussion 571-562. 

16. Chakko CS, Gheorghiade M. Ventricular arrhythmias in severe heart failure: 
incidence, significance, and effectiveness of antiarrhythmic therapy. American heart 
journal 1985;109:497-504. 

17. Litwin SE, Katz SE, Weinberg EO, Lorell BH, Aurigemma GP, Douglas PS. Serial 
echocardiographic-Doppler assessment of left ventricular geometry and function in 
rats with pressure-overload hypertrophy. Chronic angiotensin-converting enzyme 
inhibition attenuates the transition to heart failure. Circulation 1995;91:2642-2654. 

18. Ling H, Zhang T, Pereira L, Means CK, Cheng H, Gu Y, et al. Requirement for 
Ca2+/calmodulin-dependent kinase II in the transition from pressure overload-induced 
cardiac hypertrophy to heart failure in mice. The Journal of clinical investigation 
2009;119:1230-1240. 

19. Kitamura H, Ohnishi Y, Yoshida A, Okajima K, Azumi H, Ishida A, et al. 
Heterogeneous loss of connexin43 protein in nonischemic dilated cardiomyopathy 
with ventricular tachycardia. Journal of cardiovascular electrophysiology 
2002;13:865-870. 

20. Boulaksil M, Winckels SK, Engelen MA, Stein M, van Veen TA, Jansen JA, et al. 
Heterogeneous Connexin43 distribution in heart failure is associated with dispersed 
conduction and enhanced susceptibility to ventricular arrhythmias. European journal 
of heart failure 2010;12:913-921. 

21. Poelzing S, Akar FG, Baron E, Rosenbaum DS. Heterogeneous connexin43 expression 
produces electrophysiological heterogeneities across ventricular wall. American 
journal of physiology Heart and circulatory physiology 2004;286:H2001-2009. 

22. Wiegerinck RF, van Veen TA, Belterman CN, Schumacher CA, Noorman M, de 
Bakker JM, et al. Transmural dispersion of refractoriness and conduction velocity is 
associated with heterogeneously reduced connexin43 in a rabbit model of heart failure. 
Heart rhythm : the official journal of the Heart Rhythm Society 2008;5:1178-1185. 

23. Gutstein DE, Morley GE, Vaidya D, Liu F, Chen FL, Stuhlmann H, et al. 
Heterogeneous expression of Gap junction channels in the heart leads to conduction 
defects and ventricular dysfunction. Circulation 2001;104:1194-1199. 

24. Aoyagi T, Fujii AM, Flanagan MF, Arnold LW, Brathwaite KW, Colan SD, et al. 
Transition from compensated hypertrophy to intrinsic myocardial dysfunction during 
development of left ventricular pressure-overload hypertrophy in conscious sheep. 
Systolic dysfunction precedes diastolic dysfunction. Circulation 1993;88:2415-2425. 

25. Bourgonje VJ, Schoenmakers M, Beekman JD, van der Nagel R, Houtman MJ, 
Miedema LF, et al. Relevance of calmodulin/CaMKII activation for arrhythmogenesis 
in the AV block dog. Heart rhythm : the official journal of the Heart Rhythm Society 
2012;9:1875-1883. 

26. Zhang T, Maier LS, Dalton ND, Miyamoto S, Ross J, Jr., Bers DM, et al. The deltaC 
isoform of CaMKII is activated in cardiac hypertrophy and induces dilated 
cardiomyopathy and heart failure. Circulation research 2003;92:912-919. 

27. Colomer JM, Mao L, Rockman HA, Means AR. Pressure overload selectively up-
regulates Ca2+/calmodulin-dependent protein kinase II in vivo. Molecular 
endocrinology 2003;17:183-192. 



	  

	   100	  

28. Wong W, Scott JD. AKAP signalling complexes: focal points in space and time. 
Nature reviews Molecular cell biology 2004;5:959-970. 

29. Zakhary DR, Moravec CS, Bond M. Regulation of PKA binding to AKAPs in the 
heart: alterations in human heart failure. Circulation 2000;101:1459-1464. 

30. Abrenica B, AlShaaban M, Czubryt MP. The A-kinase anchor protein AKAP121 is a 
negative regulator of cardiomyocyte hypertrophy. Journal of molecular and cellular 
cardiology 2009;46:674-681. 

31. Hulme JT, Lin TW, Westenbroek RE, Scheuer T, Catterall WA. Beta-adrenergic 
regulation requires direct anchoring of PKA to cardiac CaV1.2 channels via a leucine 
zipper interaction with A kinase-anchoring protein 15. Proceedings of the National 
Academy of Sciences of the United States of America 2003;100:13093-13098. 

32. Kapiloff MS, Jackson N, Airhart N. mAKAP and the ryanodine receptor are part of a 
multi-component signaling complex on the cardiomyocyte nuclear envelope. Journal 
of cell science 2001;114:3167-3176. 

33. Marx SO, Kurokawa J, Reiken S, Motoike H, D'Armiento J, Marks AR, et al. 
Requirement of a macromolecular signaling complex for beta adrenergic receptor 
modulation of the KCNQ1-KCNE1 potassium channel. Science 2002;295:496-499. 

34. Perez Lopez I, Cariolato L, Maric D, Gillet L, Abriel H, Diviani D. AKAP-LBC 
COORDINATES A p38 ACTIVATING SIGNALING COMPLEX CONTROLLING 
COMPENSATORY CARDIAC HYPERTROPHY. Molecular and cellular biology 
2013. 

35. Zhang M, Patriarchi T, Stein IS, Qian H, Matt L, Nguyen M, et al. Adenylyl Cyclase 
Anchoring by A kinase Anchor Protein AKAP5 (AKAP79/150) is Important for 
Postsynaptic beta-Adrenergic Signaling. The Journal of biological chemistry 2013. 

36. Mongillo M, McSorley T, Evellin S, Sood A, Lissandron V, Terrin A, et al. 
Fluorescence resonance energy transfer-based analysis of cAMP dynamics in live 
neonatal rat cardiac myocytes reveals distinct functions of compartmentalized 
phosphodiesterases. Circulation research 2004;95:67-75. 

37. Terrenoire C, Houslay MD, Baillie GS, Kass RS. The cardiac IKs potassium channel 
macromolecular complex includes the phosphodiesterase PDE4D3. The Journal of 
biological chemistry 2009;284:9140-9146. 

38. Mongillo M, Tocchetti CG, Terrin A, Lissandron V, Cheung YF, Dostmann WR, et al. 
Compartmentalized phosphodiesterase-2 activity blunts beta-adrenergic cardiac 
inotropy via an NO/cGMP-dependent pathway. Circulation research 2006;98:226-
234. 

39. Mehel H, Emons J, Vettel C, Wittkopper K, Seppelt D, Dewenter M, et al. 
Phosphodiesterase-2 is Upregulated in Human Failing Hearts and Blunts beta-
Adrenergic Responses in Cardiomyocytes. Journal of the American College of 
Cardiology 2013. 

40. Sardanelli AM, Signorile A, Nuzzi R, Rasmo DD, Technikova-Dobrova Z, Drahota Z, 
et al. Occurrence of A-kinase anchor protein and associated cAMP-dependent protein 
kinase in the inner compartment of mammalian mitochondria. FEBS letters 
2006;580:5690-5696. 

41. Means CK, Lygren B, Langeberg LK, Jain A, Dixon RE, Vega AL, et al. An entirely 
specific type I A-kinase anchoring protein that can sequester two molecules of protein 
kinase A at mitochondria. Proceedings of the National Academy of Sciences of the 
United States of America 2011;108:E1227-1235. 

42. Kovanich D, van der Heyden MA, Aye TT, van Veen TA, Heck AJ, Scholten A. 
Sphingosine kinase interacting protein is an A-kinase anchoring protein specific for 



	  

	   101	  

CH
APTER	  5	  

type I cAMP-dependent protein kinase. Chembiochem : a European journal of 
chemical biology 2010;11:963-971. 

43. Perrino C, Feliciello A, Schiattarella GG, Esposito G, Guerriero R, Zaccaro L, et al. 
AKAP121 downregulation impairs protective cAMP signals, promotes mitochondrial 
dysfunction, and increases oxidative stress. Cardiovascular research 2010;88:101-
110. 

44. Lygren B, Carlson CR, Santamaria K, Lissandron V, McSorley T, Litzenberg J, et al. 
AKAP complex regulates Ca2+ re-uptake into heart sarcoplasmic reticulum. EMBO 
reports 2007;8:1061-1067. 

45. El-Armouche A, Pohlmann L, Schlossarek S, Starbatty J, Yeh YH, Nattel S, et al. 
Decreased phosphorylation levels of cardiac myosin-binding protein-C in human and 
experimental heart failure. Journal of molecular and cellular cardiology 2007;43:223-
229. 

46. Scott JD, Santana LF. A-kinase anchoring proteins: getting to the heart of the matter. 
Circulation 2010;121:1264-1271. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

	   102	  

 



	  

CHAPTER 6 

 

 

Oxidized CaMKII causes cardiac sinus node dysfunction in mice 

 

Paari Dominic Swaminathan1, Anil Purohit1, Siddarth Soni2, Niels Voigt3, Madhu V. Singh1, Alexey V. 

Glukhov4, Zhan Gao1, Julie B. He1, Elizabeth D. Luczak1, Mei-ling A Joiner1, William Kutschke1, Jinying 

Yang1, J. Kevin Donahue5, Robert M. Weiss1, Isabella M Grumbach1, Masahiro Ogawa6,7, Peng-Sheng Chen6, 

Igor Efimov4, Dobromir Dobrev3, Peter J. Mohler1,8, Thomas J. Hund1,9, Mark E. Anderson1,8. 

 

1- Division of Cardiovascular Medicine, Department of Internal Medicine, Carver College of Medicine, 

University of Iowa, Iowa City, Iowa, USA.  

2- Division of Heart & Lungs, Dept. of Medical Physiology, University Medical Centre Utrecht, The 

Netherlands  

3- Department of Pharmacology and Toxicology, Dresden University of Technology, Dresden, Germany and 

Division of Experimental Cardiology, Medical Faculty Mannheim, University of Heidelberg, Mannheim, 

Germany 

4- Department of Biomedical Engineering, Washington University, St. Louis, Missouri, USA 

5- MetroHealth Medical Center, Cleveland, Ohio, USA 

6- Krannert Institute of Cardiology, Indiana University School of Medicine, Indianapolis, Indiana, USA 

7- Department of Cardiology, Fukuoka University School of Medicine, Fukuoka, Japan 

8- Department of Molecular Physiology and Biophysics, University of Iowa, Iowa City, Iowa, USA 

9- Department of Biomedical Engineering, University of Iowa, Iowa City, Iowa, USA 

 
Journal of Clinical Investigation 
 
PMID: 21785215 
 
 



	  

	   104	  

ABSTRACT  

Sinus node dysfunction (SND) is a major public health problem that is associated with sudden 

cardiac death and requires surgical implantation of artificial pacemakers.  However, little is 

known about the molecular and cellular mechanisms that cause SND.  Most SND occurs in 

the setting of heart failure and hypertension, conditions marked by elevated circulating 

angiotensin II (Ang II) and increased oxidant stress.   Here we show that oxidized calmodulin 

kinase II (ox-CaMKII) is a biomarker for SND in patients and dogs and a disease determinant 

in mice.  In wild type mice Ang II infusion caused sinoatrial nodal (SAN) cell oxidation by 

activating NADPH oxidase, leading to increased ox-CaMKII, SAN cell apoptosis and SND.  

p47-/- mice lacking functional NADPH oxidase and mice with myocardial or SAN-targeted 

CaMKII inhibition were highly resistant to SAN apoptosis and SND, suggesting that ox-

CaMKII triggered SAN cell death contributed to SND.  We developed a computational model 

of the SAN that showed loss of SAN cells below a critical threshold caused SND by 

preventing normal impulse formation and propagation.  These data provide novel molecular 

and mechanistic information to understand SND and suggest targeted CaMKII inhibition may 

be useful to prevent SND in high-risk patients. 

 
INTRODUCTION 

Each normal heartbeat is initiated as an electrical impulse from a small number of highly 

specialized sinoatrial node (SAN) pacemaker cells that reside in the lateral right atrium.  

There is now general agreement that physiological SAN function requires a pacemaker 

current (If) (1) and spontaneous release of sarcoplasmic reticulum (SR) intracellular Ca2+ that 

triggers depolarizing current through the Na+/Ca2+ exchanger (INCX) (2-3). The multifunctional 

Ca2+ and calmodulin dependent protein kinase II (CaMKII) is essential for increasing SR Ca2+ 

release in SAN cells in response to stress to cause physiological ‘fight or flight’ heart rate 

increases (4).  Although the physiological basis for SAN behavior is increasingly understood, 

very little is known about SAN disease.  Severe SAN dysfunction (SND) is marked by 

irregular prolonged pauses between heart beats, pathologically slow heart rates at rest and 

inadequate activity-related increases in heart rate. At present, surgical implantation of 

permanent pacemakers is required for treatment of SND, and costs 2 billion dollars annually 

in the United States (5).  SND commonly occurs in the setting of heart failure and 

hypertension (6-8), conditions characterized by excessive activation of renin-angiotensin II 

(Ang II) signaling (9) and elevated levels of reactive oxygen species (ROS) (10). Ang II 

increases ROS in ventricular myocardium by stimulating NADPH oxidase to cause activation 
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of CaMKII (ox-CaMKII) by oxidation of Met 281/282 in the CaMKII regulatory domain (11).  

