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Abstract   
 
	
Heart failure (HF) is still a major cause of morbidity and mortality, 

contributing significantly to global health expenditure, although there have 

been significant advances in HF therapy in recent decades. 	Adrenergic 

nervous system hyperactivity becomes a major problem in HF, conferring 

significant toxicity to the failing heart. Adenosine is an important 

endogenous physiological modulator of the heart function and it has been 

demonstrated to serve as a negative feedback regulator of sympathetic 

overstimulation by the β1-adrenoceptors (β1ARs). It is well known that the 

antiadrenergic action of adenosine, through activation of A1 adenosine 

receptors (A1ARs), serves as a mechanism of cardioprotection against 

cardiotoxicity which may accompany excessive adrenergic stimulation. The 

study presented here aims to assess, in both atrial and ventricular 

myocytes, spatial distribution of adrenergic and adenosine receptors in 

different subcellular microdomains and explore their functional interplay in 

normal heart and HF. The study aimed to: (1) investigate the functional role 

of the anti-adrenergic effect of adenosine in normal heart and HF, 

measuring the cell contractility via IonOptix system; (2) dissect cellular 

mechanisms, elucidating the cyclic nucleotide response to catecholamine 

stimulation following both global (in the bath) or local (in the nano-pipette) 

stimulation of either β1ARs or A1ARs. The cAMP levels were measured via 

Förster Resonance Energy Transfer (FRET) for the whole-cell recording 

and via a combination of FRET and scanning ion conductance microscopy 

(SICM) for local stimulation and measurement of cAMP within the specific 

microdomains; (3) study molecular mechanisms of the anti-adrenergic 

effect of adenosine by quantitative PCR (qPCR) and western blot technique.	

It was found that A1ARs agonist significantly decreases cAMP concentration 

following β1AR stimulation, in both atrial and ventricular myocytes. In 

contrast, corresponding reduction in the sarcomere shortening was found 

exclusively in atrial myocytes. Using animal model, heart failure condition 

was found to be associated with the significant reduction of the anti-
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adrenergic effect of A1ARs stimulation for both contractility and cAMP 

production in atrial cardiomyocytes.  Such effect could be associated with 

structural changes occurring during HF conditions, such as t-tubule and/or 

caveolae degradation. Indeed, with the caveolae disruption a similar 

situation was observed. In addition, molecular investigation shows that 

A1ARs are upregulated in left atrium. This study presents evidence of a 

population of A1ARs that are localized specifically within the cholesterol lipid 

microdomains on the surface of myocytes and suggests that A1ARs may 

interact with the β1ARs in these microdomains. During the HF the 

antiadrenergic effect of adenosine is significantly lower. The loss of the 

antiadrenergic effect of A1ARs could be associated with the loss of cardiac 

cytoarchitecture occurring during HF conditions that may cause a disruption 

of adrenergic/adenosine signalling compartmentation and interplay. On the 

other hand, the increase of A1ARs density during failing conditions appears 

to follow the loss of the adenosine effects, suggesting the establishment of 

a potential compensatory mechanism that could be a driving factor of the 

failing phenotype.	
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CHAPTER 1. General introduction 
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1. General introduction 
	
1.1 The cardiovascular system  
 

The cardiovascular system consists of the blood vessels and the heart. The 

lymphatic system, which does not contain blood, represents an additional 

third component that is connected to the cardiovascular system. It serves 

an important exchange function together with the blood vessels. The heart 

is a muscular, four-chambered organ, about the size of a man’s closed fist. 

It is positioned in the mediastinum (middle of the thoracic cavity) between 

the lungs, above the diaphragm and in front of the oesophagus. By its 

rhythmic contraction, the heart acts as a pump maintaining the circulation 

of the blood to the whole body (Gray, 1918). The heart is composed of four 

chambers: two atria and two ventricles (Figure 1). The atria are separated 

by a wall called interatrial septum; whereas the ventricles are separated by 

the interventricular septum. In each half of the heart, left and right, an atrium 

is connected to a ventricle; valves allow blood to flow in one direction 

preventing backflow. The heart is connected to the vascular system wich 

delivers blood through the body.  The purpose of the cardiovascular system 

is to transport oxygen and nutrients to the cells of the body and remove 

carbon dioxide and other metabolic waste products. Each pumping cicle, or 

beat of the heart, consists of two phases - diastole and systole. During the 

diastole the ventricles are filling with blood and the atria are contracting. 

Then the systole follows, the ventricles are contracting while the atria are 

relaxing and filling up with blood (Sonnenblick et al., 1967). The aorta 

distributes blood to all organs via the arterial system; inside the organs, the 

vasculature branches out into smaller and smaller vessels, eventually 

forming capillaries. Recently, it has been shown that the heart has an 

important signalling function: it synthesizes several hormones. One of these 

is the atrial natriuretic peptide, which plays an important role in the 

regulation of blood volume and blood pressure.  
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The lymphatic system, which is associated with the blood vessels, collects 

the excess fluid that filters from the vasculature and transports it back into 

venous circulation (Klabunde, 2011). 

 

																			

	
	
	
Figure 1: Herat anterior exposure (Netter, 1991)	
	
	
1.2 The conduction System  

 
Cardiac tissue is an involuntary striated muscle structurally similar to the 

skeletal one. Despite this similarity, the electrophysiology of the two tissues 

presents many differences (Hopkins, 2006). Indeed, in the skeletal muscle 

the action potential that causes contraction is very short (2-3 ms) and is 

generated by central nervous system. In contrast, the action potential in the 

heart is not generated by nervous activity, but due to the activity of the 

specialized areas of cardiac tissue (nodes) which are able to initiate the 

action potential that then goes directly from cell to cell. Neuronal activity can 

only modulate the rate of the spontaneous contraction of the heart.  

In contractile cells, an action potential leads to a mechanical contraction. 

Conductive cells are specialized cells that allow the initiation and 
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propagation of action potentials. The myocardium is a specialized form of 

muscle, consisting of individual cells joined by electrical connections. 

Cardiac cells are electrically coupled through gap junctions (Figure 2), which 

allows action potentials to spread to the adjacent cells, causing an electrical 

wave of action potentials throughout the whole heart (Carmeliet and 

Vereecke, 2002). The depolarization wave is followed by a wave of 

contraction that passes across the atria, then moves into the ventricles.  

	
	
	
	

	
	
	
Figure 2: Action potentials of pacemaker cells. Depolarizations of the autorhythmic cells 

then spread rapidly to adjacent contractile cells through gap junctions (Silverthorn, 2010).  

	

 

The depolarization begins in the sinoatrial (SA) node that is a small mass of 

specialized tissue in the right atrium. It is located in close proximity to the 

opening of the superior vena cava and is electrically coupled with the atrial 

syncytium. The SA nodal cells are self-excitatory, pacemaker cells. In 

human, they generate action potentials at the rate of about 70 events per 

minute. Cardiac impulse travels from the SA node into the atrial syncytium, 

and the atria begin to contract almost simultaneously. Then the impulse 

passes along junctional fibers of the conduction system to the 

atrioventricular node (AV), that is a mass formed by a group of autorhythmic 

cells. AV node is located in the bottom interatrial septum, beneath the 
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endocardium. From the AV node, the impulse moves into the ventricles. 

There are specialized conducting cells, called Purkinje fibers, that transmit 

electrical signals very rapidly down the atrioventricular bundle (bundle of 

His) in the ventricular septum (Silverthorn, 2010). The AV bundle fibers 

divide into left and right bundle branches. The bundle branch fibers continue 

downward to the apex of the heart, where they divide into smaller Purkinje 

fibers that spread outward among the contractile cells. The Purkinje fibers 

transmit impulses rapidly, with speeds up to 4 m/sec, so that all contractile 

cells in the apex contract nearly simultaneously.  

 
 
1.2.1 The action Potential  
 
Cardiac myocytes, like neurons, are excitable cells which are able to 

generate action potentials. Action potential occurs when the membrane 

quickly depolarizes and then repolarizes back to its resting state. Each of 

the two types of cardiac muscle cells (myocardial contractile cells and 

myocardial autorhythmic cells) has a distinctive action potential. The cardiac 

action potential can in general be subdivided into five phases (Figure 3) 

although the shapes of the action potential show large variations between 

different cells, and some phases are not pronounced or may even be absent 

in some cell types (Carmeliet and Vereecke, 2002).    

Phase 0: consists of the initial depolarization phase, which brings the 

membrane potential quickly from a negative value of about -80 mV during 

diastole to a positive potential. Voltage-gated Na+ channels open, allowing 

Na+ to enter the cell and rapidly depolarize it. The membrane potential 

reaches about +20 mV before the Na+ channels close. 

Phase 1: when the Na+ channels close, the cell begins to repolarize as K+ 

leaves through open K+ channels. This is an initial repolarization. 

Phase 2 (Plateau): during the plateau phase the membrane potential 

remains for some times near 0 mV, but during this phase the potential 

membrane slowly becomes more negative. The action potential then 

flattens into a plateau as the result of two events: a decrease in K+ 



	
17	

permeability and an increase in Ca2+ permeability. Voltage-gated Ca2+ 

channels activated by depolarization slowly open during phases 0 and 1. 

When they finally open, Ca2+ enters the cell. At the same time, some “fast” 

K+ channels close. The combination of Ca2+ influx and decreased K
+ efflux 

causes the action potential to flatten out into a plateau. 

Phase 3: the plateau ends when Ca2+ channels close and K+ permeability 

increases once more. The “slow” K+ channels responsible for this phase are 

similar to those in the neuron: they are activated by depolarization but are 

slow to open. When the slow K+ channels open, K+ exits rapidly, from the 

cell restoring its potential. 

Phase 4 (Resting membrane potential): myocardial contractile cells have 

a stable resting potential of about - 80 mV 

 

                       

 
 

 

Figure 3: Atrial myocyte (AM, black line) and ventricular myocyte (VM, grey line) action 

potential (AP) morphology. The atrial AP resting potential is less negative and slowly 

depolarizes in phase 4 in response to electrical stimulations reaching the threshold for full 

phase 0 depolarization; the phase2 plateau is abbreviated; and terminal repolarization in 

phase3 is slower compared to VM. Differences in AP morphology are mainly explained by 

increased Ito and IKur versus decreased IK1 currents, while ICa currents are overall similar 

in atrial and ventricular myocytes. Modified figure reproduced from (Sören Brandenburg et 

al., 2015). 
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In different cell types a heterogeneity of the action potential, in terms of 

shape, amplitude and duration was observed. This is due to the differences 

of the ionic currents (Gossop and Connel, 1975). Many differences are also 

present between atrial and ventricular cells. Indeed, in the atria, action 

potential has a less negative resting potential, a shorter plateau, and a 

slower terminal repolarization (Figure 3). In both atrial and ventricular 

myocytes, the time and voltage dependent properties of the voltage the 

voltage-gated inward Na+ (Nav) and Ca2+ (Cav) currents are similar. 

Otherwise, there are different types of K+ currents, particularly Kv currents, 

which contribute to atrial and ventricular action potential repolarization 

(Gossop and Connell, 1975 and Anumonwo et al., 2001). 

 
 
1.2.2. Abnormal action potential  
 
During pathophysiological conditions, contractile (i.e., non-pacemaker) cells 

may undergo spontaneous depolarizations during both phase 3 and in the 

early phase 4, triggering abnormal action potential. These spontaneous 

depolarizations, known as afterdepolarization events, are able to trigger, if 

of sufficient magnitude, self-sustaining action potentials, resulting in cardiac 

arrhythmias. Afterdepolarizations can either interrupt the process of 

repolarization or take place after completion of repolarization and are called 

respectively as early (EAD) or delayed (DAD) afterdepolarizations (Rosen 

and Schwartz, 1991). 
An EAD occurs during phase 3 and is more prone to happen when action 

potential duration is prolonged. Several mechanisms for EADs are 

proposed. All of these result in a change in the membrane inward current 

that delays or interrupts repolarization (Rosen and Schwartz, 1991). The 

primary mechanism could be, for example, a reduction in the normal 

repolarizing current, IK, an abnormal prolonged duration of inward current 

carried by sodium or calcium channels (Cranefield et al., 1988 and Isenberg 

et al., 1976). 

A DAD occurs at the end of phase 3 or early in phase 4. Such events are 
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caused by intracellular calcium overload resulting in repetitive release of 

calcium from the sarcoplasmic reticulum (Cranefield et al., 1988). This 

particular event appears to be associated with the elevation in intracellular 

calcium that for example can occur during ischemia or during excessive 

catecholamine stimulation. 

 
1.3 Genesis of the ECG waves 
 

The electrocardiogram (ECG) is a temporal record of the changes in 

electrical charge of all four chambers of the heart during each beat (Farraj 

et al., 2011) (Figure 4). 

 

 
 

Figure 4: A typical one-cycle ECG tracing. (http://www.ni.com/white-paper/6349/en/). 

There are two major components of an ECG: waves and segments. Waves 

appear as deflections above or below the baseline. Segments are sections 

of baseline between two waves. Intervals are combinations of waves and 

segments. The first wave is the P wave, which corresponds to 

depolarization of the atria. The first half of the P wave is largely due to the 
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right atrium activation, while the second half largely corresponds to the left 

atrial depolarization (Carmeliet, 2002). The next three waves (QRS 

complex) represent the progressive depolarization of the ventricles. 

Because of the larger tissue mass, the QRS complex is larger than the P 

wave. Ventricular activation is the product of two temporally overlapping 

events, endocardial activation and transmural activation (Velimirovic, 2006). 

In a normal ventricle, the QRS segment is followed by a long period where 

all ventricular cells are depolarised during the plateau of the action potential. 