CaMKII is initially activated by binding to calcified calmodulin, but Met oxidation traps 

CaMKII into a persistently active conformation even in the absence of Ca2+-bound 

calmodulin.  Ang II induced ox-CaMKII promotes myocardial dysfunction and heart failure in 

part by increasing apoptosis in ventricular myocytes (11).  Based on this information, we 

reasoned that the relatively smaller number of cells in the SAN compared to the ventricular 

myocardium would make physiological SAN function particularly vulnerable to SAN cell 

death.  Here we asked if excessive ox-CaMKII could be a molecular determinant of SND by 

promoting SAN cell apoptosis.   

We found that right atrial tissue from patients with heart failure who required artificial 

pacemakers for SND had more ox-CaMKII compared to patients with heart failure alone and 

patients without heart failure or SND.  Similarly, dogs with pacing-induced heart failure and 

SND also had elevated right atrial ox-CaMKII compared to non-SND controls.  In order to 

test if elevated ox-CaMKII could cause SND we infused mice with Ang II.  Ang II infusion 

for three weeks caused increased SAN ox-CaMKII, SAN cell apoptosis, fibrosis, slowed atrial 

impulse conduction velocity and SND. We prevented Ang II-triggered SND by transgenic 

myocardial and SAN cell expression of a synthetic CaMKII inhibitory peptide (AC3-I) (12) 

and by SAN-targeted gene therapy providing ectopic SAN expression of a CaMKII inhibitory 

peptide, CaMKIIN (13), that is endogenous to neurons but absent in heart.  Neither transgenic 

nor gene-targeting approaches to SAN CaMKII inhibition affected the hypertensive response 

to Ang II nor abrogated the increased SAN ROS due to Ang II infusion, indicating that 

CaMKII was a critical downstream signal for pathological actions of ROS on SAN. The 

increase in SAN ox-CaMKII by Ang II required activation of NADPH oxidase, because it was 

absent in p47-/- mice lacking functional NADPH oxidase.  We developed a structural and 

computational model of the SAN that revealed a quantitative mechanism to explain how Ang 

II-induced SAN cell apoptosis resulted in SND by reducing SAN cell number and increasing 

electrotonic loading of surviving SAN cells to cause loss of high fidelity impulse formation 

and propagation. Our findings provide new insights for understanding how excessive 

activation of CaMKII in SAN cells causes SND, and identify a novel approach to reducing 

SND by CaMKII inhibition. 

 

 



	  

	   106	  

 

Figure 1: Ox-CaMKII is increased in heart failure patients and in Ang II-infused mice (A) 
Exemplar immunoblots showing ox-CaMKII and total CaMKII from right atrial tissue obtained from 
heart failure patients with SND requiring pacemaker (HF+PM) implantation, heart failure patients 
without SND (HF-PM) and controls (-PM). The lanes were run on the same gel but were 
noncontiguous. (B) Summary data for ox-CaMKII and total CaMKII in HF+PM (n=5), HF-PM (n=6) 
and –PM (n=10) patients (*P <0.05 and # p<0.01) (C) Increased ox-CaMKII normalized to total 
CaMKII from patient samples shown in panel B (*P <0.05 and # p<0.01). (D) Exemplar immunoblots 
showing ox-CaMKII and total CaMKII from right atrial tissue obtained from WT mice infused with 
Ang II or saline for three weeks. The lanes were run on the same gel but were noncontiguous. (E) 
Summary data for ox-CaMKII and total CaMKII in Ang II (n=6) and Saline (n=6) infused mice (*P = 
0.03). (F) Increased ox-CaMKII normalized to total CaMKII in mice samples shown in panel E (*P = 
0.002). (G) Representative immunofluorescent images showing three weeks Ang II infusion increases 
SAN ox-CaMKII. SAN area is identified by HCN4 immunostaining (green). Calibration bars indicate 
50 mm. (H) Summary data showing increased ox-CaMKII normalized to total CaMKII in SAN tissue 
from mice treated with three weeks of Ang II or saline infusion (n=4/group, *P < 0.01). 
 

MATERIALS AND METHODS 

Human samples: The study was approved by the local ethics committee of the Dresden 

University of Technology (no: EK790799), and each patient gave written informed consent. 

The investigation conforms to the principles outlined in the Declaration of Helsinki. Right 

atrial appendages were obtained from 10 patients with sinus rhythm and 5 patients with SND 

(Supplementary Table 1) as published previously (54). 

Dog atrial samples: Heart failure was induced in dogs by rapid ventricular pacing and atria 

and ventricles were harvested as previously published (55). 
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Fig 1: Ox-CaMKII is increased in heart failure patients and in Ang II-infused mice   (A) Exemplar immunoblots 

showing ox-CaMKII and total CaMKII from right atrial tissue obtained from patients with SND requiring pacemaker 

(PM+) implantation and patients without SND (PM-). (B) Summary data for ox-CaMKII and total CaMKII in PM+ (n=5) 

and PM- (n=10) patients (*P = 0.002) (C) Increased ox-CaMKII normalized to total CaMKII from patient samples shown 

in panel B (*P = 0.009). (D) Exemplar immunoblots showing ox-CaMKII and total CaMKII from right atrial tissue 

obtained from WT mice infused with Ang II or saline for three weeks. (E) Summary data for ox-CaMKII and total CaMKII 

in Ang II (n=6) and Saline (n=6) infused mice (*P = 0.03).  (F) Increased ox-CaMKII normalized to total CaMKII in mice 

samples shown in panel E (*P = 0.002).    (G) Representative immunofluorescent images showing three weeks Ang II 

infusion increases SAN ox-CaMKII.  SAN area is identified by HCN4 immunostaining (green). Calibration bars indicate 

50 m.  (H) Summary data showing increased ox-CaMKII normalized to total CaMKII in SAN tissue from mice treated 

with three weeks of Ang II or saline infusion (n=4/group, *P < 0.01).  
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Mouse Models: Mice lacking the p47 gene (p47-/-) were purchased from Jackson Labs and 

back crossed into B6D2 background for more than 6 generations. Mice with transgenic 

myocardial CaMKII inhibition (AC3-I) were generated by us, as previously described (12).  

All experiments were performed in mice 8-12 weeks of age. The present animal studies were 

reviewed and approved by the IACUC of the University of Iowa. 

HR and blood pressure (BP) measurements: One week prior to the start of each experiment, 

mice were trained on the tail cuff BP equipment (Visitech BP-2000 blood pressure analysis 

system). HR and BP recorded on two days were averaged as a baseline value. To test the 

effect of Ang II or saline on HR and BP, mice were followed for three weeks.   After pump 

implantation BP and HR recordings were measured again in the third week and averaged.  

Mini-osmotic pump implantation: Micro-osmotic pumps (Alzet model 1004, 0.11 µl/hr, 28 

days), containing saline or Ang II (3mg/kg/day) were inserted subcutaneously under 

anesthesia (ketamine/xylazine- 87.5/12.5 mg/kg), as reported (11). 

ECG and activity telemetry: All telemetry placements were performed one week prior to the 

start of each experiment to allow resolution of the immediate post-surgical HR changes. Mice 

were anesthetized with ketamine/xylazine (87.5/12.5 mg/kg) before placing a transmitter 

(Data Sciences International) into the abdominal cavity with subcutaneous electrodes in a lead 

I configuration. Baseline measurements were recorded for one week. After insertion of the 

osmotic mini-pumps, continuous 24 hour recordings were made on alternate days for the three 

week period. At the end of each experiment the data were extracted and analyzed for basal 

HR, HR response to activity, and for arrhythmias. We defined spontaneous SND episodes as 

events of severe bradycardia less than 200 beats/min when the activity level is at 1 or above. 

Transthoracic Echocardiography: We recorded transthoracic echocardiograms in conscious 

mice three weeks after AngII pump implantation, as previously described(56). Images were 

acquired and analyzed by an operator blinded to mouse genotype and treatment. 

Langendorff-perfusion and ex-vivo ECG recording: ECG recordings from Langendorff-

perfused hearts were performed as described (4). Excised hearts were quickly mounted on a 

modified Langendorff apparatus (HSE-HA perfusion systems, Harvard Apparatus, Holliston, 

Mass) for retrograde aortic perfusion at a constant pressure of 80 mm Hg with oxygenated 

(95% O2, 5% CO2) Krebs-Henseleit solution consisting of (mM): 25 NaHCO3, 118 NaCl, 4.7 

KCl, 1.2 MgSO4, 1.2 NaH2PO4, 2.5 CaCl2, 0.5 Na-EDTA, and 15 glucose, with pH 

equilibrated to 7.4. The perfused hearts were immersed in the water-jacked bath and were 

maintained at 36°C. ECGs were continuously recorded with Ag+-AgCl electrodes, which 

were positioned around the hearts in an approximate Einthoven configuration.  We defined 
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SND in Langendorff-perfused hearts as spontaneous pauses when P-P interval equals or 

exceeds twice baseline sinus cycle length.   

SNRT/CSNRT measurements: Langendorff-perfused hearts were stimulated with a pair of 

electrodes placed on the right atrium. Sinus node recovery time (SNRT) was measured after a 

30-second pacing train with a basic cycle length of 100 ms and 80ms. For these studies the 

SNRT was defined as the interval between the last stimulus in the pacing train and the onset 

of first sinus return beat.  The corrected sinus node recovery time (CSNRT) was calculated by 

subtracting the baseline cycle length from the SNRT. 

SAN tissue isolation:  Mice were injected with heparin (1000 IU/ml, i.p.) and avertin (20 µl/g, 

i.p.). After loss of withdraw reflex, the heart were excised and placed into Tyrode’s solution 

(35oC), consisting of (mM): 140 NaCl, 5.0 HEPES, 5.5 Glucose, 5.4 KCl, 1.8 CaCl2, 1.0 

MgCl2, with pH adjusted to 7.4 with NaOH. The SAN region, delimited by the crista 

terminalis, atrial septum and orifice of superior vena cava, were dissected from the heart.  

SAN and atrial optical mapping: Optical mapping of spontaneous pacemaker activity and 

conduction velocity were performed as described previously (57). 

Isolated SAN cell action potential recording: SAN cells were isolated and spontaneous single 

cell action potentials were recorded in current clamp mode using the perforated patch 

configuration at 36oC, as described previously (4) 

Immunofluorescent staining and SAN identification:  Mice were sacrificed at the end of Ang 

II or saline infusion. The hearts were excised and placed in Tyrode’s solution. Under a 

dissection microscope, the right atrium was identified and dissected with right atrial 

appendage, venacava and tricuspid valve. The tissue was cryopreserved and sectioned at 14 

µm thickness. We used a combination of anti-HCN4, and anti-connexin-43 antibodies to 

identify the SAN region by positive and negative selection. For all immunofluorescent 

staining the slides were air dried for 5 minutes, fixed in formalin for 30 minutes and washed 

in PBS, three times, 5 minutes each. The sections were incubated with a blocking buffer (3% 

gelatin from cold water fish skin, 0.1% triton X and 2 mg/ml of BSA in PBS) with normal 

serum. The tissue was incubated overnight in the primary antibody to the protein of interest 

(rabbit anti-mouse ox-CaMKII and mouse anti-C-terminal CaMKII antibody were developed 

by us) with HCN-4 antibody (rat anti-human HCN4, Abcam). The next day slides were 

washed in PBS and the tissue incubated with appropriate secondary antibodies for 1 hour. The 

slides were then washed and cover slipped with vectashield (Vector Labs) with DAPI 

mounting medium.  
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ROS detection: Right atria, acquired as described above, were rinsed in cold Tyrode's and 

flash frozen in OCT mounting compound. The tissue was then sectioned (30 µm) and 

incubated in dihydroethidium (DHE; 2 x 10–6 M) for 30 min at 37°C as previously described 

(11). Fluorescence was detected with a laser scanning confocal microscope (Zeiss 510 and 

710), excitation at 488 nm and detection at 585 nm by using a long-pass filter). 

Fibrosis detection and quantification: Masson’s trichrome staining was used to assess 

fibrosis. We defined the SAN by HCN4 positive immunostaining (4, 45, 58) and extra-SAN 

right atrial tissue by connexin 43 positive immunostaining (23). The images were imported 

into Image J (NIH non-proprietary software) and the pixels of blue staining were analyzed in 

the intra-nodal region (within the core SA node), peri-nodal region (fibrous rim of the SAN) 

and the RA. 

Immunoblotting: SAN samples were obtained as described above. Tissue samples were 

homogenized in modified RIPA buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM 

EDTA, 1% v/v NP-40, and 0.5% w/v deoxycholate), containing a mixture of protease and 

phosphatase inhibitors. Equal amounts of protein were fractionated on NuPAGE gels 

(Invitrogen) and transferred onto PVDF membranes (Bio-Rad). After blocking nonspecific 

binding with 10% w/v non-fat milk powder in TBS-T (50 mM Tris-HCl, pH 7.6, 150 mM 

NaCl, and 0.1% v/v Tween-20), blots were incubated in primary antibodies (ox-CaMKII and 

CaMKII) overnight at 4°C. Blots were washed in TBS-T and incubated with appropriate 

HRP-conjugated secondary antibodies. Protein bands were detected using ECL reagent 

(Lumi-Light, Roche), and loading was routinely monitored by Coomassie staining of the blots 

after antibody probing and or Actin staining. For quantification, Quantity One software (Bio-

Rad) was used. 

RNA Isolation and qRT-PCR: Total RNA was isolated from mouse tissues and 

cardiomyocytes using RNeasy RNA Isolation Kit (QIAGEN). A 500-ng aliquot of each RNA 

sample was used for cDNA synthesis in a 50 µl reaction mix, using oligo dT16 as primer and 

SuperScript III Reverse Transcriptase (Invitrogen). Taqman and SYBR Green–based 

quantitative real-time PCR reactions were performed. For quantitative RT-PCR, 1 µl of 

reverse transcription reaction was mixed with 10 pmoles each specific primer and 12.5 µl 

SYBR PCR Master Mix (BioRad). The reaction was incubated in an iQ5 model thermocycler 

(BioRad) for 40 cycles consisting of denaturation at 95°C for 10 seconds and 

annealing/extension at 59.9°C for 1 min. The quality of the PCR product was routinely 

checked by thermal denaturation curve following the qPCR reactions. The threshold cycle 

(CT) was determined by the iCycler software, and quantification of relative mRNA levels was 
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performed by ΔΔCT method. The following primers were used for Adrb1 RT-qPCR- For- 

cctagagggcaaaccttgtg  Rev- tgcacagagtgaggtagaggac.  

Caspase 3 activity assay:  SAN tissue was homogenized in lysis buffer consisting of (mM): 

50 Tris-HCl pH 7.5, 100 KCl, 1 EDTA, 1 EGTA, 1 DTT, 0.1 PMSF, 0.5 benzamidine, 

20mg/L leupeptin, 1000 microcystin, 20 sodium pyrophosphate, 50 NaF, and 50 sodium β -

glycerophosphate) and total protein content was determined by Bradford assay. Caspase-3 

activity was determined by Enz-Chek Caspase-3 kit (Invitrogen). 

EIA assay for Ang II: was performed on whole blood from saline and Ang II-infused mice 

after collection by cardiac puncture in EDTA coated syringes and mixed with 1:10 0.5M 

EDTA and 0.6TIU/ml of aprotinin. Plasma was separated by centrifugation at 1500 X g for 15 

minutes and stored at -80oC. The samples were then thawed and protein was extracted by 

using Strata solid phase extraction kit and protocol. Ang II in the individual samples was then 

quantified using Phoenix Pharmaceuticals enzyme immunoassay kit and manufacturer’s 

instructions. 

PKA activity: was determined by transfer of radioactive PO4- to the protein kinase A substrate 

Kemptide using a commercial kit according to the suggested protocol (Upstate, NY). SAN 

tissue samples were isolated and immediately frozen in liquid nitrogen. Tissue samples were 

homogenized in a buffer containing (mM): 25 4 Tris, pH 7; 5 EDTA, 10 EGTA; 1 DTT; 1 

sodium orthovanadate, and 1 PMSF. Protein kinase activity in each tissue homogenate were 

determined in a 60 µl reaction volume in the presence of γ-32P-ATP and protein kinase C- and 

CaMKII inhibitors.  The specificity of PKA activity was confirmed by addition of the PKA 

inhibitor peptide PKI. Incorporation of radionuclide into Kemptide was monitored by 

adsorbing the Kemptide onto P81 phosphocellulose filter paper followed by scintillation 

counting. Control reactions without the addition of homogenate were used as background 

controls. 

SAN painting: Mice were painted 3-5 days after implantation of AngII pumps. A poloxamer, 

trypsin and collagenase mixture was made with 40% poloxamer, 1% trypsin and 0.25% 

collagenase in PBS, and then added to equal volume of recombinant adenovirus expressing 

plasmid for the gene(s) of interest (CaMKIIN/eGFP in an IRES vector or eGFP alone) in 

solution, making the final concentration of poloxamer, trypsin and collagenase to 20%, 0.5% 

and 0.125%.   The CaMKIIN construct was a gift from Dr. Thomas Soderling (Vollum 

Institute).  This mixture is liquid in consistency at 4oC, but gels at room temperature. Mice 

were anaesthetized using ketamine/xylazine (87.5/12.5 mg/kg respectively), intubated and 

ventilated. Using a right second intercostal muscle incision the heart was visualized under the 



	  

	   111	  

CH
APTER	  6	  

dissecting microscope and the gel applied to the posterior surface of the junction of the 

superior venacava and right atrium with a fine brush three times with intervening periods of 

drying. The intercostal muscles, pectoralis major and minor and the skin incision were closed 

using 6/0 silk and the mice were allowed to recover.  

Mathematical model of the SAN:  Model geometry was represented using a two-dimensional 

400x45 node rectangular grid (spatial resolution of 40 µm) and histologically reconstructed 

sections through the rabbit RA (Figure 5A) (merge of sections corresponding to z coordinates 

4.6 mm and 4.7 mm) (22-23). Each node was assigned a flag corresponding to a cell type 

based on immunohistochemistry data.  Cells with decreased excitability were introduced 

between the SAN and atrial septum to reproduce the experimentally observed “block zone” in 

this region (22).  Cell loss in the SAN due to apoptosis was simulated by replacing normal 

SAN cells selected at random with inexcitable cells, poorly coupled to surrounding tissue.  

Detailed mathematical models were used to simulate central SAN cell, peripheral SAN cell, 

and atrial action potentials (59-61).  Regional differences in cell size, capacitance and 

coupling were taken into account (Supplementary Table 3). The two-dimensional cable 

equation describing action potential propagation was solved using an alternating direction 

implicit method and a time step of 0.005 ms (62).  

Statistics: Data are presented as mean ± SEM. P values were assessed with a Student’s t test 

(2-tailed) or ANOVA, as appropriate, for continuous data. The Tukey’s test was used for post-

hoc testing. Discrete variables were analyzed by Fisher’s exact test. The null hypothesis was 

rejected for P < 0.05.  

 

RESULTS 

Ox-CaMKII is increased in SND.    

Increasing evidence supports a view that physiological activation of CaMKII enables core 

myocardial activities, such as excitation-contraction coupling in ventricular myocardium (14) 

and cardiac pacing in SAN cells (4), while excessive activation of CaMKII by ROS 

contributes to myocardial dysfunction and heart failure (11). As a first step to examining the 

potential relationship of ox-CaMKII to SND, we asked if ox-CaMKII is elevated in patients 

with severe SND, as evidenced by a requirement for a surgically implanted permanent 

pacemaker.  Our biobank included heart failure patients with SND, heart failure patients 

without SND and control patients without heart failure or SND (Supplementary Table 1). We 

measured ox-CaMKII, using a validated antiserum against oxidized Met 281/282 in the 

CaMKII regulatory domain (11), in right atrial samples.  The ANOVA between the 3 groups 
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for ox-CaMKII and the ratio of ox-CaMKII to total CaMKII was significant (P=0.003 for ox-

CaMKII and P=0.001 for the ratio), but the only post-hoc (Tukey test) differences that 

reached significance were between controls and heart failure with SND and between heart 

failure patients with and without SND (Fig 1A-C).   The LVEF was similar between heart 

failure patients with and without SND (Table 1).  Dogs with pacing-induced heart failure and 

SND also had significantly (P=0.026) increased ox-CaMKII in right atrial tissue, compared to 

controls without pacing induced heart failure or SND (Supplementary Figure 1A-C).  Thus, 

we observed increased ox-CaMKII in right atrial tissue from both patients and dogs with SND 

and heart failure.  

 
Figure 2: Ang II infusion causes SND Panels A-D show in-vivo data from unanesthetized and 
unrestrained ECG telemetered mice and panels E-H show ex-vivo data from Langendorff-perfused 
mouse hearts. (A) An exemplar ECG recording of spontaneous bradycardia in an Ang II infused 
mouse and a normal ECG recording in a saline infused mouse. (B) Diminished spontaneous activity 
responsive heart rate (ARHR) (P < 0.01) in mice after three weeks of Ang II infusion compared to 
other groups (5 mice/group). (C) Summary data showing a trend (P = 0.06,n=4-5/group) toward 
reduced episodes where HR was < 200 beats/min in Ang II compared to saline infused mice. (D) Ang 
II infusion for three weeks reduced resting invivo HR, compared to mice with three weeks of saline 
infusion (n = 25/group, P <0.001). (E) Representative ECG recordings from Langendorff-perfused 
hearts isolated from mice infused with Ang II or saline for three weeks. (F) Summary data showing 
Ang II infused mice have more sinus pauses than saline infused mice (*P = 0.023,n=11/group). (G) 
Hearts isolated from Ang II infused mice have prolonged rate corrected sinus node recovery time 
(CSNRT) compared to saline infused controls (*P =0.04, n=10). 
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Fig 2:  Ang II infusion causes SND   

Panels A-D show in-vivo data from unanesthetized and unrestrained ECG telemetered mice and panels E-H show ex-

vivo data from Langendorff-perfused mouse hearts. (A) An exemplar ECG recording of spontaneous bradycardia in an 

Ang II infused mouse and a normal ECG recording in a saline infused mouse.  (B) Diminished spontaneous activity 

responsive heart rate (ARHR) (P < 0.01) in mice after three weeks of Ang II infusion compared to other groups (5 

mice/group).  (C) Summary data showing a trend (P = 0.06) toward reduced episodes where HR was < 200 beats/min in 

Ang II compared to saline infused mice.  (D) Ang II infusion for three weeks reduced resting in-vivo HR, compared to 

mice with three weeks of saline infusion (n = 25/group, P < 0.001).  (E) Representative ECG recordings from 

Langendorff-perfused hearts isolated from mice infused with Ang II or saline for three weeks.  (F) Summary data 

showing Ang II infused mice have more sinus pauses than saline infused mice (*P = 0.023).  (G) Hearts isolated from 

Ang II infused mice have prolonged rate-corrected sinus node recovery time (CSNRT) compared to saline infused 

controls (*P = 0.04, n=10).  
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Based on this potential link between Ang II and ox-CaMKII in SND, we 

developed a mouse model of SND.  Heart failure patients develop an approximately six fold 

increase in plasma Ang II levels compared to non-hypertensive healthy controls (15-16).  We 

infused wild type (WT) mice with Ang II (2000 ng/kg/min) or an equal volume of saline for 

three weeks to produce a four-fold increase in plasma Ang II compared to control mice 

infused with saline for the same period of time (Supplementary Figure 2).   

Thus, elevation in Ang II levels in our mice over baseline approximated the fold increases in 

plasma Ang II observed in patients with heart failure at increased risk for SND.  Ang II 

infusion significantly (P < 0.01) enhanced right atrial (Figure 1 D-F) and SAN ox-CaMKII 

(Figure 1 G and H) compared to saline infused mice, indicating that the right atrial and SAN 

tissues exhibited coordinate increases in ROS in response to Ang II.  In contrast to the 

changes in ox-CaMKII, total right atrial CaMKII expression was equivalent in patients and 

dogs with or without SND (Figure 1A and B, Supplementary Figure 1A&B) and in Ang II and 

saline infused mice (Figure 1D and E).  While humans with SND had a 50% increase in ox-

CaMKII, controlled animal experiments in canine and mouse models showed a 400% 

increase, potentially due to other factors affecting ox-CaMKII levels in a real world scenario. 

The intensity of HCN4 staining appeared decreased in the SAN of Ang II infused compared to 

saline infused mice, potentially consistent with a decrease in SAN cell density and/or an 

increase in connective tissue, features known to occur in aging induced SND(17).  Taken 

together, these findings suggested that elevated right atrial ox-CaMKII is a biomarker for 

SND in humans and dogs and that Ang II can enhance right atrial and SAN ox-CaMKII, 

similar to findings in ventricular myocardium (11). 