This complex is therefore followed by an isoelectric interval, ST segment, 

starting at the end of QRS complex and ending at the beginning of the T 

wave, which signals the ventricular repolarisation. T wave represents 

ventricular repolarization and is asymmetric, with a slow upstroke and a 

more rapid downstroke. The beginning of T wave is caused by the decline 

of the plateau of the epicardial action potential, while the peak of the T wave 

correlates in time with the full repolarization of the epicardium. Since the 

duration of the plateau of the ventricular action potential strongly depends 

of action potential frequency, the duration of the QT interval (measured from 

the beginning of QRS to the end of the T wave) is also strongly frequency-

dependent. In order to evaluate the duration, it needs to be corrected for 

frequency. The T wave may be followed by an additional low-amplitude 

wave known as the U wave. This wave, usually less than 0.1 mV in 

amplitude, normally has the same polarity as the preceding T wave. Its 

electrophysiologic basis is uncertain; it may be caused by the late 

repolarization of the Purkinje fibers or by delayed repolarization in areas of 

the ventricle that undergo late mechanical relaxation. 

 

1.4 Role of cardiomyocytes in the heart 
 
The specialized striated muscle of the heart is formed by numerous coupled 

cardiomyocytes; they amount to 70% of the myocardium by volume (Vliegen 

et al., 1991) and roughly 30% in number. These cells represent the first 

source of contractile power in the heart, conferring the production of force 
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to drive the deoxygenated blood around the pulmonary circulation (right 

atrium and right ventricle) and oxygenated blood to the other organs of the 

body (left ventricle and left atrium). Mammalian cardiomyocytes are highly 

organized cells, in general with one or two nuclei and have a diameter of 

approximately 25 µm and a length of 100 µm. The complexity of the 

membrane architecture of cardiomyocyte is a specific feature that is directly 

related with its specific function. Cardiomyocytes are able to form a 

branching network of cells, referred to a functional syncytium. Individual 

cardiomyocyte connect to each other by a specialized zone of the cell 

membrane called intercalated disk. When isolated cardiomyocytes are 

viewed under the light microscope, it is possible to see distinct repeating 

lines and bands across the cell body, each of which represent a different 

component of the contractile protein complex. The segment between two Z-

lines is called sarcomere and it represents the basic contractile unit of the 

cardiomyocyte.  

Under physiological condition the length of each sarcomere should be 

between 1.6 (contracted) and 2.2 µm (relaxed). Transverse tubules (or T-

tubules) and intercalated disks are responsible for electro-mechanical 

coupling of myocytes and the transduction of the electrical stimulation. In 

particular, T-tubules permit the synchronous contraction of the cells, while 

intercalated disk allows a coordinated propagation of the action potential 

throughout the heart. Atrial and ventricular cardiomyocytes present several 

differences. For example, atrial cardiomyocytes typically show one central 

elongated nucleus, otherwise in ventricular cardiomyocytes two nuclei are 

usually present (Figure 5 a)). In ventricular cells, a well-developed T-tubule 

system is present, and the T-tubule features are placed perpendicular to the 

long axis of the cell along each Z-line with branching between adjacent 

tubules (Wagner et al., 2011 and Soeller et al., 1999). Differently, in atrial 

cells that possess T-tubular structures, the system runs mostly along the 

long axis of the cell and appears disorganized (Figure 5 b)) compared with 

the well-developed system of ventricular cells (Kirk et al., 2003; Ohler et al., 

2009 and Smyrnias et al., 2010). Also, in atrial cells each of the two nuclear 
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pole regions is associated with a voluminous Golgi complex, several 

granules, vesicles, and mitochondria (Nutt et al., 1969 and Forbes et al., 

1988). The cytoplasm of a myocyte contains high number of mitochondria 

of variable length that intercalate between the myofilaments every 0.2–0.5 

μm (Nutt et al., 1969). Denser transversal packing of mitochondria between 

myofilaments is observed in atrial compared to ventricular cardiomyocytes. 

In addition, atrial cardiomyocytes have high density of Golgi complexes, 

which is related to atrial myocytes being secretory active and producing 

specific secretory vesicles (Forbes et al., 1988). Consequently, atrial 

myocytes have high rate of plasma membrane exchange and protein 

recycling and trafficking, via both clathrin and Cav3-associated membrane 

invaginations, coated pits and caveolae, respectively (Newman et al., 

1992).  

Dysfunction of the plasma membrane microdomain formation and recycling 

may lead to a formation of a critical substrate for potential disease. 

 

 

 

 

 

 
 

 

Figure 5: a) Left (LA) and right (RA) atria each contain atrial myocytes, which are elongated 

brick-like cells with surface boundaries defined by the lateral surface membrane 

(sarcolemma) and the intercalated disks shown on its short sides. The EM drawing 

represents a section parallel to the myofilaments through the central nucleus and nuclear 

poles, each abutted by perinuclear Golgi complexes, numerous granules, and 
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mitochondria. Note the densely packed myofilaments and mitochondria in the cytoplasm, 

which further contains scattered Golgi complexes near the sarcolemma (Forssmann et al., 

1998) b) Di-4 or di-8-ANEPPS membrane staining of rat ventricular and atrial myocytes 

showing a regular T-tubule network in ventricular myocytes, an atrial myocyte where T-

tubules are absent, and an atrial myocyte with a substantial transverse axial tubule system 

exhibiting prominent longitudinal components (Trafford et al., 2012). 

 
1.5 Cardiomyocytes excitation-contraction coupling  
 
The excitation-contraction (EC) coupling is the most important pathway to 

obtain a linear contraction of individual cardiomyocytes. The ubiquitous 

second messenger Ca2+ is essential in cardiac electrical activity in order to 

directly activate the myofilaments, which causes the contraction (Bers, 

2001). Mishandling of Ca2+ in myocytes plays a central role in both the 

contractile dysfunction and the onset of arrhythmias (Pogwizd et al., 2001). 

Action potential of cardiomyocytes induces the opening of voltage-

dependent calcium channels also named L-type calcium channels (LTCC) 

located in the sarcolemma. This opening elicits small increase of 

intracellular Ca2+ level which triggers the opening of cardiac ryanodine 

receptors (RyR2) on the sarcoplasmic reticulum (SR). The SR is the major 

component for the intracellular Ca2+ store and subsequently releases higher 

levels of Ca2+ into the cytosol. This process is known as Ca2+ induced Ca2+ 

release (CICR) (Fabiato and Fabiato, 1979). The	Ca2+ present in the cytosol 

is able to bind the myofilament Troponin C and the	Troponin complex that 

together with Tropomyosin, leads the actin and myosin filaments from 

sliding along each other. Such process produces the contraction in the 

cardiomyocytes (Carafoli, et al., 2001). Subsequently the relaxation occurs 

gradually when Ca2+ detaches from Troponin C.  The removal of Ca2+ from 

the cytosol is made by reabsorption of Ca2+ in the SR by a specific Ca2+-

ATPase (SERCA2A) in addition to extrusion across the sarcolemma via 

Na+/ Ca2+ exchanger (NCX) (Figure 6).  
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Figure 6: Ca2+ cycling and excitation-contraction-coupling related molecules in 

cardiomyocytes 2+ transport in ventricular myocytes. Inset shows the time course of an 

action potential, Ca2+ transient and contraction measured in a rabbit ventricular myocyte at 

37°C. NCX, Na+/Ca2+ exchange; ATP, ATPase; PLB, phospholamban; SR, sarcoplasmic 

reticulum (Donald et al., 2002).  

 

1.6 The unique features of atrial cardiomyocytes during EC 
coupling  
	
Atrial cardiomyocytes exhibit unique calcium signaling features compared 

to ventricular cells. In the rat atrial myocardium, compared to ventricle, the 

calcium transient is smaller, but the mechanism for the reuptake trough SR 

is more robust. One reason of such difference is due to the overexpression 

of SERCA2 in these type of cells (Dobrev et al., 2009). Despite this robust 

mechanism of Ca2+ reuptake, defects in Ca2+ handling may occur, resulting 

in an abnormal release of Ca2+ from intracellular stores. Such events lead 

to spontaneous local increases in Ca2+ concentration, but with the 

consequent unrelated electrical stimulation. The local Ca2+ leaks, referred 

as Ca2+ sparks, activate the NCX on the sarcolemma. The results of such 
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process is the presence of Na
+ influx, which triggers a wave of abnormal 

membrane depolarizations called delayed afterdepolarizations (DADs). 

DADs are diastolic membrane depolarization events that occur after normal 

repolarization, but before the next depolarization event. They are 

associated with arrhythmogenic electrical activity and may trigger reentry 

initiating atrial fibrillation (AF). Another specific feature of atrial myocytes is 

that they possess two different populations of RyRs, one called junctional 

RyRs located in the sarcolemma and non-junctional RyRs located inside the 

cell (Mackenzie et al., 2001). Though the junctional RyRs represent the 

smallest fraction of the total of these receptors, they are crucial during atrial 

EC-coupling, initiating the CIRC. In addition, there is evidence that in atrial 

myocytes LTCCs are expressed around the periphery of the cell (Bootman 

et al., 2011). This is the only place where LTCCs and RyRs are placed close 

to each other and are able to form the dyads. Indeed, in atrial myocytes 

Ca2+ activation triggers SR Ca2+ release only through RyR2 located in the 

subsarcolemmal (i.e., junctional) SR. The Ca2+ wave then propagates from 

the junctional SR to the cell center, activating with some delay central 

(“corbular”) SR compartments. In addition, atrial myocytes possess inositol 

1,4,5-trisphosphate type-2 receptors (IP3R2), which are located in the 

junctional SR in close vicinity to RyR2, amplifying CICR and facilitating Ca2+ 

wave propagation to the cell centre (Figure 7). This concept is quite 

important because it is thought that one of the cause of abnormal Ca2+ leaks 

in atrial cells is due to the misregulation of RyR2 phosphorylation or 

abnormal coupling between the LTCCs and RyR2 (Kockskämper and 

Pieske, 2006). To better understand and investigate this process, a careful 

investigation of the upstream modulators such as the G-protein coupled 

receptors is required. 
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Figure 7: Subscellular architecture of excitation contraction coupling in the atrium. During 

each action potential Ca2+ influx through sarcolemmal L-Typ Ca2+ channels (I Ca,L) triggers 

a larger ryan- odine receptor (RyR2) mediated Ca2+ release from the subsarcolemmal 

sarcoplasmic reticulum (junctional SR). The released Ca2+ diffuses into the cell interior and 

activates RyR2 located in internal SR compartments (corbular SR), thereby creating a 

centripetal Ca2+ wave. During diastole cytosolic Ca2+ is extruded from the cell through Na+- 

Ca2+ exchanger (NCX) or pumped back into the SR by SR- Ca2+ ATPase (SERCA), which 

is regulated by phospholamban (PLN) and sarcolipin (SLN). The SR Ca2+  release through 

RyR2 is amplified by inositol 1,4,5-trisphosphate type-2 chan- nels (IP3R2). See text for 

further details (Dobrev et al., 2009).  

1.7 G-protein coupled receptors (GPCRs) 
 
GPCRs represent one of the biggest protein family of cell-surface receptors 

in the mammalian genome (Fredriksson et al., 2003). Their primary function 

is to transduce extracellular stimuli into intracellular signals. They are 

formed by a sequence of seven α helices with high hydrophobicity, which 

form seven transmembrane (7TM) spanning domains (Fredriksson et al., 

2003). GPCRs are activated by extracellular ligands which induce a 

conformational change in the receptors and facilitate their ability to interact 

with guanine-nucleotide binding proteins (G proteins). G-proteins are 



	
27	

formed by 3 different subunits: α, β and γ. When they are in the inactivate 

state, they are bound to guanidine diphosphate (GDP). When the receptors 

are coupled with G-protein, the conversion of GDP to GTP take place, 

resulting with the dissociation of the G α subunits from β and γ which is 

necessary to initiate the signalling cascade. Gα is present in three different 

varieties: stimulatory (Gs), inhibitory (Gi), the phospholipase C activating 

(Gq) and G12/13 (Audet, 2012). In general, Gs stimulates adenylate cyclase 

(AC) that increases cAMP level, Gi ihibits AC decreasing cAMP level, and 

Gq acts via cAMP-independent pathway. Upon the binding to the target 

protein, GTP is hydrolysed within the Gα which returns it to its basal 

conformation allowing it to re-associate with Gβγ and GPCRs. In the large 

family of the GPCRs the adrenergic and the adenosine receptors play a key 

role in the regulation of the cardiac function (Figure 8). 

 
 
 

 
 
 
 
Figure 8: Schematic representation of the β -adrenergic and adenosine pathways. Upon 

the ligand binding (catecholamines: adrenaline, noradrenaline, dopamine and adenosine 

respectively) they transduce the signal inducing intracellular phosphorylation events via the 

activation of cAMP. Their targets such as RyRs and PLB have a key role in the regulation 

of cardiac excitation-contraction coupling.	

 
	



	
28	

	
1.7.1 β-adrenergic receptors 
 
 
The heart has an intrinsic ability to spontaneously generate electrical 

impulses and regular muscle contractions, these processes are tightly 

controlled by the autonomic nervous system. The autonomic nervous 

system consists of two main branches: sympathetic and parasympathetic. 

The activation of the sympathetic nervous system acts on the chronotropic, 

inotropic and lusitropic effect, acting at the level of heart rate, contractility 

and relaxation rate, respectively. This activation is caused by the action of 

the catecholamines (norepinephrine and epinephrine, also known as 

noradrenalin and adrenalin) on the adrenergic receptors (AR) (Hill, 2006). 