 

Ang II infusion causes SND 

In order to determine if our model of Ang II infusion promoted SND, we measured heart rates 

(HR) in unrestrained and unanesthetized mice implanted with electrocardiogram- (ECG) and 

activity-sensing telemeters.  Ang II infused mice exhibited frequent sinus pauses (Figure 2A), 

similar to patients with SND (8).  SND patients may show diminished activity-evoked 

increases in heart rate, so we next examined the relationship between activity and heart rate in 

our telemetered mice (Figure 2B).   Ang II infusion significantly (P < 0.01) reduced the 

maximum HR response to spontaneous activity (by 45 ± 5%), whereas saline infusion had no 

significant effect on the HR response to spontaneous activity compared to mice without 

implantation of osmotic minipumps (Figure 2B).  The saline and Ang II groups remained 
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equally active at the end of 3 weeks (Supplementary Figure 3), suggesting that Ang II induced 

SND without causing heart failure or severe systemic illness.  Echocardiographic studies 

showed that Ang II infused mice had increased left ventricular hypertrophy (P = 0.02) without 

reduction in left ventricular ejection fraction (Supplementary Table 2).  The Ang II infused 

mice showed a trend (P = 0.06) toward more frequent episodes of severe heart rate slowing 

(Figure 2C) and a significant (P < 0.001) decrease in resting HR, whereas resting HR was 

unchanged after three weeks of saline infusion (Figure 2D).   Collectively, these data showed 

that Ang II infusion results in elevated SAN ox-CaMKII (Figure 1G and H) and SND (Figure 

2A-D). 

In vivo HR is an integrated response that reflects intrinsic SAN properties and autonomic 

nerve activity.  In order to test if Ang II-induced SND involved direct effects on SAN tissue 

we measured HR in Langendorff-perfused hearts isolated from mice infused with Ang II or 

saline for three weeks.  Significantly more hearts isolated from Ang II infused mice (P = 0.02) 

showed SND-characteristic pauses, where the P-P wave interval was more than or equal to 

twice the baseline sinus cycle length, (Figure 2E and F), compared to saline infused control 

mice.  We next measured sinus node recovery time corrected for HR (CSNRT), a clinical 

index of SAN function (7-8, 18), in the Langendorff-perfused hearts.   There was a trend (P = 

0.09) toward longer CSNRT in mice treated with Ang II compared with saline at baseline, 

while the CSNRT was significantly (P = 0.04) prolonged in Ang II treated mice compared to 

saline treated mice in the presence of isoproterenol (10 nM, Figure 2G). We considered the 

possibility that the reduced HR response to activity (Figure 2B) and the prolongation in 

CSNRT in the presence of isoproterenol (Fig 2G) in Ang II-infused mice were due to defects 

in SAN cell β-adrenergic receptor (β-AR) signaling.  However, there were no differences in 

mRNA levels of Adrb1, the gene encoding the β1-AR, in SAN tissue from saline or Ang II 

treated mice (Supplementary Figure 4A).  Furthermore, activity of protein kinase A (PKA), a 

critical downstream signal activated during β1-AR agonist stimulation (19), was preserved in 

Ang II treated compared to saline treated WT mice (P = 0.9, Supplementary Figure 4B) 

exposed to isoproterenol (10 nM).  We interpreted these findings to suggest that SND 

phenotypes in Ang II-infused mice were not primarily due to impaired responses of the SAN 

β-AR pathway. Taken together, these findings support the hypothesis that Ang II infusion 

resulted in SND in vivo and ex vivo, at least in part, by directly altering intrinsic SAN cell 

and/or tissue properties. 
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Myocardial CaMKII inhibition protects against Ang II induced SND 

Based on our data showing increased ox-CaMKII in patients and dogs with SND 

(Figure 1 and Supplementary Figure 1) and previous studies showing myopathic effects of 

excessive ox-CaMKII in ventricular myocardium (11), we hypothesized that ox-CaMKII is a 

determinant of Ang II induced SND.  To test this hypothesis, we first used transgenic mice 

with cardiomyocyte (12) and SAN (4) transgenic expression of AC3-I, a synthetic CaMKII 

inhibitory peptide. AC3-I mice have a normal resting HR (Supplementary Figure 6A) but 

blunted HR responses to stress, because CaMKII inhibition reduces stress-responsive SR Ca2+ 

release that is required for physiological increases in heart rate (4). We infused AC3-I mice 

with Ang II or vehicle for three weeks.  Ang II- and saline-infused AC3-I mice had equivalent 

resting HR after three weeks (Figure 3A) and AC3-I mice did not show reduced HR responses 

to spontaneous activity after Ang II compared to saline infusion (Figure 3B).  In contrast, WT 

mice showed a significant decrease in resting (Figure 3A) and activity-responsive HR (Figure 

3B) after Ang II infusion.  In contrast to our observations in wild type mice (Figure 2C), Ang 

II infusion was ineffective in increasing bradycardia episodes during spontaneous activity in 

AC3-I mice (Figure 3C).  We measured blood pressure to test if the resistance of AC3-I mice 

to Ang II-induced SND was due to alterations in the hypertensive effects of Ang II.   

However, AC3-I and WT mice had normal (equivalent) hypertensive responses to Ang 

II (Supplementary Figure 5), indicating that CaMKII inhibition protected against SND 

without affecting the pressor response to Ang II.   Langendorff-perfused hearts isolated from 

AC3-I mice infused with Ang II were no more likely to exhibit spontaneous pauses than AC3-

I hearts infused with saline (Figure 3D), in contrast to our observations that wild type mouse 

hearts infused with Ang II had increased susceptibility to spontaneous pauses (Figure 

2A,C,D).  The CSNRT was unaffected by three weeks of Ang II treatment in AC3-I mice and 

remained similar to the CSNRT measured in saline treated WT mice (Supplementary Figure 

6B).  Our data so far showed that CaMKII inhibition protects against SND in vivo and ex 

vivo, supporting the concept that activation of the CaMKII pathway in SAN by oxidation is 

required for Ang II-induced SND. 

We next sought to determine if SAN-targeted CaMKII inhibition was sufficient to 

prevent SND, in the absence of ‘global’ myocardial CaMKII inhibition, and potentially 

provide proof of concept evidence to support the use of CaMKII inhibitor gene therapy to 

prevent SND.  We developed a SAN-targeted gene transfer technique to deliver the most 

potent and selective known biological CaMKII inhibitor, CAMKIIN, a peptide that is 

endogenous to neurons, but is not expressed in heart (20).  We fused the mini-gene for 
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Figure 3: Myocardial and SAN-targeted CaMKII inhibition protects against SND (A) ECG 
telemetered, unrestrained and unanesthetized AC3-I transgenic mice (n=8-10/group) infused with Ang 
II for three weeks have no significant decrease in resting HR or (B) reduction in activity responsive 
HR (ARHR) or (C) increased bradycardia events. (D) Ex-vivo Langendorff perfused AC3-I hearts 
isolated after three weeks of Ang II infusion have no significant increase in sinus pauses (n=8/group). 
(E) Gene painting with an adenovirus-poloxamer mixture (see Methods) allowed for SAN-targeted 
expression of IRES eGFP of the CaMKIIN adenovirus (Scale bar- 25µm). (F) WT mice (n=5-6/group) 
with SAN expression of CaMKIIN and eGFP were significantly (P=0.02) resistant to reduced resting 
HR after three weeks of Ang II infusion compared to WT mice with SAN eGFP expression alone. (G) 
Langendorff-perfused hearts from WT mice with SAN32 targeted expression of CaMKIIN and eGFP 
were significantly (P=0.049, n=5-6/group) protected against AngII induced increase in sinus pauses 
compared to WT mice expressing eGFP alone. (H) SAN-targeted CaMKIIN expression significantly 
protected against Ang II infusion induced CSNRT prolongation in response to 80 ms (*P=0.04) and 
100 ms (*P=0.049) pacing cycle intervals. The same hearts were studied in panels G and H. 

 

CaMKIIN to eGFP and incorporated the cDNA into adenovirus.  The CaMKIIN-eGFP 

encoding adenovirus or an adenovirus encoding eGFP alone was suspended in a poloxamer 

gel that enhances efficacy of myocardial viral infection (21).  We performed SAN painting 

with the CaMKIIN-eGFP or eGFP-expressing adenovirus on WT Ang II infused mice (Figure 

3E).  CaMKIIN expressing mice infused with Ang II for three weeks had significant (P = 
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Fig 3: Myocardial and SAN-targeted CaMKII inhibition protects against SND  

(A) ECG telemetered, unrestrained and unanesthetized AC3-I transgenic mice infused with Ang II for three weeks have 

no significant decrease in resting HR or (B) reduction in activity responsive HR (ARHR) or (C) increased bradycardia 

events. (D) Ex-vivo Langendorff perfused AC3-I hearts isolated after three weeks of  Ang II infusion have no significant 

increase in sinus pauses.  (E) Gene painting with an adenovirus-poloxamer mixture (see Methods) allowed for SAN-

targeted expression of IRES eGFP of the CaMKIIN adenovirus.   (F) WT mice with SAN expression of CaMKIIN and 

eGFP were significantly (P=0.02) resistant to reduced resting HR after three weeks of Ang II infusion compared to WT 

mice with SAN eGFP expression alone.  (G) Langendorff-perfused hearts from WT mice with SAN-targeted expression 

of CaMKIIN and eGFP were significantly (P=0.049) protected against AngII induced increase in sinus pauses compared 

to WT mice expressing eGFP alone.  (H) SAN-targeted CaMKIIN expression significantly protected against Ang II 

infusion induced CSNRT prolongation in response to 80 ms (*P=0.04) and 100 ms (*P=0.049) pacing cycle intervals.  

The same hearts were studied in panels G and H.  
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0.01) protection from a decline in resting HR compared to Ang II-infused mice with SAN 

tissue expressing eGFP alone (6 ± 2% versus 18 ± 3%, Figure 3F). Significantly fewer 

Langendorff-perfused hearts isolated from mice with SAN CaMKIIN expression compared to 

eGFP alone (P = 0.049) showed spontaneous pauses (Figure 3G).  SAN painting with 

CaMKIIN significantly (P = 0.04) reduced CSNRT prolongation compared to eGFP painting 

(Figure 3H) in mice infused with Ang II. These data show that SAN-targeted CaMKII 

inhibition is sufficient to protect against Ang II-induced SND, and suggest that SAN CaMKII 

is a potential new target for preventing SND in common cardiac disease conditions, such as 

heart failure and hypertension. 

 

Ang II causes SND by CaMKII-triggered SAN cell apoptosis 

Our experiments to this point confirmed that the CaMKII pathway is a critical determinant of 

Ang II-mediated SND, but the mechanism for pathological actions of CaMKII on SAN tissue 

were unclear.  Based on previous studies showing that Ang II increased ox-CaMKII leading to 

apoptosis in ventricular myocytes (11), we hypothesized that elevated ox-CaMKII following 

Ang II infusion resulted in SND, at least in part, by promoting excessive SAN cell death. We 

found that SAN tissue from Ang II infused WT mice had significantly (P = 0.001) increased 

TUNEL staining (Figure 4A and B) and caspase-3 activity (P < 0.001, Figure 4C), indicating 

increased cell death (11), compared to SAN tissue from saline treated mice.  In contrast, AC3-

I mice were resistant to Ang II-induced increases in TUNEL staining (Figure 4D and E) and 

caspase 3 activity (Figure 4F).   

 WT mice with CaMKIIN-expressing SAN tissue were also resistant to Ang II-induced 

increases in TUNEL staining (Figure 4G and H), compared to controls with SAN eGFP 

expression alone.  The consistency of the findings that CaMKII inhibition, by two distinct 

methods, reduced SND and SAN cell apoptosis supports the concept that excessive CaMKII 

activation by ROS promotes SND by increasing SAN cell death.      

We hypothesized that excessive SAN cell death contributed to SND because normal 

SAN function requires a critical mass of SAN cells to form impulses and electrically capture 

surrounding atrial tissue.  To explore this idea further, we developed a two-dimensional 

computational model of the intact SAN based on histologically reconstructed right atrial 

geometry (Figure 5A) (22-23). We incorporated measured values for SAN cell loss in WT and 

AC3-I hearts following saline or Ang II infusion (Figure 5B) to determine whether differences 

in cell loss observed experimentally (Figure 4) could explain SND in Ang II treated hearts. 

We found that increased cell loss observed in WT hearts following Ang II infusion 
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dramatically slowed SAN impulse frequency propagated to the right atrium (Figure 5C), 

consistent with our experimental findings of slowed heart rate in Ang II-treated WT mice 

(Figure 2).  The slowed HR in the WT model following Ang II infusion was caused by a 

decrease in the diastolic SAN depolarization rate (Figure 5D) resulting from increased 

electrotonic loading of surviving SAN cells by surrounding atrial and non-excitable (e.g. 

block zone) tissue. 

 

 
 

Figure 4: Ang II infusion causes SAN cell death and SND (A) Representative SAN tissue section 
showing increased TUNEL staining (red) in mice infused with Ang II compared to saline infused 
mice. Blue staining shows nuclei (DAPI), green shows HCN4 and calibration bar indicates 20 mm for 
all micrograph panels. (B) Summary data showing increased TUNEL positive cells in the SAN 
(intranodal, P=0.001, n=5/group) and in SAN adjacent tissue (perinodal, P=0.006, n=5/group), and (C) 
activated caspase 3 compared to saline-infused controls (P<0.001, n=7/group). (D) Representative 
SAN tissue sections showing that Ang II infusion for three weeks does not increase TUNEL staining 
in AC3-I mice. (E) Summary data showing the AC3-I mice infused with Ang II for three weeks are 
resistant to SAN cell death (P=0.89 for AC3-I Ang II versus saline and *P=0.001 for WT Ang II 
versus saline, n=5/group), and (F) caspase 3 activation (P=0.73) compared to saline-infused controls. 
(G) Representative tissue sections showing that SAN targeted eGFP and CaMKIIN expression protects 
against Ang II induced TUNEL staining compared to SAN targeted eGFP expression alone in WT 
mice. (H) Summary data from studies in G (*P=0.001,n=6/group). 
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Figure 5: A structurally-based mathematical model of the SAN. (A) Structural modelof two-
dimensional tissue slice with color-coded representation of different regions, including atrial (blue), 
peripheral SAN (light blue), and central SAN (yellow) zones. (B) Experimentally measured and 
simulated percentage of apoptotic cells in WT and AC3-I SAN following infusion with saline (red) or 
Ang II (blue). (C) Simulated activation cycle length of right atrial (RA) free wall during sinus rhythm 
in the WT and AC3-I tissue model following three weeks of infusion with saline or Ang II. Ang II 
infusion slows RA activation in WT but not in the AC3-I model. (D) SAN diastolic depolarization rate 
(DDR) from the central SAN region in WT and AC3-I model following saline or Ang II infusion. Ang 
II infusion slows SAN DDR in WT but not in the AC3-I model. (E and F) Simulated central SAN (top) 
and right atrial (bottom) action potentials from WT (E) saline treated and (F) Ang II treated models. 
The decrease in functional SAN tissue mass due to Ang II infusion slows spontaneous SAN firing rate 
and RA activation rate. Episodes of transient SAN exit block are observed in the WT Ang II-treated 
model as evidenced by a SAN action potential (red asterisk) that fails to propagate into the RA free 
wall region resulting in an activation pause (red arrow). 
	  

In contrast, the AC3-I model, with no differences in cell loss between WT and Ang-II 

treated groups, showed no change in right atrial activation or SAN cell diastolic 

depolarization rate (Figure 5 C and D).  Interestingly, while the WT model showed regular 
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Ang II-treated model as evidenced by a SAN action potential (red asterisk) that fails to propagate into the RA free wall 

region resulting in an activation pause (red arrow). 
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right atrial activation following saline treatment (Figure 5E and Supplemental Movie 1), Ang 

II treatment resulted in persistent sinus exit block towards the atrial septum (Supplemental 

Movie 2) and transient block toward the atrial free wall (Figure 5F), consistent with 

experimental observations (Figure 6).  In order to test the model prediction that SND was 

explicable by SAN cell loss, even in the absence of defects in surviving SAN cells, we 

experimentally measured spontaneous automaticity in current clamped SAN cells isolated 

from WT mice infused with Ang II or saline for 3 weeks.  These isolated SAN cells had 

similar action potential rates  (Supplementary Figure 7A and B), supporting the findings of 

our model and suggesting that AngII induced SND was primarily due to a loss of SAN cell 

density.  In summary, our mathematical model of the intact SAN predicts that cell loss alone 

can produce SND characterized by slowed HR (atrial activation rate) and defective impulse 

propagation in the surrounding atrium (sinus exit block).  

CaMKII inhibition protects against Ang II induced fibrosis 

SAN tissue from patients with SND is marked by increased fibrosis and destruction of normal 

tissue architecture that are thought to slow conduction and promote defective impulse 

transmission from the SAN to atrial myocardium (24-25).  In order to test if Ang II induced 

fibrosis is a consequence of CaMKII activation, we quantified collagen with Masson’s 

trichrome staining in the SAN and right atrium of Ang II and saline infused mice.  Collagen 

expression within (P = 0.06) and bordering (P = 0.03) the SAN was higher in WT mice 

infused with Ang II compared with saline infused mice (Figure 6A and B). In contrast, AC3-I 

mice did not exhibit an increase in fibrosis after three weeks of Ang II infusion 

(Supplementary Figure 8A and B). These findings show that CaMKII contributes to Ang II 

induced SAN and right atrial apoptosis and fibrosis.   

Recent investigations have demonstrated that SND involves the ‘distributed SAN’, an 

area including the SAN and adjacent right atrial myocardium.  SND patients exhibit 

widespread right and left atrial electrophysiological abnormalities, including slowed 

conduction (7). To determine if Ang II infusion causes conduction abnormalities in mice, we 

measured conduction velocity by optical mapping in the SAN and atria of mice treated with 

saline or Ang II for 3 weeks.  At baseline, Ang II treated mice had significantly slowed left 

atrial conduction velocity (P = 0.001) and a trend towards slower conduction velocity in right 

atria (P = 0.07) compared to the saline treated mice (Figure 6C and D).  In the presence of 

isoproterenol (3 nM) right (P = 0.03) and left atria (P = 0.001) from Ang II treated mice had 

significant conduction slowing compared to saline infused mice. Thus, histological, 

biochemical, biophysical and computational data are all consistent with the concept that 
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chronic exposure to Ang II contributes to SND by reducing SAN cell survival and increasing 

fibrosis.   

 

       

Figure 6: SAN and atrial fibrosis are promoted by Ang II and contribute to SND (A) 
Representative samples of Masson’s trichrome staining showing increased SAN fibrosis in mice 
infused with Ang II compared to saline for three weeks. Calibration bars indicate 100 mm. (B) 
Summary data showing increased fibrosis in the SAN (intranodal, P=0.06, n=3/group) and in SAN 
adjacent tissue (perinodal, *P=0.03, n=3/group). (C) Top panel- Representative atrial isolate and 
conduction velocity measurement. Bottom panel: Representative pseudo-colored isochrones from 
optical mapping show decreased conduction velocity (CV) in WT mice infused with Ang II for three 
weeks (lower right panel) compared to WT mice infused with saline for three weeks (lower left panel). 
RAright atrium, SVC-superior vena cava, AVN-atrioventricular node, LA-left atrium, white asterisks 
denote the earliest activation in the SAN. (D) Summary data for CV measured from Langendorff-
perfused hearts isolated from mice infused with Ang II or saline for three weeks. CV was measured in 
the RA (n=5/group, P=0.07 baseline and *P=0.03 ISO) and LA (*P=0.001 baseline and *P=0.001 
ISO, n=5/group). The P values are for comparisons between Ang II and saline-infused mice. 
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Figure 7: NADPH oxidase mediates Ang II induced CaMKII oxidation, apoptosis and SND. Ang 
II infusion for three weeks in p47-/- mice does not increase ox-CaMKII by immunofluorescence (A) or 
immunoblotting (B and C, P=0.54, n=5/group, The lanes were run on the same gel but were 
noncontiguous). Calibration bars indicate 50 mm. (D) Unanesthetized and unrestrained p47-/- mice 
have no significant decrease in resting HR (P=0.97, n=15/group) after Ang II compared to saline 
infusion for three weeks. (E) Langendorff-perfused hearts explanted from mice in panel D show no 
increase in sinus pauses (n=5/group). (F) Ang II infusion for three weeks in p47-/- mice does not 
increase CSNRT (P=0.66 for 100 ms and P=0.40 for 80 ms, n=5/group) (G) Summary data showing 
no increase in TUNEL positive SAN cells in Ang II infused compared to saline infused p47-/- mice 
(P=0.12, n=5/group). 
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Ang II increases ox-CaMKII and causes SND by activating NADPH oxidase  

Ang II triggers ROS production that increases ox-CaMKII and apoptosis in ventricular 

cardiomyocytes by activating NADPH oxidase (11), but to our knowledge NADPH oxidase 

activity has not been linked to SND.   We measured ROS levels in the right atrium of Ang II 

and saline infused WT mice using the ROS indicator dihydroethidium (DHE).  ROS levels 

were significantly (P < 0.01) elevated in Ang II treated mice compared to saline treated 

controls (Supplementary Figure 9). We next studied p47-/- mice, which lack a critical subunit 

of a common myocardial NADPH oxidase isoform (Nox2) (26), to determine if Ang II 

contributes to SND by activating NADPH oxidase to increase SAN ox-CaMKII. In contrast to 

WT hearts infused with Ang II (Figure 1), ox-CaMKII levels were not elevated in SAN from 

Ang II infused compared to saline infused p47-/- mice (Figure 7A - C).    In contrast to Ang II 

treated WT mice, p47-/- mice had no (P = 1) reduction in resting HR after three weeks of Ang 

II infusion (Figure 7D).  Ang II increased blood pressure in p47-/- mice, similar to WT 

controls (Supplementary Figure 5), indicating that SND-resistance in p47-/- mice was 

independent of the hypertensive actions of Ang II, mirroring findings in AC3-I mice.  We 

next measured HR and CSNRT in Langendorff-perfused hearts isolated from p47-/- mice 

previously infused with Ang II or saline for three weeks.  The p47-/- mice were resistant to 

Ang II-mediated SND, as assessed by the number of hearts exhibiting spontaneous pauses 

(Figure 7E), or by the lack of effect of Ang II infusion on CSNRT (Figure 7F).  Ang II treated 

p47-/- mice had a significantly lower frequency of TUNEL staining SAN cells compared to 

Ang II-infused WT mice, similar to saline treated p47-/- and WT mice (Figure 7G).  We 

interpret these data to indicate that NADPH oxidase is required for Ang II-induced ox-

CaMKII, increased SAN cell death and SND. 

 

DISCUSSION  

It has been known for many years that Ca2+-based signaling pathways form the framework for 

myocardial contraction (27).  More recently it has become clear that SAN pacemaker cells 

also utilize Ca2+ to support physiological increases in HR (3). CaMKII has emerged as a core 

signaling molecule in contracting and pacemaking myocardial cells, because CaMKII 

catalyzes the phosphorylation of most major Ca2+ homeostatic proteins (14) that orchestrate 

the mechanical force-frequency relationship (28) and enable ‘fight or flight’ increases in heart 

rate (4). Under disease conditions, excessive autonomous CaMKII activity can result from 

oxidation (29), and a growing body of evidence supports a concept that unconstrained and 

excessive CaMKII activity contributes to heart failure (12, 30), arrhythmias (12, 30-34) and 
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sudden death (35-36).  CaMKII stimulation of apoptosis is an important component of the 

cardiomyopathic effects of excessive CaMKII activity (11, 37-38). CaMKII inhibition by 

transgenic expression of inhibitory peptides (11-12, 38-39), gene deletion (40-41) or drugs 

(12, 42) is protective against common causes of cardiomyopathy, including myocardial 

infarction and Ang II infusion (11). However, CaMKII has not previously been considered as 

a disease signal in SND.  Our findings show ox-CaMKII is a marker of human and canine 

SND and that CaMKII promotes SND by enhancing SAN apoptosis, while CaMKII inhibition 

can protect against SAN apoptosis and SND in mice.  Our mouse model of SND involved 

Ang II infusion, but to our knowledge, there are no reports showing if angiotensin converting 

enzyme inhibitors or angiotensin receptor “blockers” prevent SND in heart failure patients.  It 

will be interesting to learn if these drugs can reduce or prevent development of SND. 

Patients with SND due to rare genetic syndromes may have defects in the HCN4 

‘pacemaker channel’ (43-44) or ankyrins, adapter proteins that localize Ca2+ homeostatic 

proteins in SAN cells (45). While these genetic forms of SND provide important insights into 

molecular mechanisms for rare causes of SND, including the potential involvement of ion 

channel and Ca2+-based signaling pathways, very little is known about molecular pathways 

leading to common forms of acquired SND.  Here we show that ox-CaMKII may contribute to 

SND in patients with structural heart disease.  In mice, SND can be initiated by activation of 

NADPH oxidase and culminate in excessive SAN cell death. Accumulating data suggest that 

chronic heart failure is a condition of augmented oxidative stress (10), but understanding 

defined molecular pathways that determine pathological responses to ROS in heart is a major 

obstacle to understanding disease mechanisms and developing improved therapies (46). 

Recently, we reported that ROS activates CaMKII (11), suggesting that ox-CaMKII may 

contribute to molecular pathways engaged by ROS that are important for common forms of 

myocardial disease (29). Our current findings suggest that ox-CaMKII is a novel SND 

biomarker and extend current concepts of CaMKII in cardiac pathophysiology by showing 

excessive ox-CaMKII causes SND, a known and potentially under-appreciated marker of 

sudden cardiac death (47). Taken together with previous studies (4, 12), our new data support 

a concept where CaMKII inhibition reduces the dynamic range of physiological ‘fight or 

flight’ responses, but also protects against SND.  It will be interesting to learn if ox-CaMKII 

is also a factor in other SND models and patient cohorts, to better determine the general 

applicability of our findings. 