Mammalian heart express nine AR subtypes that are implicated in different 

cellular mechanisms. The β-ARs play a key role in the regulation of heart 

function and three different subtype have been distinguished: β1AR, β2AR 

and β3AR. In the human heart the most aboundant receptor is the β1AR; 

the β1/β2 ratio is 70-80%: 30-20% in the ventricle. In the atrium the ratio is 

60-70% to 40-30% (Wallukat, 2002). Both β1AR and β2AR predominantly 

bind to Gs and stimulate AC, an enzyme which catalyses the synthesis of 

the secondary messenger cAMP from ATP. Under some particular 

conditions β2AR is able to bind Gi, in a process known as stimulus trafficking 

or biased agonism (Amin et a.,l 2011) leading to the reduction in the AC 

activity; however, Gβγ can also be involved in β2AR signalling and modulate 

molecules involved in the control of cellular homeostasis (Warne et al., 

2008). The β3AR binds to the Gi and its functional role in the heart is very 

disputable. Specific subcellular localizations and signaling pathways of 

β3ARs are known to be different from β1- and β2ARs. The β1ARs are 

implicated in the process for cardiomyocyte contraction by playing a key 

role in positive lusitropic and inotropic effects. They were found in both 

sarcolemma and T-tubular network. In contrast, β2ARs are found 

exclusively in the T-tubular system, where they are involved only in the 

inotropic response (Nikolaev et al., 2010); Otherwise they are generally 
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associated with smooth muscle relaxation (Amin et al., 2011). The classic 

pathway includes the activation of adenylyl cyclase via Gs, resulting in an 

elevation of the cAMP level. The first target for cAMP is protein kinase A 

(PKA). PKA is very important for the cardiac function as it can phosphorylate 

a wide range of proteins involved in the EC coupling: L-type calcium 

channels (LTCC), phospholamban, Troponin I, RyR2, myosin binding 

protein-C, etc (Lohse et al, 2003). All of these are important for the 

contractile phenomenon by increasing Ca2+-influx (LTCC), increasing Ca2+ 

reuptake into the SR (phospholamban and SERCA) and with the modulation 

of the myofilament Ca2+ sensitivity (troponin I) (Lohse et al., 2003). In 

contrast, β2ARs have been found to affect LTCC phosphorylation and 

opening, without effect on the others cardiac contractile proteins (Kushel et 

al., 1999). 

In addition, β1ARs can stimulate apoptosis via a cAMP-dependent pathway, 

while stimulation of β2AR is involved in the process of apoptosis inhibition 

via a Gi-coupled pathway (Communal et al., 1999). Several studies showed 

cardiac βAR system alterations during HF (Brodde et al., 1993). These 

changes include a reduction of the β1AR which correlates with the severity 

of disease. In contrast, no change in number of β2ARs expressed has been 

reported in HF. The reason why this downregulation occurs and is specific 

only for the β1AR receptor subtype remains unclear. 

 
 
1.7.2 Adenosine receptors  
	
 
An another type of GPCR that is involved in the regulation of the 

cardiomyocytes functionality is represented by adenosine receptors. 

Adenosine is a purine nucleoside catobolite of ATP that is ubiquitously 

present in the whole body; it is implicated in numerous functions in 

mammalian organ system. Adenosine is able to modulate cell metabolism 

through several mechanisms, with the most direct being its 

rephosphorylation to AMP via adenosine kinase to help restore and 

maintain ATP level in the cytoplasm (Lasley, 2011). Adenosine can be 
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generated through two primary pathways: hydrolysis of 5’-AMP or 

metabolism of s-adenosylhomocysteine. The first one is the most important 

mechanism to generate adenosine; it involves 5’-AMP, which is derived 

from adenine nucleotides but also potentially from cAMP, and as a 

consequence it is extremely regulated (Deussen, 1989). Several studies 

show the intracellular 5′-AMP pool is the major source of adenosine under 

both baseline conditions and during ischemia or hypoxia (Borst and 

Schrader, 1991, Headrick, et al., 1992). Adenosine is generated in both intra 

and extracellualr compartments, and its level rises in the cytoplasm in 

response to physiological and pathological stimuli (Headric et al., 2013). 

Adenosine mediates a wide range of actions in the heart, improving the 

cellular energy balance and promoting the cellular resistance to stress or 

injury (Olsson et al., 1990). For these reasons, adenosine has been 

described in 1985 as a “retaliatory metabolite” (Newby et al., 1985). Indeed, 

it is released as a protection for the heart against excessive external 

stimulation. In addition, under pathological conditions (ischemia or hypoxia), 

heart cells may in a sense ‘retaliate’ via receptor-mediated effects of greatly 

enhanced adenosine release, which induce short and long-term resistance 

to stress (Headrick et al., 2011). On the other hand, the release of 

adenosine is not exclusive to stress or injury conditions; adenosine is 

released in response to even mild perturbations in energy state, being 

sensitive to a wide range of regulatory molecules such as catecholamines 

and mediators derived from cAMP cascade (Deussen, 1989). Under 

physiological or mild perturbations conditions, adenosine acts in a process 

that appear to be directed to optimize the balance between energy utilization 

and generation enhancing O2 and substrate delivery (Figure 9) (Headrick et 

al., 2011). All of these changes in adenosine levels are crucial for a number 

of cardiovascular functions, including heart rate, cardiac impulse 

conduction, coronary dilatation, vasculogenesis and cardiovascular 

growth/remodeling (Mallet et al., 1996). Being a cardio-protective 

nucleoside adenosine also decreases the heart rate (Hisatome, 2007). 

These different responses, however, can be modified in different 
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pathologies in the heart and such dysfunctions can potentially contribute to 

shifts in resistance to and progression of heart disease (Mallet et al., 1996).  

 

 

 

 
 

 
Figure 9: Simplified depiction of proposed regulatory roles of adenosine and ARs in 

modulating/optimizing the balance between myocardial energy ‘supply’ and ‘demand’ 

(upper panel), and the impact of ARs in ameliorating injury and promoting adaptation (lower 

panel) during and following myocardial insult (Headrik et al., 2011).  
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The importance of adenosine in multiple heart functions generated a 

substantial interest for a pharmacological approach to adenosine receptors, 

with the purpose to better understand their interactions and their effects in 

both physiological and pathological conditions.  

Adenosine regulates cardiac function through four different type of 

adenosine receptors: A1, A2A, A2B and A3ARs (Fredholm et al., 2011). The 

adenosine receptors were initially classified based on pharmacologic 

responses to adenosine analogues, both A1 and A3ARs inhibiting adenylate 

cyclase, and the A2AR sub-type activating it. Later A2AR was sub-divided in 

two groups based on different level of affinity (high for A2A and low-affinity 

for A2B). All AdRs are expressed in the heart (Yang et al., 2007 and 

Chandrasekera et al., 2010), with different levels of mRNA. Both murine 

heart cardiomyocytes and HL-1 cell line express A1ARs at the highest level 

followed by A2aAR, whereas A2b and A3ARs are expressed at a much lower 

level (Epperson et al., 2009). 

 

1.7.2.1 A1 adenosine receptors 
	
A1AR has high affinity for adenosine and is the most conserved subtype 

across species (Fredholm et al., 2000). It is expressed throughout the body, 

with high level in the brain and atria. Variations in regional expression of 

A1AR have been found in the heart, with higher levels in atria than in 

ventricles (Bohm et al., 1989, Musser et al., 1993, Kapicka et al., 2003). 

Activation of the A1AR inhibits adenylyl cyclase activity and PKA through 

activation of Gi proteins (Calker et al., 1979 and Londos et al., 1980), 

decreasing the phosphorylation of RyRs, other contractile proteins and 

reducing Ca2+ transient amplitude and cell contractility (Fenton et al., 1991 

and Dobson, 1983). Investigation of the A1AR effects in the heart gave 

conflicting results. On one hand there is evidence of the cardio-protective 

effect of A1AR stimulation during the conditions of hypoxia and Ischemia 

(Fenton e Dobson, 1987, Fenton and Dobson, 1993, Yu et al., 2011); on the 

other hand other studies show a relation between A1AR stimulation and 
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cardiac arrhythmias (Robin et al., 2011 and Lach et al., 2011). This could 

be explained by the fact that A1AR, while acting mostly through Gi protein, 

it can also couple with Gs activating AC or with Gq/11, stimulating inositol 

phosphate production (Headrick et al., 2013). A1AR have been reported to 

protect against the injury due to myocardial ischemia and reperfusion by 

inhibiting adenylyl cyclase and activating ATP-dependent potassium 

channels (Liang and Gross, 1999; Light et al., 2000 and Miura et al., 2000). 
In addition to myocardium, indirect evidence supports a possible role for 

A1AR in the coronary circulation (Maczewski et al., 1998). The firs known 

effector of A1AR was inhibition of AC; acetylcholine also inhibits AC in the 

heart tissue and because acetylcholine activate potassium channels 

through a G-protein in atria, Kurachi et al studied the effect of adenosine 

finding that it can activate the same potassium channels like acetylcholine 

(Kurachi et al., 1986). 

 

1.7.2.2 A2a adenosine receptors 
	

Another high affinity adenosine receptor, A2aAR, is widely distributed in the 

body. The highest level of expression is found in brain, spleen, thymus, and 

an intermediated level of expression is noticed in the heart and the lung. 

A2aAR is coupled with Gs protein and is implicated in the coronary 

vasodilatory mechanism, and its cardio-protective effect looks to be 

associated with an anti-inflammatory response (Wilson and Mustafa, 2009). 

Some studies evidence that A2aAR, especially in smaller species, such as 

rat and guinea pig, can modulate intracellular calcium handling in a cAMP-

dependent pathway (Dobson and Fenton, 1997). However, other studies 

could not find a relationship between A2aAR and RyR2 opening and in 

addition is some species expression of A2aAR in the heart was not detected 

(Hove-Madsen et al., 2006). Besides, cardiac fibroblast express A2aAR, 

which have been shown to be important for the modulation of the fibroblast 

proliferation and fibrosis (Epperson et al., 2009). They are also present I 
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coronary vessels, mediating dilation of both endothelial and vascular 

smooth muscle cells (Hein et al., 1999 and Teng et al., 2005). 

 

1.7.2.3 A2b adenosine receptors 
	

The A2bAR has the lowest affinity for adenosine compared to other three 

receptors. The expression is high in the colon and cecum and low 

expression is found in the heart. It regulates signaling via Gsα to stimulate 

AC activity, and also via Gq/11 to activate PLC. Some studies indicate 

A2bARs are expressed in myocytes and A2bARs are reported to modify 

ventricular function in mice (Morrison et al., 2002; Chandrasekera et al., 

2010). A2bARs are also expressed in cardiac fibroblast and mediate the 

vasodilation effect in mice (Morrison et al., 2002) and rats (Hinschen et al., 

2003) via NO and KATP channel dependent processes (Teng et al., 2008). 

 
	
1.7.2.4 A3 adenosine receptors 
	

The A3ARs show the most variable expression pattern across the species 

(Fredholm et al., 2000). Similar to A1AR, this subtype is able to couple with 

Gi protein with the consequent inhibition of AC, and Gq11 with the modulation 

of PLC and Ca handling (Lasley, 2011). The highest expression is found in 

the lung and liver and very low level in the heart.  Myocardial A3AR levels 

appear to be very low, with the absence of the protein in murine myocardium 

(Black et al., 2002). They act principally at the level of the arterial and in the 

other vascular smooth muscle cells (Zhao et al., 1997). 

 
1.8 Adenosine signaling pathways and regulation  
	

Generally, adenosine receptors signaling occurs through inhibition or 

stimulation of AC; although now there is evidence that different pathways, 
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such as phospholipase C (PLC), Ca2+ and mitogen-activated protein 

kinases (MAPKs), are also involved. In general, when there is the 

stimulation of the receptor, the subunit releases guanosine diphosphate 

(GDP), allowing the binding of guanosine triphosphate (GTP); the G protein 

complex dissociates into two components: α subunit and βγ subunit (Figure 

10). Gαi and Gαs have been associated with inhibition and stimulation of 

AC, respectively (Figure 10). The activation of the Gαs pathway is important 

in the modulation of calcium handling (Schroder et al., 1983). Gβγ on the 

other hand regulates adenosine action in the cell nucleus by modifying the 

expression of genes involved in cell growth and remodeling (Feldam et al., 

2007 and Wettschureck et al., 2005). 

 

 

 
 

 
Figure 10: Signalling pathway of adenosine receptors. Extracellular adenosine functions 

as signaling molecule by engaging cell surface adenosine receptors (A1, A2A, A2B and 

A3ARs). A1AR and A3AR are coupled to adenylyl cyclase (AC) by the inhibitory G-protein 

subunit (Gαi). With this patway a reduction of cAMP levels occurs. In contrast, the A2AAR 

and A2BAR can induce AC by the stimulatory G-protein subunit (Gαs) and therefore can 

induce intracellular cAMP levels. Activation of A1AR stimulates phosphatidylinositol 3-
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kinase (PI3K)/AKT pathway. (Feldam et al., 2007). 

 

 

The cAMP-dependent pathway is for sure the predominant mechanism in 

which these receptors work. However, other second-messenger system, 

such as phosphatidylinositol 3-kinase, tyrosine kinase and phospholipase C 

(PLC), can also be activated by AdRs (Ansari et al., 2008; Peart and 

Headrick, 2007; Tawfik et al., 2005). This pathway and its role in mediating 

the effect of adenosine on at the level of the coronary vasculature have not 

been clearly understood. Additionally, crosstalk between the cAMP/PKA 

pathway and the PLC/PKC pathway has also been reported (Germack and 

Dickenson, 2004). Currently, the mechanism of these two second-

messenger systems has reserved more attention in studies of ARs 

mechanism of action in the heart. 

 

1.9 β-adrenergic receptors and membrane microdomains  

 
The first evidence that not all cAMP signals are equal, in terms of the 

downstream responses they elicit, was provided almost three decades ago 

when studies in isolated perfused hearts showed that isoproterenol (ISO) 

and prostaglandin E1 (PGE1), although elevating intracellular cAMP to 

comparable levels and similarly affecting the PKA activity ratio, had very 

different effects on PKA substrates (Zaccolo, 2009). Over the years, a wide 

range of studies for the functional compartmentalization of the cAMP signal 

has accumulated and recently we have the possibility to obtain a better 

understanding of the spatial distribution of βAR signalling in the heart at 

nanoscale. Xiao et al. first suggested that βAR subtypes induce 

compartmentalized cAMP signal in cardiomyocytes (Xiao et al., 1994). 

Based on cAMP signalling distribution, the authors concluded that the 

activation of LTCCs appears to be in close proximity with β2ARs at the 

stimulation site, whereas the β1AR stimulation of LTCCs requires cAMP 

diffusion (Xiao and Lakatta, 1993). Later the development of genetically 
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encoded biosensors allowed the visualization of compartmentalized cAMP 

in neonatal cardiomyocytes directly (Zaccolo and Pozzan, 2002), which 

opened a new era of studying the exact mechanism of localized βAR 

signals. In the ventricular cardiomyocytes the production of cAMP induced 

by β2ARs stimulation appears to be confined in the T-tubules wile the 

production of cAMP induced by β1AR stimulation is found in both 

sarcolemma membrane and T-tubules (Nikolaev et al., 2010). These 

studies confirm the concept that the activation of β1ARs leads to an 

extensive distribution of cAMP signal troughout the cell, while the activation 

of the β2aARs leads to local signaling action. Local degradation of cAMP 

makes the signaling to be within the confined region, where it is required, 

and this represents an important aspect of cAMP compartmentation. This is 

a very important concept, opening different possibility for the investigation. 

In atrial cells, A1AR localization has not been confirmed yet, but its presence 

has been reported in the crest/caveolae domains (Figure 11). 

Phosphodiesterases (PDEs) are enzymes belonging to a family of 

hydrolases which catalyse the hydrolysis of the cyclic phosphate bond of 

the cAMP. There are 11 phosphodiesterase sub-families (Conti and Beavo, 

2007), and 7 of them are active in the heart: PDE1, PDE2, PDE3, PDE4, 

PDE5, PDE8 and PDE9 (Vandeput et al., 2007 Mongillo et al., 2006, Ahmad 

et al., 2015 and Lee et al., 2015). These PDEs have different specificity 

towards either cAMP or CGMP or both, and are located in distinct 

intracellular microdomains. 
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Figure 11: Microdomain distribution of adrenergic and adenosine receptors in atrial 

cardiomyocytes. β1AR is possibly expressed both in the cell crest and in the T-tubular 

network. It could be (or not) in close proximity to Cav3 lipid raft-forming proteins (stars). 

β2AR is preferentially expressed in the T-tubular network and is exclusively found within 

Cav3 domains. Catecholamines and adenosine could positively (via Gs proteins) or 

negatively (via Gs proteins) act on the AC-mediated cAMP production and thus regulate 

the action of PKA. PKA phosphorylates a number of targets such as the LTCC, RyR2, 

phospholamban, troponin I and myosin-binding protein C, which are important for the 

process of cardiomyocyte contraction or relaxation.  

 

1.10 Adenosine receptors and membrane microdomains: 
Caveolae   
 
One of the mechanism proposed for the regulation of the subcellular 

signaling is the concept of the compartmentation at the level of the cell 

membrane. These compartments, or microdomains often reside in the 

specialized plasma membrane domains lipid rafts. The presence of the 

structural protein caveolin delineates a specialized type of lipid raft, caveola, 
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a flask-shaped invagination (50–100 nm) of the membrane (Lasley, 2011). 

Caveolae were first discovered in the 1950 (Palade, 1953) and are known 

to play an important role for the organization of the signal transduction 

pathways; caveolae were named based on their morphology, appearing as 

“little caves”. The shape of the caveolae can also be modulated according 

with the phsysiological state of the cell (Palade and Bruns, 1968). 

Cholesterol is the major component of caveolae and its depletion makes 

caveolae flat shaped and eventually caveolae disappear from the plasma 

membrane (Simionesciu, 1983 and Rothberg et al., 1992). Chang et al. 

showed that a critical amount of cholesterol is required for the correct 

formation and maintenance of caveolae (Chang et al., 1992). There are 

three different isoforms of caveolin: caveolin 1, 2 and 3. They have different 

level of expression in the body. In the cardiac myocytes the most expressed 

isoform is the caveolin3 (Cav3) (Ferruccio et al., 2001 and Song et al., 

1996), which seems to be essential for the formation of caveolae in 

cardiomyocytes (Galbiati et al., 2001). Cav3 is crucial for the function of 

caveolae in cardiomyocyte, and it was found to be present in T-tubules and 

plasma membrane domains. Cav3 was found to be co- localized with T-

tubular membrane as an intermediator for the EC coupling process, 

supporting the interaction between T-tubule and RyRs (Calaghan and 

White, 2006). Patel et al. reported that G-proteins and members of G-protein 

signaling pathways are located in caveolae, showing their central role in the 

spatial control of the signaling inside the cardiomyocytes (Head et al., 2005). 

Recent evidence shows that adenosine receptor signaling could be 

regulated via membrane micro-domains and also that this regulation may 

involve the localization of these receptors in the caveolae. Different studies 

show A1AR to be localized in lipid raft/caveolae (Lasley, 2011 and Cavalli 

et al., 2007). Cavalli et al. observed that A1AR appear to co-

immunoprecipitate with caveolin-3, and immunofluorescence additionally 

showed that A1AR co-localise with caveolin-3 in cardiomyocytes (Cavalli et 

al., 2007). A1AR could be co-immunoprecipitated with Cav3 in adult rat 

ventricular cardiomyocytes (Garg et al., 2009). Despite observations about 
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the localization of the adenosine receptors in close proximity with the 

caveolae structure, the role of this specific localization and the effect that 

can occur remain unclair.  

 
1.11 Microdomain distribution of GPCR: T-tubule 
 
 

Ventricular cardiomyocytes possess an intricate transverse tubular system 

of membrane invaginations, which are able to form a network reaching deep 

inside the cell, creating a distinct and important microdomain (Gorelik et al., 

2013). All healthy ventricular myocytes have a well-developed and regular 

transverse T-tubular system. The T-tubular network present in mammalian 

ventricular cardiomyocytes, was first reported in 1956 by Linder and 

colleagues by using the electron microscopy (Linder et al., 1956). Later, 

using the two-photon live-imaging, Soeller and Cannell showed the 

complexity of the T-tubules which invaginate from the sarcolemma and form 

a network of periodically aligned tubules, variable in diameter (Soeller and 

Cannel, 1999). T-tubules play a crucial role in cardiac excitation-contraction 

coupling as they allow for the conduction of the electrical impulses to the 

center of the cardiomyocyte. T-tubules are known to be rich in ion channels 

and receptors that are involved in many processes important for mycocytes 

functionality (Orchard et al., 2009). For example, LTCCs are located in T-

tubules in close proximity to the sarcoplasmic reticulum which is a large 

internal store of Ca2+ that is released during CICR (Sipido & Cheng, 2013). 

T-tubules form a coupling with the SR membrane, known as dyads that are 

able to conducts action potential into the cell (Kaftan et al., 1996). This leads 

to the synchronous Ca2+ release that occurs throughout the cell with each 

depolarization (Soeller and Cannell, 1999). As it has been demonstrated 

recently, functional LTCCs are predominantly placed in the T-tubules of 

adult ventricular cardiomyocytes (Bhargava et al., 2013). βARs, that are 

important for the contractile process, are preferentially located in T-tubules: 

some of the β1ARs and exclusively all β2ARs.  
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In contrast to ventricular myocytes, in atrial cells the scenario is more 

complex. Initially, it has been accepted that only ventricular myocytes 

possess a real T-tubule organization that facilitates the synchronous rise in 

Ca2+, whereas atrial myocytes lack any such organization on their surface 

(Brette et al., 2002). The idea that only ventricular cells have T-tubules and 

that T-tubules are absent or less developed in atrial was largely disputed 

(Cordeiro et al., 2001 and Huser, 1996). In the last years, increasing amount 

of evidence shows that large mammalian species such as sheep, cows, 

horses and humans, possess atrial myocytes with well-developed T-tubular 

structures (Richards et al., 2011). Other evidence shows that some atrial 

myocytes possess a rudimentary T-tubule system compared to the 

ventricular one (Trafford et al., 2013). Currently, it has been accepted that 

approximately one third of rat atrial myocytes possess a T-tubular system 

(Frisk et al., 2014). There is evidence suggesting a correlation between the 

cell size and the presence of a well-developed T-tubule system. In this 

concept, smaller atrial myocytes (about 12.2 μm average width) possess 

disorganized or no T-tubules, while the bigger atrial cells (17.1μm average 

width) can have a well-developed T-tubule system; however, this system is 

not as prominent as in ventricular cells (Glukhov et al., 2015) (Figure 12). 

 

 

 

 
 

Figure 12: Optical images and topography scans (zoomed areas) of a ventricular cell and 

atrial cells with various degrees of organization of surface structures. T-tubules, crests, and 

non-structured areas are indicated by arrows. (Glukhov et al., 2015). 
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The formation of T-tubules and their maintenance during adulthood is not 

yet fully understood; however, it seems to involve various molecules. These 

molecules include Cav3 (Woodman et al., 2002), bridging integrator 1 

(BIN1) that may induce the curvature in membrane (Hong et al., 2010), 

tropomyosin (Vlahovich et al., 2009), telethonin (Tcap) and junctophilins for 

the correct association between T-tubule and SR (Han et al., 2013). In 

cardiomyocytes, a relationship between caveolae and T-tubule system has 

been suggested but not clearly defined. A study hypothesized that the 

formation of transverse-axial tubular system was derived from the repetitive 

generation of caveolae, which form "beaded tubules" (Forbes et al., 1984). 

Additionally, in the skeletal muscle, the loss of caveolae and the 

abnormalities in the spatial organization of the T-tubule system have been 

noted in the Cav3 knockout model (Galbiati et al., 2001). More 

investigations are required to clearly understand the role of caveolae in the 

possible development and maintenance of the T-tubule system in the heart 

and the possible change and relationship in disease.  

During the end stage of HF, in human and rodent ventricular myocytes, a 

disruption of the T-tubule network has been shown (Lyon et al., 2009). This 

dysfunction is able to create a critical substrate for the incorrect βAR and 

Ca2+ signalling (Nikolaev et al., 2010). The spatial relationship between T-

tubule, LTCCs, RyRs and SR has a crucial role in terms of efficacy and 

stability of CICR. Congestive HF is characterized by a reduction of T-tubule 

density in rodent failing hearts (Louch et al., 2006 and Song et al., 2006). 

Experimental disruption of T-tubule network produces changes that are 

similar to those observed in HF, with a lack of synchronous release of Ca2+ 

that leads to a slow Ca2+ transient (Lipp et al., 1996, Brette at al., 2005 and 

Brette at al., 2004). Generally different cardiac pathologies are associated 

with the progressive change of the T-tubule system. In this study, we will 

focus our attention on cardiac remodeling in HF and atrial fibrillation since 

they are the major causes of morbidity and mortality. 
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1.12 Interation between β-adrenergic receptors and 
adenosine receptors 
 
β-adrenergic and adenosine receptors are co-expressed in several cell 

types such as the mammalian heart. It has been reported that A1ARs and, 

equally, both β1 and β2ARs may function as homo-and heterodimers. A1AR 

can heterodimerize with A2aAR and with D1-dopamine and mGlu1α-

glutamate receptors leading to various functional ramifications (Ciruela et 

al., 2006 and Ginés et al., 2000). The β1 and β2ARs are also able to form a 

functional homodimers with numerous receptors such α2A-adrenergic, δ-

opioid, and somatostain receptors (Xu J et al., 2003). β1ARs can also 

heterodimerize with β2ARs increasing β2ARs internalization (Lavoie et al., 

2002). Additionally, adenosine and β-adrenergic receptors can functionally 

interact in a process in which A1AR inhibits the contractile response 

following the β-adrenergic receptor stimulation. Such process is well known 

as anti-adrenergic effect of A1AR (Song et al., 1996). However, the 

possibility that these receptors can interact with each other has not been 

extensively investigated. Chansraesekera et al. first reported that A1AR can 

heterodimerize with the family of βARs (Chandrasekera et al., 2013). These 

results suggest that the co-expression of A1ARs with β1 or β2ARs resulted 

in the formation of functional heterodimers. The formation of such complex 

results in altered pharmacological and signaling properties of the participant 

proteins. In addition, this data suggests that these receptors may form such 

constitutive heterodimers in the human heart. Using co-immunoprecipitation 

analysis, the authors revealed that A1ARs form a stable heteromeric 

complex only when two types of receptors were co-expressed in the same 

cell. The inability of these receptors to co- immunoprecipitate from cells that 

singly express these receptors indicate that the observed process of 

heterodimerization is not due to aggregation artifacts, which may occur 

during detergent solubilization. Double-label immunofluorescence results 

(Chandrasekera et al., 2013) indicated that A1ARs and β1ARs co-localize at 
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the plasma membrane. However, the co-localization does not confirm the 

heterodimerization. Such study could have physiological relevance in the 

cells where these two receptors are co-expressed, including the 

cardiovascular system. 
 

1.13 Adrenergic receptors during pathologies 
	
	
During the progression of heart failure the functionality of the 

cardiomyocytes and the βAR signalling pathways are subject to drastic 

alterations. Furthermore, because the cardiac efficiency in such condition 

diminishes, the sympathetic nervous system is increasingly activated in an 

attempt to maintain cardiac output (Esler et al., 1997). Excessive stress by 

overstimulating βARs activates a complex network of pathways, which 

interact and are able to initiate myocardial hypertrophy to preserve cardiac 

function. Several studies demonstrate that cardiac hypertrophy is an 

adaptive process that improves ventricular function in response to the 

growing workload (Chien et al., 1991). However, on the other hand cardiac 

hypertrophy could be a precursor for the onset of heart failure. The 

prolonged adrenergic stimulation may also induce electrophysiological 

disturbances in the heart, resulting in arrhythmia (Haft, 1974). Chronic 

adrenergic stimulation may act at the level of the expression of some 

components implicated on the βAR signal. Several studies show alteration 

of the cardiac β-AR system in failing hearts, with persistent β1AR stimulation 

and the consequent cAMP production leading to a maladaptive cell 

remodelling (Brodde 1993, Brodde and Michel 1999, Engelhardt et al., 

1996). These alterations include a significant reduction of β1AR subtype 

(correlated to disease severity), whereas the levels of the β2AR subtype 

remained unchanged (Engelhardt et al., 1996). In addition, there is a 

significant increase (up to 200%) of GαI levels, and significantly elevated 

βAR kinase 1 (βARK1) activity (Freedman and Lefkowitz, 2004). To 

compensate for this β1ARs are increasingly desensitized, internalized and 

degraded during the progression of the pathology (Xiang, 2011). The 
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reason why this downregulation in heart failure occurs exclusively for the 

β1AR subtype is not clear. In contrast the β2AR remain same in number but 

move from their specific position in the T-tubules to the whole sarcolemma 

(Nikolaev et al., 2010). This redistribution during HF leads to a change in 

the compartmentation of cAMP and may contribute to the failing myocardial 

phenotype.  