Mammalian SAN requires a critical size to adapt its beating rate to the mass of 

surrounding atrial tissue, and to maintain a source/sink ratio necessary for pacing contractile 
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myocardium. Experience from work with transplanted cellular pacemakers suggests that a 

critical mass of approximately 300,000 synchronously depolarizing pacemaker cells is 

required to maintain a stable rhythm, when implanted into left ventricular myocardium of 

adult dogs in complete heart block (48).  Our study suggests that a critical SAN cell mass is 

also essential for normal pacemaking and that SND from Ang II infusion is caused by 

reduction in viable SAN cells.  Age-related SND is well-recognized (8), but the basis for 

progressive, age-related reductions in maximal ‘fight or flight’ heart rate responses to exercise 

in healthy persons and animals is not well understood.  Old rats have increased myocardial 

oxidation (49) and reduced HR compared to younger animals, and old rats were recently 

reported to have a reduced SAN cell mass compared to young rats (17), suggesting the 

hypothesis that SND due to normal aging could also be due to increased ox-CaMKII and SAN 

cell loss.  Our computational model suggests that a critical mass of SAN cells is necessary to 

maintain a physiological diastolic depolarization rate, impulse formation and conduction 

velocity.   Selective ablation of HCN4 expressing SAN cells in mice resulted in sick sinus 

syndrome in a recent study(50), supporting our finding that SAN cell death beyond a critical 

threshold  is sufficient to induce SND.  While our experimental and computational data show 

that CaMKII triggered SAN cell death is an important determinant of SND, we recognize that 

CaMKII couples to diverse downstream targets and cellular processes and our findings do not 

exclude the possibility that CaMKII may also promote SND through additional pathways. 

A large portion of mortality in hospitalized HF patients (~40%) may be secondary to 

SND (5, 47, 51). Recent results show that SND is present in 6% patients with heart failure and 

is more ominous than ventricular tachycardia as a predictor of death (52).  However, at 

present there are no biological therapeutics to arrest or prevent SND in high risk patients.  

Gene therapy with adeno-associated viral vectors encoding the sarcoplasmic endoplasmic 

reticulum ATPase (SERCA 2a) has recently been used for patients with HF (53), suggesting 

that patients at high risk for SND, but before the onset of SND, undergoing open heart surgery 

could be treated by SAN painting with viral vectors expressing CaMKIIN to prevent or reduce 

SND.  Our studies in mice provide new insights into disease mechanisms underlying common 

forms of SND and suggest that CaMKII inhibition could be a basis for preventative therapy 

for patients at high risk for SND. 
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Man's health and well-being depends upon, among many things, the proper functioning of the 

myriad proteins that participate in the intricate synergisms of living systems. Proteins known 

as the smallest functional units of living organisms have evolved a long way in terms of 

classification, functions and different techniques used to study them since they were described 

and named by the Dutch chemist Gerardus Johannes Mulder and the Swedish chemist Jöns 

Jacob Berzelius respectively in 1838	  (1).  With complete knowledge of the human genome the 

possibility to discover new proteins has increased and thereby also increasing the need to 

study the functions of these new proteins, being present in various modulated forms. They 

maintain an environment of equilibrium for all physiological processes to be performed 

effectively. This nature of proteins was understood when James B. Summer classified them as 

enzymes that catalyze biochemical reactions when he proved that the enzyme urease is 

actually a protein (2). Since then numerous enzymes have been discovered that modulate 

functions of other proteins through, e.g., phosphorylation, glycosylation, methylation, 

oxidation.  

Being defined as functional units of life indicate that proteins are also components 

playing vital roles in cardiac disease mechanisms. The rapidly increasing rates of cardiac 

disease incidence demands a more in-depth knowledge of disease mechanisms in order to 

develop better and more effective drugs. In this thesis, we have looked at how proteins with 

similar functions and targets behave distinctively under similar pathological conditions in the 

heart. Furthermore we have also used the cardiac intercalated disc (ID) as a specific example 

to show the urge to identify new protein components of cardiac organelles to better 

understand the mechanisms underlying various cardiac diseases.  

 

 

The cardiac ID an unexplored complex network of proteins and protein-protein interactions; 

an example for the need to understand the human proteome 

The ID is an illustrative example of the multi functional nature of proteins. It embeds a 

complex network of proteins in terms of structural, electrical and mechanistic aspects (chapter 

2, figures 1-3). It is also regarded as an integral structure of the heart, although its composing 

proteins are still largely unexplored, and the absence of this knowledge is a major obstacle in 

understanding ID related diseases like arrythmogenic right ventricular cardiomyopathy 

(ARVC or AC). ARVC is a disease of the ID that has been on the rise in recent years and has 

an incidence of 1 in 5000 (3).  The exact mechanism behind this relatively rare disease is 

currently unknown and this might be attributed to the fact that the exact composition of the ID 
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is not yet available. In the past there have been a few studies that attempted to physically 

isolate the cardiac ID (4)	  (5). Despite of the protocols that were applied, nobody has been able 

to identify the complete composition of the ID. We believe the reason behind this huge gap in 

literature about the ID composition is that the ID is a difficult structure to be isolated from the 

myocardium due its tight embedding into the closely-knit microstructure of the heart. Keeping 

the above-mentioned points in mind in chapter two we used a two fold approach to study the 

ID composition: a) subcellular fractionation was applied to isolate an ID-rich membrane 

fraction and, b) we performed a powerful proteomic analysis to identify putative ID proteins 

in this fraction.  

The list of candidate proteins generated with this approach consisted of several widely 

known ID proteins such as connexin 43 and n-cadherin (6). From this list we picked a 

candidate protein in order to start validating their location in the ID. As shown in chapter 2 the 

localization of flotillin-2 to the ID could be confirmed which strengthens the methodology 

used. Obviously, the functional significance of this protein is yet to be determined. Chapter 

two actually highlights not only the need for the complete proteome to be studied but also 

sheds light on the requirement of new state of the art approaches drafted by a combination of 

different techniques to study the complex organization of the proteome in order to unravel 

mysteries of different diseases. 

 

Protein kinase activity in (the progression to) heart failure; Good or Bad?  

Alterations in composition of the ID protein complex can directly be linked to 

electromechanical dysfunction of cardiac muscle during disease. These alterations can have a 

genetic origin but the majority of alterations might be caused through deregulation of 

posttranscriptional processes in which multiple kinases and phosphatases play an important 

role. The kinase family is a large family of proteins involved in modulation of cardiac 

physiology and of this huge family, protein kinase A (PKA) and Ca2+ calmodulin dependent 

protein kinase II (CaMKII) are important and widely studied kinases in the heart. Though 

these enzymes have a functional resemblance in terms of the targets they phosphorylate, a 

comparison of these serine/threonine specific kinases based on their downstream activity 

during heart failure (HF) reveals huge differences in functionality of both enzymes under 

similar pathological conditions.  

The role of PKA activity in HF has remained a point of discussion until now. Certain 

studies conducted to evaluate PKA activity in the failing myocardium suggest that PKA 

activity remains at basal levels (7)	   (8), whereas other studies suggest a down regulation of 
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PKA substrate phosphorylation in HF. Since PKA substrate phosphorylation relates to a 

functional outcome of PKA catalytic activity, the obvious discrepancy to study is why PKA 

catalytic activity is considered to reside at basal level in HF whereas PKA substrate 

phosphorylation appears to be affected negatively. Having discussed the importance of A-

kinase anchoring proteins (AKAPs) in the cAMP/PKA signaling pathway in chapter three, it 

is obvious that alterations in functioning of the AKAPs are likely also involved in the 

remodeling towards HF and other types of cardiomyopathies. We believed that the answer to 

the above discussed discrepancy could be found through a thorough analysis of potential 

alterations in the molecular pathway of PKA activation and localization. The following part of 

this discussion recapitulates this issue in detail and at the same time highlights, how changes 

in protein-protein interactions can actually affect the homeostatic environment of protein 

signaling. 

Using a unique set of human cardiac specimen, a chemical proteomics approach was 

applied to study PKA-AKAP interactions. As described in chapter 4, we were able to show a 

completely reorganized profile of PKA-AKAP interactions in patients with end-stage HF in 

comparison to healthy individuals. Though the mechanisms behind this reorganization and its 

implication for, and contribution to cardiac dysfunction are still not fully understood, it indeed 

provides evidence to the suggestion that disturbed PKA-AKAP mediated β -adrenergic 

signaling is involved in HF	   (9). Earlier studies have also suggested the involvement of 

ineffective PKA-AKAP signaling in HF. Zakhary and colleagues have shown that RII auto-

phosphorylation enhances its binding to Ht31, the anchoring region of AKAP-lbc/AKAP13 

(which is an in vitro generated peptide that represents the RII binding domain of AKAPs). By 

showing a decreased autophosphorylated RII in the failing human heart they hypothesized that 

under these conditions a decrease in auto-phosphorylation of RII may hamper subcellular 

targeting of RII (due to decreased RII-AKAP interactions) and subsequently to decreased and 

ineffective phosphorylation levels of various PKA substrates	  (10).  

Despite the benefit of using human material, the fact that the patients represented end 

stage HF only did not facilitate an improved understanding how alterations in PKA signaling 

evolves during the subsequent phases of cardiac remodeling in progression to HF. For that, 

the abnormalities in PKA-AKAP signaling have been further explored in chapter 5 where we 

studied the PKA-AKAP interaction profile during the different phases (compensated, 

transition, and early HF) in progression to HF.  In the rat model of pressure overload, the three 

phases were associated with PKA-AKAP profiles that were distinct in nature. During the 

compensated phase an increased association of AKAPs with the R subunits was witnessed 
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with subsequent increases in PKA substrate phosphorylation and PDE2A association, the 

latter as a possible element to keep PKA activity levels under control (Figure 1, left side). 

However, in the transition phase, AKAP association was decreased and so was the level of 

PKA substrate phosphorylation. In contrast R1 and RII subunit association was increased 

implying an ‘attempt’ of the system to compensate for the decreased PKA substrate 

phosphorylation due to decreased targeting of R subunits. Finally, the stage of early HF 

showed a further decrease in AKAP association levels, PKA substrate phosphorylation and 

decreased R subunit levels compared to the transition stage suggesting an exhaustion of the 

PKA-AKAP signaling system (for an overview of these transitions see the left side of figure 

1). Decreased PKA substrate phosphorylation has been witnessed in human HF and the above 

described results do match with those of Zakhary and colleagues, and Aye et al. They stress 

the specific role that might be played by AKAPs in progression to HF and in end stage HF	  (9)	  

(10)	  (11).	   

 

CAMKII activity in (the progression to) heart failure 

Opposite to these observations of depressed PKA activity, CaMKII activity along with its 

substrate phosphorylation is known to be increased HF and progression to HF (12)	  (13)	  (14). 

CaMKII has been shown to be activated via binding of calcified calmodulin but is trapped 

into a persistently activated state by methionine oxidation (15). Persistent activation through 

oxidation of its methionine residues via oxidation by NADPH oxidase/reactive oxygen 

species/angiotensin II pathway is a condition known to be widely prevalent during 

progression to HF and in end-stage HF	  (15) (16). Knowledge of the pathophysiologic effects 

of CaMKII activity during HF, but also regarding its role in other cardiac disorders is a 

concept of knowledge, which is still increasing in depth (17). This was further studied in 

chapter six where the maladaptive role of CaMKII in sinus node dysfunction is shown. In this 

study, CamKII was persistently activated by oxidation of its methionine residues (as 

explained above) rather than via the more conventional pathway. Once activated, CaMKII 

appeared able to cause sinus node dysfunction by inducing sino-atrial nodal cell death and 

fibrosis. Another interesting find in this study was that PKA activity and beta-adrenergic 

receptor levels when measured at the moment when the animals were bradycardic and 

displayed increased CaMKII activity, remained at base line levels. These data allow us to 

infer two things; 1) sinus node dysfunction is caused due to increased CaMKII activity and 2) 

PKA activity being at base line implements that it is an enzyme which bears more of a 

dynamic, physiological function.  
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HF	  tissue	  samples,	  and	  the	  samples	  taken	  at	  different	  stages	  in	  progression	  to	  HF	  

as	   reflected	   in	   chapter	   four	   and	   five	   respectively,	   also	   displayed	   increases	   in	   CaMKII	  

levels,	   but	   again	   at	   a	   timepoint	   where	   PKA	   activity	   was	   still	   normal	   whereas	   the	  

molecular	  pathway	  for	  its	  effective	  localization	  was	  disturbed.	  This	  phenomen	  appeared	  

also	   present	   in	   other	  models	   (8),	   including	   a	   dog	  model	   of	   compensated	   hypertrophy	  

induced	   by	   chronic	   AV-‐block	   (18)	   .	   This	   tempts	   us	   to	   suggest	   that	   during	  HF	   and	   the	  

progression	   towards	   HF	   an	   increase	   in	   PKA	   activity	   in	   the	   early	   phase	   leads	   to	  

subsequent	  activation	  of	  CaMKII	  that	  could	  be	  mediated	  by	  an	   increase	   in	   intracellular	  

Ca2+	   and	   activation	   of	   calmodulin.	   In	   the	   mentioned	   dog	   model,	   indeed	   a	   persistent	  

increase	   in	   Left	   Ventricular	   (LV)	   End	   Systolic	   Pressure	   due	   to	   increased	   intracellular	  

calcium	   levels	   has	   been	   reported.	   	   During	   progression	   of	   the	   disease,	   presence	   of	  

persistent	   HF	   stimuli	   and	   absence	   of	   drug	   treatment	   (in	   the	   rat	   study)	   leads	   to	   a	  

reorganization	  of	  the	  AKAP-‐PKA	  machinery	  and	  proceeds	  to	  a	  final	  exhaustion	  causing	  a	  

defect	   in	  physiological	   functioning/localization	  of	  PKA.	  Meanwhile	  persistent	   increases	  

in	  CaMKII	  activity,	   that	  besides	   the	  conventional	  mode	  of	  CaMKII	   activation,	   is	   further	  

pushed	  via	  the	  renin	  angiotensin	  system,	  has	  deleterious	  effects	  in	  myocardial	  function.	  