Even though all of these changes are well documented by different studies, 

their interpretation is often ambiguous. These changes may be interpreted 

as beneficial helping to protect the heart from the detrimental effect chronic 

βAR stimulation. On the other hand, they may be interpreted as deleterious 

as they can lead to further deterioration of heart failure. Depending of these 

different interpretations different therapeutic approaches and strategies 

could be used, in order to inhibit or, on the contrary, stimulate the βAR 

system. 

 

1.14 Adenosine receptors during pathologies 
 

Despite the beneficial effect of adenosine in the heart (described above), 

we hypothesized that adenosine and adenosine receptors could play a 

crucial role in the development of cardiac dysfunction, hypertrophy, and 

failure. This concept could be explained by the fact that in the cardiac 

scenario, adenosine receptors activate a cascade of downstream signaling 

molecules, where the most part of them are implicated in in cardiac 

hypertrophy, apoptosis, or the regulation of calcium fluxes (Figure 10). 

These signaling molecules include: Akt, protein kinase C (PKC), the nuclear 

regulatory proteins MEF2, CERB, HDAC, and c-Fos, the mitochondrial KATP 

channels, and the protein kinase A (PKA) signaling system that regulate the 

function of the calcium regulatory proteins phospholamban and Ca2ATP-

ase (Feldman et al., 2011). Although there is some scientific evidence about 

the role of A1AR during cardiac pathologies, mechanism of its action 

remains clairly unknow. Indeed, the possible involvement of adenosine and 

adenosine receptors in the modulation of Ca2+ handling and the specific 
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effect of the signaling pathway through adenosine receptors in failing heart 

remain unknown. 

 

1.15 Heart Failure and atrial fibrillation 
 
Heart failure, often referred to as congestive heart failure (CHF), is a global 

term used to describe a physiological condition in which the heart is unable 

to pump sufficiently blood flow to the body’s need. HF is associated with 

progressive structural and functional modification resulting in inefficient 

cardiac function. Such condition is present in acute state or could be a 

develop that lead in a chronic state. 

A wide range of cardiovascular diseases such as arterial hypertension, atrial 

fibrillation, valve disease, and cardiomyopathy can contribute to CHF, and 

are the major causes of mortality worldwide causing more than 7.4 millions 

deaths annually (this number is expected to rise in the next year) (World 

health organization, 2015). A complex links with other cardiovascular 

disorders, e.g. atrial fibrillation (AF) is present (Anter et al., 2009). AF is the 

most common type of cardiac arrhythmia and is characterized by rapid and 

irregular beat of the heart. The incidence of AF increases with advancing 

age, with an annual incidence per 1,000 person-years of about 3.1 cases in 

men and 1.9 cases in women 55 to 64 years of age, rising to 38.0 and 31.4 

cases in men and women 85 to 94 years of age (Benjamin et al., 1994). The 

clinical risk factors for AF include advancing age, diabetes, hypertension, 

CHF, valve disease, and myocardial infarction. The association between AF 

and HF was appreciated almost a century ago (Mackenzie, 1914). However, 

the exact pathophysiological mechanisms underlying such association have 

not been fully understood (Anter et al., 2009 and Knollman et al., 2008). 

Prevalence of AF increases 6-fold when CHF is present (Anter et al., 2009) 

and there are several evidences showing the prevalence of AF in HF trials 

(Ehrlich et al., 2002 and Benjamin et al., 1998). In the healthy heart, the 

pacemaker cells within the sino-atrial node initiate every heart beat (Levick, 

2010). After that, there is a process that converts this electrical signal into 



	
47	

the mechanical contraction of the cardiomyocytes: “cardiac excitation-

contraction coupling”. Into this process the calcium ions (Ca2+) play an 

important role; the electrical signal goes through the atrial causing them to 

contract and fill the ventricles with blood. Every dysfunction in any part of 

this coupling process can lead to abnormally beat or to fibrillate, resulting in 

inefficient blood supply for the body (Knollman et al., 2008). During 

pathological conditions, pathophysiological interaction between atrial and 

ventricular tissue may occur. During AF, the alterations occurred in atrial 

tissue can also influence the ventricular function and may lead and non-

regular ventricular rhythms. The effects of AF on ventricular function and 

the consequences of LV dysfunction on the atria lead to a vicious circle, in 

which AF promotes ventricular dysfunction, these dysfunction causes atrial 

remodeling that further promotes AF (Iwasaki and Nattel, 2011). 



	
48	

1.16 Hypothesis and aims 
 

The cardiac contraction is generated by the highly orchestrated activity of 

numerous proteins, including regulatory receptors and ion channels. 

Cardiomyocytes express a wide range of regulatory receptors, such as 

adenosine and β-adrenergic, the two very important receptor subtypes in 

the heart. The previous paragraphs highlighted the current knowledge about 

adenosine and β-adrenergic receptors distribution and functionality in the 

cardiomyocytes and in the heart. In particular, it is evident from the previous 

knowledge that these receptors are spatially compartmentalized in a variety 

of distinct subcellular mircrodomains. The membrane microdomains, 

including caveolae and T-tubules, are responsible for the specificity of 

different receptor pathway necessary for the correct physiological activity of 

the cells. We hypothesize that the receptor compartmentation at the cell 

membrane will impact on the subcellular signallling following stimulation of 

the receptor.  

It is well known that adenosine plays a key role in the protection of the heart 

from excessive β-adrenergic stimulation (anti-adrenergic effect), which may 

cause cardiac hypertrophy. Specifically, A1 adenosine receptor subtype 

antagonizes the β-adrenergic receptor signal in the heart. For these 

reasons, it would also be interesting to understand how the interaction 

between these two receptors takes place in the membrane microdomains 

of the cardiomyocytes, in normal heart and in heart failure.  During the 

pathological remodeling, the architecture and the structural integrity of the 

cells are drastically altered, inducing the redistribution of the receptors 

(Nikolaev et al., 2010) that leads to a change of the compartmentation of 

cAMP and may contribute to the failing myocardial phenotype. However, the 

exact mechanism of the molecular remodelling that usually occurs during 

heart failure has not been described yet. We hypothesize that protective 

effect of adenosine against excessive catecholamine stimulation is lost in 

failing cardiomyocytes, where structural disruption of microdomains leads 

to molecular remodeling. 
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The main aims of this thesis are: 
 

1) To explore the functional role of the anti-adrenergic effect of 

adenosine in healthy and disease hearts. Investigate the anti-

adrenergic effect of A1 adenosine receptor agonist on cell contraction 

in both healthy atrial and ventricular rat cardiomyocytes. Study heart 

failure associated changes in adenosine A1 receptors effect, by using 

a 16-weeks post-myocardial infarction rat model of heart failure. 

 

2) To dissect cellular mechanisms of the anti-adrenergic effect of 

adenosine on the cAMP level. Study the A1ARs effect on whole-cell 

cAMP level using FRET measurements in control Epac-1 mice, in 

both atrial and ventricular myocytes. Investigate the A1AR dependent 

cAMP signalling during heart failure. Characterise microdomain-

specific localization of anti-adrenergic effect of adenosine in atrial 

cardiomyocytes. 

 

3) To study molecular mechanisms of the anti-adrenergic effects of 

adenosine, in control and during failing conditions, by using a rat 

model of heart failure (16-weeks post-MI). 

 

4) To translate the observed findings from the animal model into human 

atrial cardiomyocytes. Compare cell contraction and whole-cell 

cAMP level, and investigate the molecular mechanisms that occur 

during different pathologies in several group of human patients. 



	
50	

CHAPTER 2. Materials and Methods	 
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CHAPTER 2. Material and Methods  
 

2.1 Animals  
	
Procedures involving animals and their care conformed to institutional 

guidelines in compliance with the criteria of Animals in Scientific Procedures 

Act 1986 (ASPA, 1986). 

 

2.1.1 Sprague Dawley Rats 
 

The study population used in this work consisted of both male and female 

out-bred, wild type rats (Rattus Norvegicus), obtained from Harlan 

Laboratories (Wyton, UK). This strain is one of the most common used 

outbred strain present in research. The animals were placed in special 

cages at a density of 4-6 per cage until the onset of the experiments, in a 

temperature-controlled room at 20-24°C, with 12-hour light/dark. Male were 

sacrificed for the adult cardiomyocytes isolation when >250g, female when 

>190g. 

 
 
2.1.2 Rat Heart Failure Model 
 
To study the remodelling of GPCR signalling in single cardiomyocyte in the 

settings of cardiac pathology, a model of chronic myocardial infarction (MI) 

in adult Sprague-Dawley rats was used. This model was obtained via the 

ligation of the left anterior descending coronary artery to induce chronic MI, 

as previously described (Lyon et al., 2009). Briefly animals were 

anaesthetised and placed in ventral recumbence; the dorsal mid-lumbar 

region was shaved and the antibiotic agent was applied. The chest and the 

pericardium were opened surgically and a suture was made around the left 

anterior descending artery to bound and constrict the blood flow. As a 

control, sham animals were used, in which no constriction of the blood flow 
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occurred, but the suture was bound only loosely around the artery. After this 

process, animals were placed back to the special cage until the complete 

recovery. The parameter of the ejection fraction volume was determined at 

4, 8 and 16 weeks post the surgical procedure via echocardiography 

recordings to obtain an indicator of wall contractile function. 

 

2.1.3 EPAC-1 mice  
 
Both male and female mice of FVB/N strain were also obtained from Harlan 

Laboratories (Wyton, UK). Male mice of this strain that transgenically 

homozygously expressed the cAMP-sensing FRET construct Epac-1, were 

given from Professor Viacheslav Nikolaev, Hamburg University, Germany. 

All males were separated and placed in a cage alone, females were housed 

at a density of 5-6. All animals were maintained on a 12-hour light/dark 

cycle. They were sacrificed for the adult cardiomyocytes isolation when 

>20g.  The transgenic mice were prepared by cloning the DNA sequence of 

the Epac1-camps Sensor into pB-βAKT vector between KpnI and EcoRV 

restriction sites (Nikolaev et al., 2006).  This process allows the uniform 

distribution and expression of the Epac-1 sensor in all tissues. 

	
	
2.2 Human patients  
 

2.2.1 Patients screening  
 

Patients examined during this work were enrolled from routine cardiac 

surgery. The permission to obtain heart tissue biopsy was received from the 

respective patients. The clinical information (anamnesis data, 

electrocardiogram and echocardiography data etc) were used to establish 

the main cardiac disease and to allow the classification of the patients in 

different groups. Human biopsies were collected either during mitral valve 

(MV) surgery or during bypass surgery as well as from dilated (DCM) and 
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ischemic cardiomyopathy (ICM) heart transplant with and without left 

ventricle assistant devices (LVADs). For reasons of patient anonymity 

identification and personal data are not available in this thesis. 

 

2.2.2 Biopsy storing  
 
Tissue was obtained from human subjects in agreement with the 

Declaration of Helsinki developed for the medical community by the World 

Medical Association (WMA). The study performed was approved by a UK 

institutional ethic committee (Ref: 12/WA/0196 + 11/LO/1874). 

Biopsies were collected during cannulation for coronary artery bypass 

grafting (CABG) or valves replacement operation from both the right and left 

atria. Excised tissue was placed in cold low calcium solution adjusted for 

human tissue storing (see in section 2.3.4 details for composition), until the 

transport to laboratory. Collected tissue was immediately used for 

cardiomyocytes isolation. In addition, to investigate possible molecular 

mechanisms, small pieces of tissue were frozen and stored at −80°C (where 

this was possible depending on the size of the tissue), for future PCR and 

Western Blot analysis. 

 

2.3 Cardiomyocytes isolation 
	
	
2.3.1 Rat ventricular Cardiomyocytes isolation 
 
Sprague-Dawley rats were anesthetized with 5% isoflurane- 95% O2; 

heparine was injected to prevent blood coagulation, and then they were 

humanely killed by cervical dislocation. The chest and the pericardium were 

opened to fully expose the thoracic cavity. Heart and lungs were promptly 

removed and placed in ice cold Krebs-Henseleit (KH) Buffer (119mM NaCl, 

4.7mM KCl, 0.94mM MgSO4, 1mM CaCl2, 1.2mM KH2PO4, 25mM 

NaHCO3, 11.5mM glucose; 95% O2, 5% CO2). The tissue was moved into 

a Petri-dish with ice cold KH solution. Lungs and thyroid pericardial fat were 
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removed from the heart, leaving only the aorta intact to allow a clear view 

for the cannulation. Heart was cannulated using the aorta with the 

Langerdoff settings. The first part of the isolation protocol was to perfuse 

the all heart with KH at 37°C for 5 minutes. After this time the KH buffer was 

switched to a low calcium (LoCa2+) buffer (12-15μM CaCl2, 120mM NaCl, 

5.4mM KCl, 5mM MgSO4, 5mM pyruvate, 20mM glucose, 20mM taurine, 

10mM HEPES, 5mM nitrilotriacetic acid (NTA); 100% O2). Rapid cessation 

of beating confirmed that the LoCa2+ buffer had removed calcium from the 

heart and that perfusion was going properly. After 5 minutes of LoCa2+ 

administration, a solution containing 1mg/ml Collagenase II and 0.6mg/ml 

Hyaluronidase (C+H) in enzyme (Enz) buffer (12-15μM CaCl2, 120mM 

NaCl, 5.4mM KCl, 5mM MgSO4, 5mM pyruvate, 20mM glucose, 20mM 

taurine, 10mM HEPES,150μM Ca2+) was perfused into the heart for 10 

minutes. Later, when the enzymatic degradation was finished, the perfusion 

system was switched off and the all heart was placed in a petri-dish and 

dissected. The right ventricular free wall and atria were removed. Left 

ventricle was minced and placed in a fresh falcon tube with C+H. The 

samples were shaken mechanically at 35oC for 5 minutes; at this point the 

supernatant was filtered through 200-μm nylon mesh and replaced with new 

buffer for isolation. This process was switched off after 30 minutes and then 

the resulting digested tissue was centrifuged for 1 minute at 700 rpm. The 

supernatant was removed and discarded, in contrast the pellet was 

resuspended in Enz buffer without the enzymes until the beggining of the 

experiments (Nikolaev et al., 2010). 