These	   suggestions	   not	   only	   explain	   the	   disturbances	   in	   equilibrium	   brought	   about	   by	  

aberrant	  PKA	  signaling	  and	  pathological	  CaMKII	  activity,	  but	  also	  highlight	  the	  potential	  

cross	  talk	  that	  exists	  between	  these	  two	  major	  players	  in	  the	  heart.	  	  

In order to put the temporal alterations in PKA and CamKII activity in perspective, 

figure 1 shows a schematic representation of their activities in tandem, explaining the 

behavior of these two enzymes under similar pathological conditions. When the heart 

maintains a physiological state both PKA and CaMKII systems are at rest. Though the 

physiological role of PKA has been widely studied the exact physiological role of CaMKII is 

still a point of discussion. The CaMKII research fraternity suggests the role of this enzyme as 

an aid or a boost to PKA activity during sympathetic stimulation and thereby playing a role in 

the fight and flight mechanism	   (19). Otherwise activated CamKII is mainly known and 

studied as a pathological entity in the heart	  (15) (17) (18)	  (20) (21).  After an initial stimulus 

when the heart has reached the compensated stage, PKA	  substrate phosphorylation goes up, to 

keep up to the increased work load and at the same time, as suggested an increase in cytosolic 

Ca2+ may trigger activation of CaMKII via calmodulin. At that moment CaMKII is known to 

have arrhythmic potency but is not able to induce its deleterious pathological effects due the 

absence of Histone Diacetylase 4(HDAC4) phosphorylation, an indicator of fetal gene 
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reprograming (18). It remains to be elucidated whether the robust PKA activity in the 

compensated stage is directly involved in blocking the ability of CaMKII to phosphorylate 

HDAC4. After this initial phase the delicate balance between ‘physiological’ PKA activity 

and ‘maladaptive’ CaMKII activity starts to be disturbed in favor of the maladaptive signaling 

activity through CaMKII. Proceeding into the next stage a decrease in PKA substrate 

phosphorylation and a side-by-side increase in CaMKII activity could be witnessed. In the rat 

model, the exact mode of action of CaMKII is not clearly known but comparative studies in 

mice have shown the role of increased CaMKII activity in transition to HF by increases in 

HDAC phosphorylation and being associated with pheonotypic changes associated with HF 

such as LV dysfunction, chamber dilation, apoptosis and cardiac fibrosis	  (21). At the moment 

when we loose the effectivity of PKA/AKAP signaling, its inhibitory effect on CaMKII is lost 

and at the same time CaMKII activity also increases via alternative pathways (oxidation) 

which elicits effects that have been widely studied (15), and described in chapter six. In the 

final phase of HF when PKA/AKAP signaling has become exhausted, CaMKII activity 

becomes even more robust with a progressive maladaptive nature.  

 

Future perspectives 

To treat patients with HF, various therapeutic strategies have been introduced which include 

amongst others ACE-inhibitors and β -blockers (22). Recently, also the use of CaMKII 

inhibitors as a potential treatment for HF and other heart diseases is being thought upon by the 

cardiac community (20). Although these strategies may be effective in the future in case of 

CaMKII, they always pose the question of their effectiveness in terms of targeted response. 

For this reason the targeting of specific AKAPs to blunt or stimulate PKA responses towards 

specific intracellular targets can be an excellent alternative strategy. Studying specific PKA-

AKAP pathways as potential drug targets allows generating of drugs, or thinking of drug 

targets, that are more specific and will bring about a result more inclined towards a specific 

requirement. However for that the complete information on how signaling during physiology 

and pathophysiology is effected by specific PKA-AKAP interactions needs to be known. This 

will open doors for newer avenues to be explored in order to achieve more effective and 

specific drugs.  

In conclusion the research performed in this thesis highlights the need for the 

discovery of the complete cardiac proteome and illustrates how this can be achieved by the 

use of advanced proteomic approaches. At the same time it also shows the versatile functional 

nature of proteins by shedding light on how two functionally similar proteins behave 
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differently under similar conditions. This is due to an organizational change in the molecular 

mechanisms leading to their final activation, and is telling us that in order to achieve more 

specific drug targets the knowledge of specific molecular mechanisms underlying the activity 

of these enzymes is crucially important.  



	  

 

Figure 1: A schematic overview of PKA activity and the effects of pressure overload on its molecular 
localization pathway in progression to HF. The right side of the figure indicates CaMKII activity and 
levels under similar stages in progression to HF.  
 

!
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General Summary (English)  

 

Background 

The incidence of cardiac diseases has been on the rise in the past decades and both academic 

and industrial institutions are still heavily involved in the development of new diagnostic 

measures and drugs. Discovery of suitable targets and highly efficient compounds relies on a 

better understanding of the cellular mechanisms underlying the disease. Though a lot of 

progression has been made in exploring mechanisms underlying different cardiac diseases, 

there are still many questions to be answered. One of the main hurdles the scientific 

community faces is the absence of complete knowledge of cardiac proteins, their functions, 

their interrelation and behavior during physiology and how these change in pathophysiology.  

 

Kinases and cardiac function 

The main function of the heart is to pump blood throughout the body and it does this by 

synchronous and rhythmic contraction and relaxation of its four chambers.  At rest the energy 

demands of the body are basal but during times of stress or exercise these demands are 

increased and the heart pumps with a faster rate and greater force of contraction to meet the 

increasing energy demands of the body. This fast paced cardiac activity is dependent on 

sympathetic stimulation. The sympathetic nervous system comprises of the β -adrenergic 

pathway, which aids in enhancement of the pump function of the heart by modulating protein 

function via phosphorylation. Phosphorylation is a chemical phenomenon characterized by 

addition of a phosphate group to a protein to modulate its function, intracellular location, 

activity etc. and these phosphorylation reactions are carried out and catalyzed by the family of 

protein kinase enzymes.   

Kinases are widely expressed in the cardiac proteome and their functions are critical to 

cardiac function. Two of the most well characterized cardiac kinases are the cAMP dependent 

protein kinase A (PKA) and the Ca2+ calmodulin dependent protein kinase II (CaMKII). Both 

kinases are actively involved in modulation of cardiac function during sympathetic 

stimulation and in fact PKA is one of the most prominent members of the β -adrenergic 

pathway. These enzymes are critical for numerous cardiac signaling pathways like in the Ca2+ 

cycling process of the cardiomyocyte, which is important for increased force of contraction of 

the heart during sympathetic stimulation, since it is the binding of Ca2+ that allows 

conformational changes in the actin-myosin filament to initiate cardiac contraction.  



	   GEN
ERAL	  SUM

M
ARY	  

Both PKA and CaMKII phosphorylate the L-type Ca2+ channel to increase the influx 

of Ca2+ into the cell. Another Ca2+-related target of both kinases is the ryanodine receptor and 

its phosphorylation leads to an enhanced calcium induced calcium release rate. They also 

phosphorylate the sarcoplasmic endoreticulum Ca2+ ATPASE (SERCA) inhibitory peptide 

phospholamban to activate SERCA, the ion pump responsible for the removal of Ca2+ ions 

from the cytosol at the initiation of cardiac relaxation. Though both PKA and CaMKII are 

known to have largely similar targets, the exact differentiation between their physiological 

roles have not be addressed clearly. They however, behave differently during pathophysiology 

and this has been the major topic to study in this thesis.  

 

This thesis 

In this thesis, we acquired more in depth information on two important topics. First by going 

deeper into the current understanding of the composition of the cardiac intercalated disc (ID) 

by developing an approach to discover novel putative members of this enigmatic and vital 

component of cardiac function. Secondly we studied timed alterations in kinase signaling that 

are related to cardiac disease. In particular, we have investigated the PKA pathway at a 

molecular level to understand in more detail the mechanisms underlying failure of this 

physiologically important pathway in progression to heart failure. Next to that, we highlight a 

newly discovered pathway involving CaMKII that appears to be responsible for sinus node 

dysfunction in disease progression. Chapter 1 (the preface) and Chapter 7 (the general 

discussion) discuss the scope and content of this thesis in detail.  

In Chapter 2 we touch upon the performance of the heart being an organ that is most 

effective in carrying out its functions when it works as a syncytium of well-coordinated and 

communicative cardiomyocytes. The ID is an important structure that is responsible for 

effective mechanical and electrical communication. As such the ID provides the heart the 

ability to work as a syncytium. It is quite evident that any disturbance in the ID will hamper 

communication between cardiomyocytes and this will affect cardiac function at the 

physiological level. Diseases involving the ID are on the rise, however it is often difficult to 

understand the mechanisms behind these diseases because the complete composition of this 

highly organized structure is currently not fully understood. Using a range of biochemistry, 

bioinformatics and proteomic approaches we have been able to discover new putative ID 

proteins. This approach proved successful since we were able to confirm already 5 novel ID 

members by immunofluorescence co-localization with validated ID markers.  
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The next part of this thesis, chapters 3,4 and 5, focusses on introducing and studying 

the PKA pathway in detail. In Chapter 3 the role of PKA and its dependence on anchoring 

proteins that constitute the A kinase anchoring protein family (AKAP), is discussed by 

explaining how different members of the AKAP family are involved in cardiac physiology at 

the molecular level. In brief, AKAPs localize PKA signaling in space and time, close to its 

substrates, but also close to other signaling components such as phosphatases, 

phosphodiesterases and other kinases. In this way, AKAPs create different signaling 

microdomains in various cellular compartments. These microdomains increase the 

effectiveness and specificity of PKA’s catalytic activity and segregate different cAMP/PKA 

pathways. AKAPs bind to the regulatory  subunits of PKA, which in turn bind with high 

affinity to PKA’s catalytic subunit. When an extracellular stimulus leads to the intracellular 

generation of the second messenger cAMP, the regulatory subunits bind cAMP and 

subsequently release the active PKA catalytic subunit.  

Human heart failure is associated with disturbed PKA signaling however the levels of 

PKA catalytic activity and the required second messenger cAMP remain unchanged. This 

raises the question why physiological PKA activity is disturbed despite the above mentioned 

facts?  In Chapter 4 and 5 we answer this question by studying the molecular mechanism 

behind PKA activation. As mentioned above PKA depends on the AKAPs for its spatial 

activity and in chapter 4 we use immobilized cAMP-based chemical proteomics to show for 

the first time that human heart failure is associated with a reorganization of PKA-AKAP 

interactions. Instead of investigating cAMP/PKA as a single cardiac entity, we could now 

focus on the gain/loss of functionality of individual cAMP/PKA/AKAP microdomains. This 

model explains the different phenotypic alterations of the human failing heart much better and 

pointed out several interesting therapeutic targets for future intervention strategies. In this 

human study we could only compare end stage HF with healthy, but could not follow the 

progress towards HF. Therefore, in chapter 5 we used the same strategy in a rat model of 

pressure overload to follow the progressive alterations in the cAMP/PKA signaling pathway 

during deterioration into heart failure in time. We show that PKA-AKAP interactions are 

disturbed right from the onset of disease but also that the pattern of disturbance differs from 

phase to phase. These interactions are potentially responsible for a decrease in general 

phosphorylation of PKA substrates; a phenomenon vital for normal physiological functioning 

of the heart.  

In Chapter 6 we discuss and study the role of CaMKII in sinus node dysfunction. 

Like PKA, CaMKII a multifunctional kinase with functions similar to the physiologically 
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important PKA. CaMKII, however, behaves more like a pathological entity than a 

physiological one. We showed increased levels of sinus nodal apoptosis, fibrosis and a 

prominent condition of bradycardia in angiotensin II treated mice. These pathological effects 

were directly related to increased CaMKII activation via the RAAS/NADPH oxidase/ROS 

pathway.  

 

 

CONCLUSION 

The main focus of this thesis has been on protein kinase behavior in cardiac pathological 

environments. In Chapter 7 all the findings of this thesis and their implications are integrated. 

It stresses the importance of protein complex identification for example in the ID and explains 

how these findings can be beneficial to better understand disease mechanisms of the ID. PKA 

and CaMKII are two of the biggest players when one deals with kinase signaling in the heart. 