 

2.3.2 Rat atrial Cardiomyocytes isolation 
 
Similar to ventricular isolation, for rat atrial cardiomyocytes isolation, the 

heart was extracted and cannulated using Langendorff apparatus. In the 

first part of the protocol, the heart was perfused with KH solution for 5 

minutes, then with the LoCa2+ for additional 5 minutes, as for ventricles.  
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The most important difference between the two types of isolation was that 

the collagenase step was preceded by 19-20 minutes of perfusion with a 

solution containing Enz buffer plus proteinaise (Type XXIV, Sigma, 7.8 

mg/ml). After this, the atria were removed, cut into small pieces, re-

suspended in enzyme solution, containing only collagenase (1 mg/ml), 

placed in falcon tube and shaken in a water bath at 37°C for 6 minutes. 

Then the tissue was filtered through a 200-μm nylon mesh and the digested 

tissue was centrifuged for 3 minutes at 600 rpm. The supernatant was 

removed and discarded, as before, and the pellet was left in fresh Enz buffer 

without the enzymes until the beggining of the experiments.  

 
2.3.3 Epac- mouse cell isolation  
 
 
Mice, were anesthetized and then were killed by cervical dislocation. As 

described before, the heart and lungs were removed and placed into ice 

cold KH solution. After heart remotion, lungs, tymus and the other tissues 

were also dissected away from the aorta; given the small size of heart the 

aorta was cannulated with the useful help of a stereomicroscope and the 

perfusion with KH solution started for 5 minutes at the temperature of 37°C 

via the Langerdoff apparatus. After this step, the perfusion of KH solution 

was switched off and the perfusion with the LoCa2+ solution started for 

another 5 minutes. When the perfusion with LoCa2+ solution was finished, 

we switched to a solution containing Enz buffer plus proteinase (3.8 mg/ml) 

for an additional 4-6 minutes, depending on the size of the heart. The last 

step of the protocol included the perfusion of the heart with the Enz solution 

containing collagenase (1 mg/ml) for 5 minutes. At the end the heart was 

removed, atrial and ventricular tissues were separately triturated and filtered 

in 3 different tube (right atrium, left atrium and left ventricle) and leaved for 

at a least 10 minutes. Thus, the supernatant was discarded and the pellet 

was suspended with a fresh enzime-free buffer. The tubes containing the 

cells were left at room temperature until the beginning of the cell plating 

procedure. 
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2.3.4 Human atrial cardiomyocyte isolation 
  
After the collection, the human tissue were placed in cold LoCa2+ solution, 

adjusted for human tissue storage ((pH 6.95) (Ca2+ (12mM), MgSO4 (5mM), 

KCl (5.4mM), NaCl (120mM), Glucose (20mM), 4-(2-hydroxyethyl)-1- 

piperazineethanesulfonic acid (HEPES, 10mM), nitrilotriacetic acid (NTA, 

5mM), taurine (20mM) and pyruvate (5mM)). Atrial cardiomyocytes were 

isolated by enzymatic dissociation and mechanical disaggregation using 

modification of Harding’s isolation protocol (Workman et al,. 2001). The 

tissue was leaved in the cold human LowCa solution and minced in small 

pieces of 1-2 mm. Once cut into small pieces, tissues were quickly 

transferred into a new falcon tube, containing 10ml of oxygenating LoCa2+ 

solution and manually shaken for 3 minutes to remove blood clots; this step 

was repeated three times until the small pieces of tissue looked clean. After 

the cleaning processes, tissue was placed into a new tube with Enz buffer 

plus protease (Type XXIV, Sigma, 0.36mg/ml) and collagenase (type V 

Sigma, 0.5mg/ml). The solution was bubbled with oxygen (95%) and 

mechanically shaken for at least 10-15 minutes, until the tissue started to 

looks white/translucid. The cardiac tissue was filtered with the nylon mesh 

200 um used for all type of isolation describe before. The tissue was then 

digested with collagenase (1 mg/ml). After 2/3 step of 10 minutes each, the 

tissue was filtered and the all solution was centrifuge at 600 rpm for 3 

minutes.  The supernatant was then removed, leaving the cell pellet at the 

bottom. At this time, a fresh Enz solution was transferred in the tube and the 

cells were leaved until the onset of the experiments (Voigt et al., 2013).  

 

 

2.3.5 Cardiomyocytes plating and culture 
	
 
After isolation, cardiomyocytes were plated on to laminin-coated glass 

bottom dishes (MatTeK Corporation, Ashland, USA) or laminin-coated glass 
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coverslips (Thermo Scientific, VWR International, # 12392108).  Laminin is 

a heterotrimeric protein of glycoproteins with high molecular weight ~400 

kDa forms extracellular matrix and the basal membrane in many tissue, 

including heart. Laminin was applied (10/20 µL for each dish) and was left 

to dry to the bottom of each dishes. After checking the laminin dry (at least 

10-15 minutes later the plating), the cells were placed on the top and leaved 

for at least 1 hour before experiments. This is the time needed for the cells 

to attach to the bottom of each dishes (Kleinman et al., 1985; Lundgren et 

al., 1988 and Boateng et al., 2005). Cardiomyocytes isolated from mice 

were used in the same day of isolation and for this after the plating they 

were fast used for the experiments. Rat cardiomyocytes, after the plating 

were incubated at 37°C and 5% CO2 in the presence of modified M199 

culture medium. They can also be used on the same day of the experiments 

for contraction recordings. Modified M199 culture medium was made up 

from 500 ml M199 medium in addition with creatine 5mM, taurine 5mM, 

carnitine 5mM, 1g bovine serum albumin, ascorbate 100mM and 

penicillin/streptomycin 100mM. Human isolated cardiomyocytes were used 

on the same day of the isolation or were first incubated for 1h in recovery 

medium (M199 with the addition of fetal bovine serum 10ml/L) and then 

leaved in the presence the modified M199 medium in which was add the 

adenovirus FRET biosensors for 48h.  

 

2.4 Functional investigation of cardiomyocytes 
 
2.4.1 Ionoptix System 
 
The Ionoptix system was based around a Myocam camera (Ionoptix Corp. 

Milton, MA).  attached to an inverted microscope (Nikon TE-200) This 

camera was connected to a PC to allow the view of the cell in the real time 

(Figure 2.1). The images of the cells were acquired during different 

protocols and analyzed with the IonWizard 8 software package. The cells 

were suspended in a specific chamber and placed on the microscope; then 

were field stimulated (50 V, 0,2 Hz for human cells, 0,5 Hz for rat cells, and 
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1 Hz for mouse myocytes) by constant depolarizing pulses from platinum 

electrodes placed on opposite sides of the cell chamber connected to a 

simulator. During experiments cells were perfused with KH solution at the 

temperature of 37°C using a peristaltic pump. Depending on protocol the all 

pharmacological agents were added in KH buffer for at least 10 minutes. 

 

 

 

	
     
Figure 2.1: Schematic rapresentation of the Ion Optix system used for the measurement 

of isolated cardiomyocyte shortening upon pacing. 
The cells had been selected for experimental protocols when following the 

subsequent morpho-functional parameters:  

 

- Rod-shaped,  

- no spontaneous contraction 

- stable contraction and relaxation during 10 minutes of the baseline 

recording. 
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The cells length at the baseline were representative as the length of the cell 

during the diastole (before the application of the electrical stimulation). 

When the pacing current was applied we were able to observe the 

shortening of each cells; the differences between the cell length during the 

contraction and relaxation is defined as cell shortening. This value was used 

to measure the contractile amplitude. Another parameter that we were able 

to measure was the lusitropy effect by the value named R50 or R90. This 

parameter was the value of the time taken from the cells to restore 50% or 

90% of the shortening produced by the electrical stimulation (Figure 2.2). 

For our investigation, we used different pharmacological agents and 

different protocols that will be discussed in the next chapters. 

 

 

 
 
Figure 2.2: Phases of displacement transient: Examples of baseline (B), deflection (D), 

peak (P), and recovery (R) phases of the transient. 
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2.4.2 Forster resonance energy transfer (FRET) 
 

FRET technique is based on the physical phenomenon of partial, non-

radiative energy transfer between two fluorophores with partially 

overlapping excitation and transmission energies when in close proximity 

(several nm). A “donor” in electronic excited state transfers energy to an 

“acceptor” of lower energy via non-radiative transfer. The energy transfer 

efficiency is dependent on the sixth power of the distance between the 

donor and the acceptor, making the technique extremely sensitive to small 

changes in distance. Our system consisted of an ORCA-ER camera 

(Hamamatsu Photonics) attached to an inverted Nikon TE2000 microscope 

(Nikon) equipped with 100W halogen lamp light source, Lambda 10-B 

shutter (Sutter Instruments) with a 436/20nm excitation filter and a DualView 

beamsplitter (Photometrics) which consists of DM505 dichroic mirror and 

filters (D535/40 and D430/30) to separate YFP and CFP images, which 

were projected to the camera sensor simultaneously (Figure 2.3). The 

images collected using the Micromanager 1.4 program and the ratio of YFP 

to CFP was calculated using a custom-made plug-in.  
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Figure 2.3: Schematic figures of the FRET Microscopy system used for isolated 

cardiomyocyte cAMP level measurement  

 
 
Solutions were applied to cells directly in the dish. Reagents and all FRET 

microscopy studies were performed utilizing a HEPES based FRET buffer 

(NaCl 144mM, HEPES 10mM, MgCl2 1mM, KCl 5mM – pH7.4).  

 

2.4.3 EPAC-1 sensor 
 
Trasgenic mouse expressing the EPAC-1 sensor was generated previously 

(Nikolaev et al, 2006). The sensor construct is based on cyan fluorescent 

protein (CFP) fused to the cAMP binding domain of the type 1 exchange 

protein activated by cAMP (EPAC1) and yellow fluorescent protein (YFP).  
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Upon cAMP binding and the resulting conformational change, a reduction 

in Forster resonance occurs, which indicates cAMP presence. The 

advantages of using these mice; include, firstly, that the sensor is expressed 

equally in all cells, and, secondly, freshly isolated cells can be investigated 

without the need of transfecting and associated adverse effects of a 

prolonged cell culture.  

  

 

 
 

Figure 2.4: FRET measurement principle of relative cAMP levels. Left hand side: In the 

absence of cAMP the FRET donor CFP gives part of its energy in a non-radiative fashion 

to the proximal, FRET acceptor YFP. Right hand side: The presence and binding of cAMP 

leads to a conformational change of the FRET biosensor, which removes YFP from the 

proximity of CFP, which in turn can no longer transfer any energy onto YFP. (Modified from 

Nikolaev  et al., 2010). 

 

2.4.4 RII –EPACsensor   
	
	
The sensor part of the RII-EPAC sensor is formed by the EPAC1 cAMP 

binding domain fused to the regulatory subunit of PKA-RII and flanked by 

CFP and YFP as in the above mentioned cytoplasmic sensor. The sensor 

protein binds to the cellular components associated with the particulate 

fraction of cellular PKA. The cAMP that reach this sensor could be able ro 

influence the contractility, considering that the RII compartment contains the 

PKA that is responsible for the modulation of the cell contraction. This 

sensor is a kind gift of Professor Manuella Zaccolo (Oxford University).  
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2.4.5 Culture of cardiomyocytes for FRET 
 
Immediately after cells isolation, the cells were placed on laminin-coated 

25mm coverslips or mattek dish. 45 minutes later, dead and non-attached 

cells were washed out and the coverslips were cultured in Mdeium199 

(0.5mg/ml BSA, 0.66mg/ml creatine, 0.66mg/ml taurine, 0.32mg/ml 

carnitine at 37oC and 5%CO2). Coverslips were removed from the culture 

media for use, washed with a buffer solution containing 144mM NaCl, 

5.4mM KCl, 1mM MgCl2, 2mM CaCl2 and 10mM HEPES, pH=7.3, and 

clipped into a 200μl 25mm coverslip holder containing the same solution. 

For the rat cells the adenovirus expressing the FRET construct was 

introduced into the culture medium at a specific concentration and left with 

the cells for at least 48 hours. 

 

 

2.4.6 Scanning Ion Conductance Microscopy (SICM) 
 
For the structural characterization of cells, SICM was used. This technique 

is a non-invasive, nano-scale resolution methodology that was invented by 

Hansma et al. in 1989; in this methodthe glass nano-pipette is used as a 

scanning probe for the non-contact visualization of the cell surface of living 

cells (Hansma et al., 1989). Initially, SICM was used only for the 

visualization of the smooth surface. Recent introduction of the hopping 

mode of SICM overcame this restriction and enabled the visualization of the 

protruding nano-structures such as microvilli (Novak et al., 2009). Hopping 

mode SICM was used to visualize the surface of cardiomyocytes in the 

present study. The pipette was generated with the P-2000 laser puller 

(Sutter Instrument) in which borosilicate glass capillary BF100-50-7.5 

(IntraCel) were inserted to create a nanopipette with the necessary tip size 

(with 80-100MΩ resistance) to resolve nano-scale structures present on the 
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cardiomyocyte surface, like the T-tubule openings and crests. The dish with 

cells was placed on top a piezoelectric stage, which can move in the x and 

y direction. The nano pipette was filled with the electrolyte solution and then 

an electrode was placed inside. The nano-pipette was fixed in a pipette 

holder attached to a piezo-actuator that can move in Z direction (up and 

down); then the nano-pipette was brought into solution above the cells and 

an ion current was established between the nano-pipette and the electrode 

in the bath. (Figure 2.6). A feedback system that registers the ion flow 

between the two electrodes is controlled via the dedicated software IonView 

(IonScope, UK) and in the same time the nanopipette vertical position at 

each scanning position in X/Y dimensions was recorded, which generated 

a topography image of the cell surface. Another advantage was that through 

the nano-pipette we could apply an agonist or an antagonist to the particular 

receptor located on a specific structure on the surface of the cells, which 

was identified while scanning. This was achieved via pressure application 

to the pipette (Nikolaev et al., 2010 and Miragoli et al., 2016) or by reversal 

of the electric polarity of the two electrodes, releasing charged substances 

(such as isoprenaline). 
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Figure 2.6: Schematic representation of the SICM microscopy system used for isolated 

cardiomyocyte atrial cardiomyocytes visualization  

 

For this work we used a custom-made combination of a SICM/FRET 

microscope (see materials and methods chapter 4). Briefly the SICM allows 

to check the cellular topography and to apply different drugs to a specific 

area of interest; in addition, because the system was in a combination with 

the FRET, after the application of the substance trough the nanopipette, we 

were able to investigate the local effect after that application. With this 

modality (SICM/FRET) we provide a specific way for looking at the GPCR 

functionality and cAMP compartmentation.  

 

 



	
66	

2.5 Molecular investigation  
	
 
2.5.1 Real-time polymerase chain reaction 
 
 
To explore the possible change occurring during heart failure conditions, the 

mRNA expression profiles of key cardiac contractile proteins, was 

investigated. Particularly we measured the expression levels for both β1 and 

β2 adrenergic receptors, all three adenosine receptors subtype and cav3. In 

this thesis, we had the possibility to study the mRNA expression profiles of 

these receptors in control and rat heart failure model tissue and also in 

human patients. We divided the human patients in four groups: healthy (no 

HF, no AF) human patients, HF and AF human patients, HF human patients 

and AF human patients (see chapter 6). Total RNA was extracted from 

around 30 mg of atrial tissue with the use of specific KIT for the extraction. 

For rat atrial tissue, we just extracted the RNA from all atria together or from 

each atrium separately; for human tissue, when it was storing in Krebs 

solution we kept one small piece, 30 mg (if this was possible). The RNA was 

measured using the Thermo Scientific NanoDrop 1000 Spectrophometer 

and the PCR analysis was performed using SYBR Green JumpStart taq 

ReadyMix (Sigma) in an Eppendorf Mastercycle EP Realplex machine. 

Relative expression analysis was performed using the ΔΔCt method. 

 

2.5.2 Western blot analysis	

 	
To study the protein levels in both disease and control conditions, Western 

blot analysis was performed. We were able to check the protein levels of A1 

adenosine receptors and Cav3. Atrial tissue was snap-frozen in liquid 

nitrogen. Tissues were lysed in lysis buffer to allow the protein extraction. 

50 µg of extracted proteins were loaded on 4-20% Midi-Protean TGX 

precast gels (BioRad) (see chapter 6 for protocols details). Western blot 

analysis was performed using the following antibodies: Caveolin 3 (cav3) 
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(BD), A1 adenosine receptor (A1adoR) (Alomone Lab), GAPDH 

(Cellsignaling). Immobilon Chemiluminescent Substrate (Millipore) was 

used to develop blots using a Chemidoc MP Imaging System (Bio-Rad). 
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CHAPTER 3. Effect of adrenergic and 
adenosine stimulation on cardiomyocytes 
contraction. 
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CHAPTER 3. Effect of adrenergic and adenosine 
stimulation on cardiomyocytes contraction. 
 

    3.1 Introduction 
 
Adenosine action in the heart is mediated by four G-protein coupled 

receptors: A1AR and A3AR, which act via Gi, and A2aAR and A2bAR 

which act via Gs. All four receptors subtype are expressed in the heart, 

with different mRNA levels (Headrick et al., 2013). In the heart the most 

expressed receptor is A1AR, followed by A2aAR whereas much lower 

expression of A2bAR and A3AR is noted. 

Adenosine receptors mediate a wide range of actions, regulating 

faithfully cardiovascular function, improving cellular energy balance and 

promoting cellular resistance to stress or injury (Headrick et al., 2013). 

However, adenosine receptors activation is not restricted to conditions 

of stress; they are involved in various responses, from modulation of 

coronary flow and contraction to cardio-protection, being sensitive to 

even mild perturbation in energy state and cell signaling pathways.  

Adenosine is produced and released mainly during myocardial 

ischaemia and reperfusion and has multiple actions in the heart; it is 

produced not only by cardiomyocytes, but also by endothelial cells. 

Adenosine is known to be cardio-protective with the following effects: it 

attenuates the release of cathecolamines, βARs-mediated myocardial 

hypercontraction and myocardial Ca2+ overload via adenosine A1 

receptors (Masafumi and Masatsugu, 2000). On the other hand, it 

increases coronary blood flow via A2 adenosine receptors (Masafumi 

and Masatsugu, 2000). These effects are able to inhibit and delay the 

deleterious consequences of ischemia/reperfusion injury in the heart. 

For these reasons, adenosine could be implicated in the process of 

cardio-protection and could also attenuate the severity of the heart 

failure. Adenosine is physiologically present in the heart and has been 
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reported to attenuate the isoprenaline-induced increase in cardiac force 

of contraction in several species (Schrader et al., 1977 and Rockoff and 

Dobson, 1980), in a process well known as anti-adrenergic effect. Such 

effect can occur in the presence of adenosine alone (direct effect) or in 

the presence of an additional stimulation (indirect effect). Adenosine 

anti-adrenergic effect is mediated via A1AR, and involves Gαi inhibition 

of PKA activated by β-adrenergic receptor pathway (Dobson, 1983) and 

modulation of β1ARs stimulated Gs cycling (Fenton and Dobson, 2007). 

It is also known that the A1ARs could act upon β-adrenergic responses 

in a PKC-dependent process (Dobson et al., 2008) involving Gβγ 

(Fenton et al., 2010).  

Bohm et al. investigated the antagonism between adenosine and 

isoprenaline influence on the force of contraction in both atrial and 

ventricular muscle preparations from guinea-pig hearts. They observed 

that adenosine added 5 minutes after isoprenaline, decreased force of 

contraction and abolished completely the positive inotropic effect of 

isoprenaline on atrial muscle preparations. The situation was similar in 

the ventricular muscle preparation, but the effect was much smaller then 

in the atrial preparation (Bohm et al, 1984). A similar result was observed 

by Geoffrey et al. The authors studied the effects of adenyl compounds 

on rat atrium and ventricle muscle. They reported that adenosine 

produced negative inotropic effects on the rat atrium but the same effect 

was not present in the ventricle muscle (slightly enhanced the contractile 

force but this effect was not significant) (Geoffrey et al., 1983). These 

experiments clearly show that the anti-adrenergic effect of adenosine is 

much more robust in atrial muscle compared to ventricle. Changes in 

adrenergic control were studied in several disease model. For examples 

in spontaneously hypertensive rats the effect of A1ARs stimulation 

followed adrenergic activation was completely abolished (Tang et al., 

1998). Furthermore, Chansraesekera et al. first reported that A1ARs 

can heterodimerize with the family of beta adrenergic receptors 

(Chandrasekera et al., 2013). These results suggest that the co-
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expression of A1ARs with β1 or β2-adrenergic receptors resulted in the 

formation of a functional heterodimers. This complex presents altered 

pharmacological and signaling properties of different pathways.  

One mechanism proposed for the regulation of the cellular signaling is 

the compartmentalization at the cellular membrane level. Significant 

evidence has accumulated that adenosine receptor signaling could be 

regulated by membrane microdomains (Lasley, 2010). Such specific 

regulation may include the localization of adenosine receptors in 

caveolae or lipid rafts. Although the observations of the localization of 

A1ARs in caveolae membranes, the role that this specific localization 

could play on adenosine signal pathway remains unclear.  

Given that the adenosine receptors in the heart activate a cascade of 

downstream signaling molecules, many of which are implicated in 

cardiac hypertrophy, apoptosis, or the regulation of intracellular calcium 

flux, we hypothesize that such receptors could play a crucial role in the 

development of cardiac dysfunction, such as heart failure. Additionally, 

considering that adenosine seems to attenuate the detrimental 

neurohumoral factors in the pathophysiology of heart failure, it may 

become a new drug for the treatment of congestive heart failure. 

However, the modulation of adenosine and its anti-adrenergic effect 

during heart failure is not fully investigated. Since adenosine was 

investigated as cardio-protective agent during the condition of heart 

failure, it became important and interesting to analyze the adenosine 

receptors activity in different situations.  

To study atrial and ventricular remodeling during disease, we used the 

16 weeks of post–myocardial infarction rat model of heart failure (see 

material and methods in the next section). This model encloses many 

features of heart failure conditions that happens in patients, including the 

remodeling of the organ, characterized by left ventricle dilatation, 

reduced ejection fraction, and raised filling pressures. To study the 

possible role played by cholesterol on the regulation of micro-domain 

distribution of GPCRs in cardiomyocytes, incubation before experiments 
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with 10 mM of methyl-β-cyclodextrin (MβCD) for 30 minutes at room 

temperature was done. This incubation resulted in ≈60% depletion of 

caveolae, with no changes in cell topography and T-tubules density 

(Glukhov et al., 2015).  

During this project, we tried to better understand how adenosine 

stimulation modulate β-adrenergic signaling in both atrial and ventricular 

cardiomyocytes in different conditions. For this, the aim of this set of 

experiments was to explore the functional role of the anti-adrenergic 

effect of adenosine in control and heart failure conditions.  

 

The main objectives of the chapter are:  

 

• To study the cellular effects of A1 adenosine receptor stimulation in 

healthy atrial myocytes. 

 

• To compare the anti-adrenergic effect of A1 adenosine receptor 

stiumulation on cell contraction in healthy atrial and ventricular rat 

myocytes. 

 

• To study heart failure (HF) associated changes in the adenosine 

effects in 16-weeks post-myocardial infarction rat model of heart 

failure. 

 

• To study the changes in the adenosine effects in healthy atrial and 

ventricular rat cardiomyocytes after the depletion of cholesterol. 
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3.2 Materials and Methods 
 
 
3.2.1 Animals  
	
In these experiments both male and female Sprague Dawley Rats were 

used (8-10 weeks old, weight ~250 g). 

 

3.2.2 Rat Post-Infarction HF Model  
 
For the study of single cardiomyocytes during their progression towards 

heart failure a model of chronic myocardial infarction (MI) in adult Sprague-

Dawley rats was generated. The rat model of HF was generated by ligation 

of the left anterior descending coronary artery. Cardiomyocytes were 

isolated after sixteen weeks post-MI. This model of heart failure was 

validated from our group on 2009 (Lyon et al., 2009). 16-weeks after 

myocardial infarction, all animals had a significant increase of the heart 

weight/body weight ratios (g/kg) compared to with sham-ligated controls 

(HF vs. Sham: 4.7 ± 0.2 vs. 3.8 ± 0.1, P < 0.01, n = 6 in each group), 

reflecting hypertrophy of the viable left ventricular myocardium. Serum brain 

natriuretic peptide (BNP) levels were undetectable in sham controls and 

elevated in HF rats [205 ± 43 pg/mL vs. undetectable (<80 pg/mL), P < 0.01]. 

Pressure–volume (PV) analysis (Fig. 2 B–D) demonstrated ventricular 

dilatation [left ventricular end-diastolic volume (LVEDV): 258 ± 27 μL vs. 

173 ± 8 μL, P < 0.01], with reduced ejection fraction and elevated end-

diastolic pressure: [left ventricular ejection fraction (LVEF): 32% ± 4% vs. 

76% ± 2%, P < 0.001; left ventricular end-diastolic pressure (LVEDP): 24.0 

± 3.3 mm Hg vs. 8.5 ± 0.5 mm Hg, P < 0.001]. Dynamic measures of 

contractile function [end-diastolic PV relationship (EDPVR);; 0.60 ± 0.12 

mm Hg/mL vs. 1.89 ± 0.24 mm Hg/mL, P < 0.01; time-varying maximal 

elastance (Emax): 1.4 ± 0.2 mm Hg/mL vs. 3.1 ± 0.5 mm Hg/mL, P < 0.05; 

preload recruitable stroke work (PRSW): 61 ± 21 mm Hg vs. 110 ± 11 mm 
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Hg, P < 0.05] and ventricular compliance [end-diastolic PV relationship 

(EDPVR): 0.11 ± 0.01 mm Hg/mL vs. 0.03 ± 0.01 mm Hg/mL, P < 0.01] were 

also significantly impaired in these animals, consistent with the HF 

phenotype. 

 

         

 
 
 
Figure 3.1. The rat chronic post–myocardial infarction (MI) HF model. (A) 

Midventricular 10-μm section from a sham control rat heart (Left) and a chronically infarcted 

rat heart (Right) after staining with Masson's trichrome. (Scale bar, 2 mm.) (B) 

Representative in vivo PV loops during transient inferior vena caval occlusion from an HF 

rat and a Sham control. ESPVR (red broken lines) and EDPVR (black broken lines) 

relationships are presented. (C) Representative in vivo steady-state PV loops 

demonstrating increased ventricular volumes and elevated end- diastolic pressure in HF 

rats (black arrow) compared with Sham controls (red arrow). (D) Steady- state PV data 

demonstrating decreased LVEF, increased LVEDP, and reduced peak velocities of 

pressure change (dPdt) during isovolumic contraction (Peak + dPdt) and isovolumic 

relaxation (Peak − dPdt) in rats with HF. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Lyon et 

al., 2009)  
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3.2.3 Atrial and Ventricular cardiomyocytes isolation  
 
 

Cells were isolated from rats as described in Chapter 2 (General materials 

and methods). Both left and right atrial appendages were placed all together 

in falcon tube with enzymes (Enz) solution (without proteinase and 

collagenase). Right ventricular tissue was removed and discarded; left 

ventricular tissue was kept for contraction experiments in a falcone tube with 

Enz solution. 

 

3.2.4 Solutions 
 
All solutions used during contraction measurement experiments were made 

in KH buffer (see general methods in chapter 2). The following drugs were 

used: Isoprotenerol; ICI 118, 551; CGP20712A; methyl-β cyclodextrin, 

supplied by Sigma Aldrihc (Poole, UK); 2-MeCCPA: supplied by Tocris 

(Milan, Italy).  