The discussions in this chapter hypothesize a complex signaling matrix that exists between 

these enzymes and how PKA activity is responsible for the initial spark leading to increased 

CaMKII activity. Following that, uncontrolled CaMKII activity exerts its pathological effects 

while the PKA signaling complex deteriorates gradually in progression to heart failure giving 

rise to serious complications. The content of the thesis will be useful in better understanding 

disease mechanisms and also raises new questions for which the answers are necessary to 

stimulate the development of more effective and specific drugs.  
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Algehele samenvatting (Nederlands) 

 

Achtergrond 

De incidentie van hart- en vaatziekten is in de afgelopen decennia sterk toegenomen. Dit heeft 

er voor gezorgd dat er zowel vanuit de academie als vanuit de industrie grote inspanningen 

worden geleverd teneinde nieuwe medicatie en behandelmethoden te ontwikkelen. Om 

nieuwe en betere medicatie te ontwikkelen is het noodzakelijk om goed te begrijpen wat de 

cellulaire mechanismen zijn die ten grondslag liggen aan het ziekteproces. Ondanks het feit 

dat er wat dit betreft al forse stappen in de goede richting zijn gemaakt, blijven er nog vele 

vragen onbeantwoord. Een van de grootste struikelblokken is de incomplete kennis van de 

eiwitten die in het hart hun functie vervullen, hoe deze eiwitten samenwerken in biologische 

processen en hoe hun functie verandert tijdens ziekteprocessen in het hart. 

 

Kinases en hartfunctie 

De belangrijkste functie van het hart is het rondpompen van bloed door ons gehele lichaam. 

Het hart doet dit via synchrone samentrekking en relaxatie van de vier kamers waaruit het hart 

is opgebouwd. In rust vraagt ons lichaam veel minder energie en zuurstof dan onder condities 

van inspanning. Om aan deze toename in vraag te kunnen voldoen gaat ons hart niet alleen 

sneller kloppen maar pompt het ook veel krachtiger. Dit wordt geregeld door de activiteit van 

het sympathische deel van het zenuwstelsel. Via activatie van het b-adrenerge 

signaaltransductie cascade wordt het functioneren van meerdere eiwitten in het hart aangepast 

doordat deze eiwitten gefosforyleerd worden. Eiwit-fosforylatie is een chemisch principe 

waarbij een fosfaatgroep aan een eiwit wordt gekoppeld waardoor de functie van het eiwit 

verandert, de activiteit verandert of zelfs de locatie in de cel verandert. Kinases zijn een 

familie van enzymen die dit soort chemische reacties katalyseren. 

Kinases komen wijdverbreid voor in het proteome van het hart en vervullen een 

kritische rol in de regulatie van de hartfunctie. Twee van de best gekarakteriseerde kinases 

zijn het cAMP afhankelijke ‘protein kinase A’ (PKA) en het ‘Ca2+-calmodulin afhankelijke 

kinase II’ (CaMKII). Beide kinases zijn actief betrokken in het moduleren van de hart functie 

na stimulatie door het sympathische zenuwstelsel en in feite is PKA een van de meest 

belangrijke factoren binnen de b-adrenerge signaaltransductie. Deze enzymen vervullen 

bijvoorbeeld een kritische rol in de regulatie van de calcium recirculatie binnen de 

hartspiercellen. Tijdens elke contractiecyclus pendelt calcium op en neer van zijn opslagplaats 

binnen de cel (sarcoplasmatisch reticulum) naar het celplasma. Door de karakteristieken van 
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deze recirculatie aan te passen beïnvloeden PKA en CaMKII de contractiekracht van het hart. 

Dit omdat de binding van calcium aan het actine-myosine eiwit complex leidt tot 

structuurveranderingen in dit complex die op hun beurt direct leiden tot samentrekking van de 

hartspiercel. 

Zowel PKA als CaMKII fosforyleren het L-type Ca2+ kanaal wat leidt tot een 

verhoogde instroom van Ca2+ in de cel. Een tweede eiwit dat wordt gefosforyleerd en een rol 

speelt in de Ca2+ regulatie is de ryanodine receptor. Fosforylatie hiervan zorgt voor een 

toename van het vrijmaken van Ca2+ uit het sarcoplasmatisch reticulum. Een derde eiwit dat 

simultaan wordt gereguleerd is phospholamban. Phospholamban is een negatief regulerend 

eiwit dat bindt aan het sarcoplasmatisch endoreticulum Ca2+ ATPase (SERCA). Fosforylatie 

van phospholamban reduceert zijn belemmerende werking waardoor SERCA beter de Ca2+ 

terug kan pompen in het sarcoplasmatisch reticulum. Ondanks dat bekend is dat PKA en 

CaMKII dezelfde eiwitten reguleren is het vooralsnog niet duidelijk wat het verschil is 

betreffende hun bijdrage in de diverse fysiologische processen. Het is wel duidelijk aan het 

worden dat zij zich verschillend gedragen tijdens de ontwikkeling van hartziekten. Het 

hoofddoel van dit proefschrift is om hier meer inzicht in te krijgen. 

 

Dit proefschrift 

Middels dit proefschrift hebben we een verdere verdieping gekregen in twee belangrijke 

onderwerpen. Ten eerste hebben we een nieuwe methode ontwikkeld die het toelaat om 

specifiek de eiwitten uit het hart te isoleren die de opbouw verzorgen van een speciaal domein 

in hartspiercellen: de intercalairschijf (ID). Deze intercalairschijf zorgt voor de onderlinge 

verbinding van de individuele hartspiercellen waardoor ze zowel een mechanisch als een 

elektrisch syncytium vormen. Via deze nieuwe methode hebben we een groot aantal van die 

eiwitten kunnen isoleren zodat het begrip van de opbouw van de ID sterk vergroot is. Ten 

tweede hebben we in een diermodel op verschillende tijdspunten tussen de start van een 

hartziekte en het eindstadium (hartfalen), in detail de moleculaire veranderingen in de b-

adrenerge signaaltransductie in kaart gebracht.  Tenslotte hebben we een nieuwe rol voor 

CaMKII ontdekt in het veroorzaken van dysfunctie van de sinusknoop tijden progressie van 

de hartziekte. Hoofdstuk 1 en hoofdstuk 7 beschrijven het doel van het proefschrift en een 

reflectie op de verkregen data. 

In hoofdstuk 2 gaan we dieper in op het fenomeen dat de hartactie sterk afhankelijk is 

van het feit dat alle individuele hartspiercellen hun activiteit bundelen en werken als een 

syncytium. De ID speelt hierin een hoofdrol middels het verzorgen van de mechanische en 
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elektrische koppeling tussen individuele cellen. Verstoringen in de ID zoals die optreden in 

diverse vormen van hartziekte, hebben dan ook direct consequenties voor de hartfunctie al 

zijn de onderliggende mechanismen vaak niet begrepen. Gedeeltelijk kan dit komen doordat 

de complete samenstelling van eiwitten in de ID nog niet is opgehelderd. Middels diverse 

toepassingen binnen de biochemie, bioinformatica en proteomics zijn we in staat gebleken 

nieuwe componenten van de ID te identificeren. Voortgaand onderzoek heeft inmiddels voor 

5 van deze nieuwe eiwitten uitgewezen dat ze daadwerkelijk co-lokaliseren met al eerder 

bekende eiwitten in de ID. 

In het volgende deel van dit proefschrift (hoofdstukken 3, 4 en 5) hebben we het focus 

gelegd op de b-adrenerge signaaltransductie met PKA in het bijzonder. In hoofdstuk 3 wordt 

door middel van een review uitgelegd wat de rol is van PKA in het aansturen van 

verschillende fysiologische mechanismen binnen de hartspiercellen en in welke mate PKA 

daarin afhankelijk is van verschillende ankereiwitten die deel uit maken van de eiwitfamilie 

‘A-kinase anchoring proteins (AKAPs)’. AKAPs sturen PKA signalering tijds- en subcellulair 

specifiek en brengen als het ware PKA dicht bij de substraten die het moet fosforyleren maar 

ook dicht bij andere signaaleiwitten als andere kinases, fosfatases en fosfodiesterases. Op die 

manier genereren AKAPs verschillende microdomeinen op verschillende locaties in de cel. 

Deze microdomeinen bepalen de effectiviteit en specificiteit van PKA signalering en scheiden 

de diverse cAMP/PKA paden in de cel. De verschillende AKAPs doen dit  door te binden aan 

het regulerende deel van PKA. Op haar beurt bindt dit regulerende deel met hoge affiniteit 

aan het katalyserende deel van PKA. Wanneer een signaal van buiten de cel het b-adrenerge 

pad activeert, wordt het signaal molecuul cAMP gevormd. Wanneer dit bindt aan het 

regulerende deel van PKA laten de katalyserende delen los om op hun beurt eiwitten die in 

dichte nabijheid zijn te fosforyleren.  

Hartfalen in mensen wordt gekenmerkt door een verstoorde PKA signalering. 

Desondanks is gevonden dat de niveaus van de katalytische unit van PKA en van het 

signaalmolecuul cAMP onveranderd lijken te zijn. Dat roept de vraag op hoe PKA signalering 

dan verstoord is geraakt. In hoofdstuk 4 en 5 beantwoorden we deze vraag door de 

moleculaire mechanismen die zorgen voor PKA activiteit te bestuderen. Zoals beschreven 

wordt PKA activiteit spatieel gereguleerd door binding aan de diverse isovormen van AKAP. 

In hoofdstuk 4 gebruiken we agarose bolletjes met daarop een coating van cAMP en 

proteomics om voor het eerst te laten zien dat tijdens humaan hartfalen de interactie tussen 

PKA en de AKAPs sterk is verandert. In tegenstelling tot het bestuderen van cAMP/PKA als 

een individuele interactie, hebben we via deze aanpak de diverse cAMP/PKA/AKAP 
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interactie kunnen bestuderen in de verschillende microdomeinen binnen de hartspiercel. Door 

deze aanpak hebben we diverse veranderingen in functionaliteit binnen de microdomeinen 

kunnen relateren aan de complexiteit van veranderingen in hartfunctie zoals die zich 

openbaren tijdens hartfalen. Alhoewel we dus de veranderingen ten opzichte van de gezonde 

situatie hebben kunnen vaststellen, beperkt deze bevinding zich tot het eindstadium hartfalen 

in mensen. Daarom hebben we in hoofdstuk 5 dezelfde strategie toegepast in een rat model 

waarin door middel van drukoverbelasting hartfalen werd opgewekt. In dit model hebben we 

de progressieve veranderingen in de diverse cAMP/PKA/AKAP micodomeinen in kaart 

gebracht tijdens het gehele traject wat uiteindelijk uitmond in hartfalen. De veranderingen 

bleken al op te treden vlak na het begin van het ziekteproces maar het patroon van 

veranderingen varieerde tussen de diverse fases. Consequentie van deze veranderingen was 

een algemene afname van graad van fosforylering van de multiple eiwitten die door PKA 

worden gefosforyleerd wat vermoedelijk een brede implicatie heeft voor de hartfunctie. 

In hoofdstuk 6 richten we de aandacht op een andere kinase, CaMKII, en hebben we 

de mogelijke rol van dit kinase onderzocht in het progressief disfunctioneren van de 

sinusknoop. CaMKII activiteit moduleert diverse eiwitten die ook door PKA worden 

beïnvloed. Echter, waar PKA activiteit voornamelijk van belang is voor het reguleren van de 

hartfunctie onder gezonde fysiologische condities, wordt toegenomen activiteit van CaMKII 

geassocieerd met hartziekte. In muizen die waren behandeld met angiotensine II, wat 

verhoogd aanwezig is in de bloedcirculatie tijdens hartfalen, vonden we een forse toename 

van celdood in de sinusknoop, fibrose en een verlaging van het hartritme. Deze pathologische 

veranderingen waren direct te relateren aan een toegenomen activiteit van CaMKII wat bleek 

te worden gestuurd door de RAAS/NADPH oxidase/ROS signalering. 

 

In conclusie 

Het belangrijkste doel van dit proefschrift was het bestuderen van veranderingen in activiteit 

van de kinases PKA en CaMKII tijdens hartziekte. In hoofdstuk 7 worden de bevindingen in 

dit proefschrift en de mogelijke consequenties geïntegreerd. De bevindingen onderstrepen het 

belang om eiwitten te bestuderen in de complexen waarin ze hun functie vervullen en niet als 

individuele entiteiten. Een voorbeeld hiervan is de studie waarin we via proteomics een fors 

aantal eiwitten hebben geïdentificeerd waarvan het tot op heden onbekend was dat ze een rol 

hadden in de ID. Door het verder bestuderen van hun rol kan kennis worden verworven die 

van belang is voor het beter begrijpen van ziekteprocessen waarin veranderingen van de ID  

van belang zijn. In dit hoofdstuk wordt tevens een bespiegeling gemaakt hoe de onderlinge 
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veranderingen in activiteit van de twee belangrijkste kinases in het hart, PKA en CaMKII, 

ook een mogelijke invloed hebben op elkaars functioneren. Het idee is dat de eerste 

veranderingen in PKA activiteit een verhoging van CaMKII activiteit initiëren en dat dit 

tijdens de latere fases de overhand krijgt daar PKA signalering dan langzamerhand onderuit 

gaat met alle kwalijke gevolgen van dien. De inhoud van dit proefschrift zal van nut zijn voor 

het beter begrijpen van de mechanismen die ten grondslag liggen aan het ontwikkelen van 

hartziekte. De moleculaire bevindingen roepen ook nieuwe vragen op waarop antwoorden 

nodig zijn om in de toekomst betere en meer effectieve medicatie te kunnen ontwikkelen. 
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