 

3.2.5 IonOptix studies for cardiomyocytes contractility  
 
Atrial and ventricular rat cardiomyocytes were isolated and stored in a 

LoCa2+ buffer (see general methods in chapter 2) until the beginning of the 

experiments. A specific perfusion chamber was made with the use of the 22 

mm glass cover slip to plate the cells, the chamber was perfused with KH 

buffer. All solutions used during these experiments were saturated with 

oxygen/CO2 mixture (95%/5%) and the temperature in the chamber was 

constantly kept at 37 degrees celsius. The cells were left on the cover slip 

for around 5-10 minutes in static conditions to allow for the cardiomyocytes 

to settle on the bottom of the chamber. After this time, the perfusion was 

resumed. At this point visual screening of the cells was performed to select 
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good candidates for the experiments. The choice criteria were rod-shaped 

(live) cells; cells that do not contract without expernal electrical stimulation.  

Once a cell was selected, electrical pulses of 50V, 20msec were introduced 

through a field stimulator at the frequency of 0.5Hz. The chosen cell was 

visualized by the IonOptix imaging software, in the edge detection mode. 

Two markers for the cell edges were positioned manually by the operator. 

The cell shortening was then recorded. Baseline was usually recorded for 

at least 10 minutes to ensure that the cell responds constantly to the pacing 

and the shortening is uniform and stable, and then different 

agonist/antagonist were applied as described in the specific protocols.   

 

3.2.6 Investigation of contractile responsiveness of 
cardiomyocytes to A1 adenosine receptors after β1 
adrenergic stimulation.  
 
Cells were perfused with KH buffer for two minutes to establish a steady-

state condition for recording. After this, a specific β2AR blocker, ICI118,551 

(ICI, 100 nM) was adminisered for 10 minutes to obtain a stable baseline. 

Using this selective antagonist, introduced in the solution, we were sure that 

any changes in the contractility were related only to β1ARs activity. Indeed, 

the subsequent part of the protocol included the addition of Isoproterenol 

(100 nM) to the perfused solution, for the selective stimulation of the β1ARs.  

2-MeCCPA (1 µM), a specific agonist of the A1 adenosine receptors, was 

applied in the solution to investigate the effect of the activation of these 

receptors after a specific previous β1 adrenergic stimulation (Figure 3.2).  

This protocol was repeated in 3 different group of cells for both atrial and 

ventricular cardiomyocytes: 

 

 

• Atrial and ventricular control (healthy cardiomyocytes) 
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• Atrial and ventricular HF (16-week post-myocardial infarction rats) 

 

• Atrial and ventricular cells treated with Methyl-β-cyclodextrin (MβCD) 

  

 

 
Figure 3.2: Protocol of whole-cell β1-adrenergic stimulation of rat atrial cardiomyocytes.  

 

 

3.2.7 Effect of cholesterol depletion and consequent 
caveolar disruption on rat atrial cardiomyocytes AARs 
responsiveness 
 
Atrial and ventricular cardiomyocytes were incubated for an hour in the 

presence of 10 mM methyl-β-cyclodextrin (MβCD). MβCD has a high affinity 

for cholesterol and allows its removal from the cell membrane, causing 

collapse of the caveolae microdomain. The treated cells were then assed 

using the protocol described in 3.2.6 section.  

 

3.2.8 Investigation of contractile responsiveness of 
cardiomyocytes to A1 adenosine receptors stimulation  
 
In the following protocol, we aimed to investigate the direct effect of A1ARs 

activation (without any beta-adrenergic stimulation). For this purpose, the 

baseline was recorded for 10 minutes, as in the previous protocol, but this 

time no β-adrenergic receptors specific blocker was added in the solution.  

After this step, 2-MeCCPA (1 µM) was added to see if the effect of A1ARs 



	
78	

was also present without a previous β1-adrenergic stimulation (Figure 3.3) 

 

 

 
 
Figure3.3: Protocol of whole-cell A1 adenosine receptors stimulation 
 

 

3.2.9 Statistical analysis  
	
Cell contractility was analyzed by initially testing baseline, treatment 1 with 

Isoproterenol and treatment 2 with A1ARs agonist for each cell type with an 

unpaired t-test. Subsequently, fold increase or fold decrease between cell 

types were analyzed with an unpaired Mann-Whitney test (Non-Gaussian 

data) or unpaired t-test.   
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3.3 Results 

3.3.1 A1 adenosine receptor agonist shows anti-adrenergic 
effect in healthy atrial cardiomyocytes  
 

In order to assess the effect of A1AR agonist after β1ARs stimulation we 

measured cell shortening of atrial cardiomyocytes with the use of IonOptix 

microscope technique.  Figure 3.4 shows the cellular shortening of atrial 

cardiomyocytes isolated from control rats. These control cells show a 

significant increase in cell shortening following the addition of isoproterenol 

(68.6 ± 7.5 %, P<0.001) and a significant decrease in shortening (80.0 ± 

3.7%, P<0.001) after the application of 2-MeCCPA (A1ARs agonist). 

 

 

 
 
Figure3.4: Rat atrial cardiomyocytes shortening at baseline (ICI) and after selective β1AR 

stimulation (ICI 50nM +ISO 1μM) (n=19 f control) as well as after specific stimulation of the 

A1ARs (ICI+ISO+2-MeCCPA) (n=8 control) *P<0.05; **P<0.01 ;***P<0.001.  
The decrease in cell shortening after A1AR agonist application is quite in 

agreement with respect to previous published studies of the adenosine anti-

adrenergic effect in atrial tissue. 
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3.3.2 Heart Failure remodelling leads to a significant 
reduction of the anti-adrenergic effect of A1ARs agonist. 
 

The same protocol was repeated for failing atrial cardiomyocytes, isolated 

from HF-model rats. The reason why we used the same protocol was to 

compare and to investigate if there were any differences of the anti-

adrenergic effect after the application of A1ARs agonist during HF condition 

compared to the control one. Data from these experiments show the same 

trend that we observed in the control rat atrial cardiomyocytes: a significant 

increase (44.8 ± 6.8 %, P<0.05) in cell shortening following the addition of 

isoproterenol and a significant decrease (46.07 ± 6.01%, P<0.05) after the 

application of 2-MeCCPA (Figure 3.5). 

 

 

 

Figure 3.5: Rat atrial cardiomyocyte from MI model: shortening at baseline (ICI) and after 

selective β1AR stimulation (ICI 50nM +ISO 1μM) (n=7 HF) as well as after the specific 

stimulation of the A1ARs (ICI+ISO+2-MeCCPA) (n=7 HF) *P<0.05; **P<0.01; ***P<0.001. 

 

As evidenced from the results (Figure 3.4 and 3.5), in both control and failing 

cardiomyocytes, the application of A1ARs agonist led to a significant effect 
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on cell shortening, reducing the previous increase obtained from the 

selective stimulation of β1ARs. Figure 3.6 a) shows the fold increase after 

isoproterenol administration in failing atrial cardiomyocytes compared to 

control cardiomyocytes. The second part of the Figure, 3.6 b) shows the fold 

decrease after A1ARs agonist application. We used the parameter fold 

increase and fold decrease to calculate how much was the increase or 

decrease after the administration of the specific agonists during failing 

condition compared to the control. Figure 3.6 shows that both fold increase 

and decrease are significantly lower in failing atrial cardiomyocytes 

compared to control cardiomyocytes, while failing cardiomyocytes contract 

more at the baseline. 

   

a)                                                         b) 

							 	
 

Figure 3.6: Relative change in shortening after selective induction of β1ARs and 
A1ARs. a) fold increase after ISO application and 3.6 b) fold decrease after 2-MeCCPA 

administration, comparision between control and failing cardiomyocytes. P<0.05. 

 

A1ARs stimulation does not show any statistical differences in the time that 

the cells take to reach 50% and 90% of their length (R50), a characterization 

of cellular relaxation, in both control and failing cardiomyocytes (Figure 3.7 

and 3.8 respectively).  
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Figure 3.7: Lusitropic response (R50 %) of isolated rat atrial cardiomyocytes induced by 

β1AR stimulation (ICI+ ISO) and A1ARs stimulation (2-MeCCPA) in both atrial control and 

failing cardiomyocytes P<0.05. 

 
 

Figure 3.8: Lusitropic response (R90 %) of isolated rat atrial cardiomyocytes induced by 

β1ARstimulation (ICI+ ISO) and A1ARs stimulation (2-MeCCPA) in both atrial control and 

failing cardiomyocytes. 
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3.3.3 Depletion of cholesterol leads to a significant 
reduction of the anti-adrenergic effect of A1Rs agonist. 
 
Caveolae are cholesterol containing microdomains which have been shown 

to play a key role in the localization, compartmentation and control of both 

βARs and adenosine receptors functionality in cardiomyocytes. The 

protocol described in section 3.2.7 was employed to assess the A1AR 

responses of cholesterol depleted atrial cardiomyocytes. Indeed, atrial 

cardiomyocytes were incubated for an hour in the presence of MβCD agent 

to remove the cholesterol from the membrane. After this time the experiment 

started, with same protocol used in control and failing cardiomyocytes. 

Significant increase in cell shortening was observed for atrial 

cardiomyocytes treated with MβCD upon isoproterenol stimulation (65.4 ± 

8.07 %, P<0.001) (Figure 3.7). This increase in cell shortening was followed 

by a significant reduction (69.8 ± 3.7 %, P<0.001) after the stimulation of 

A1ARs by 2-MeCCPA, confirming that the anti-adrenergic effect of 

adenosine was also present in the treated cells (Figure 3.8). 

 

 

 



	
84	

 

Figure 3.8: Rat atrial cardiomyocyte treated with MβCD: shortening at baseline (ICI) and 

after selective β1AR stimulation (ICI 50nM +ISO 1μM) (n=10) as well as after the specific 

stimulation of the A1ARs (ICI+ISO+2-MeCCPA). (n=7 MβCD). *P<0.05; **P<0.01; 

***P<0.001. 

 

We aimed to investigate if there was a difference in the anti-adrenergic 

effect of A1ARs agonist between control and treated cells, similar to what 

we found for the failing atrial cardiomyocytes. We calculated the fold 

decrease in shortening after application of A1ARs agonist. We also 

calculated the fold increase in contraction after the application of 

isoproterenol, but no significant changes were observed (Figure 3.9 a). 

Figure 3.9. b shows the comparison of the anti-adrenergic effect given by 

2-MeCCPA administration, between control and treated cardiomyocytes. It 

is possible to observe that the effect given by the selective stimulation of 

A1ARs was significantly lower in MβCD treated cells compared to control. 

 

 

a)                                                   b) 

 

 
 

 
Figure 3.9: Relative change in shortening after selective induction of β1ARs and A1ARs 

in cholesterol-depleted cells. a) fold increase after isoproterenol application in both control 

and MβCD treated cells and b) fold decrease after 2-MeCCPA application. 

 



	
85	

3.3.4 A1 adenosine receptor agonist does not show any anti-
adrenergic effect in ventricular cardiomyocytes, either 
healthy, failing or cholesterol-depleted.  
 
The cell shortening of ventricular cardiomyocytes was measured to assess 

the A1ARs agonist effect after β1 stimulation, using the same protocol that 

we used for all different types of rat atrial cardiomyocytes. Figure 3.10 

shows the cell shortening after the same protocol we described before (see 

3.3.3 section). It is clear that a significant increase after isoproterenol 

administration is present (66.8 ± 4.1%, P<0.001), but in contrast to what we 

observed in atrial cardiomyocytes, no significant change in shortening after 

the application of 2-MeCCPA was recorded (13.8 ± 4.5%, NS). 

 

 

 
 
Figure 3.10: Rat ventricular cardiomyocyte shortening at baseline (ICI) and after selective 

β1AR stimulation (ICI 50nM +ISO 1μM) (n=15 control) as well as after the specific 

stimulation of the A1ARs (ICI+ISO+2-MeCCPA) (n=11 control). *P<0.05; **P<0.01; 

***P<0.001. 
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For the ventricular cells, despite no significant anti-adrenergic effect was 

observed, we checked if any change occurred during the HF condition. For 

this, we repeated the same protocol in isolated left ventricular 

cardiomyocytes as show in Figure 3.11. We also checked the situation after 

the cholesterol depletion using metilcyclodestrin incubation for 1 hour 

(Figure 3.12). As we can see from the Figures 3.11 and 3.12, there was no 

significant reduction after the application of A1AR agonist in both groups of 

cells compared to the control condition (4.9 ± 2.2 %, NS, for failing 

cardiomyocytes and 4.3 ± 2.1 %) 

 

 

 
 
Figure 3.11: Rat venctricular cardiomyocyte from MI model: shortening at baseline (ICI) 

and after selective β1AR stimulation (ICI 50nM +ISO 1μM) (n=7 HF) as well as after specific 

stimulation of the A1ARs (ICI+ISO+2-MeCCPA). (n=7 HF). *P<0.05; **P< 0.01; ***P<0.001. 
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Figure 3.12: Rat ventricular cardiomyocyte treated with MBCD: shortening: baseline (ICI) 

and after selective β1AR stimulation (ICI 50nM +ISO 1μM) (n=7 HF) as well as after specific 

stimulation of the A1ARs (ICI+ISO+2-MeCCPA). (n=7 MβCD) *P<0.05; **P<0.01; 

***P<0.001. 
 

 

3.3.5 A1ARs stimulation leads to a direct reduction of 
contractile responses of rat atrial cardiomyocytes  
 
In light of the previous results, it emerges that the anti-adrenergic effect 

caused by the A1AR agonist is clearly present in all type of atrial 

cardiomyocytes used in our experiments. On the contrary an opposite 

situation was observed in all type of ventricular cardiomyocytes we tested. 

After this first part of results, we wanted to investigate if adenosine has any 

effect in the cardiomyocytes without a previous beta-adrenergic stimulation. 

To answer to this question we used the protocol describe in section 3.2.7 of 

materials and methods. Briefly, we recorded 10 minutes of baseline without 

any β-adrenergic blocking and stimulation, and then we applied A1AR 

agonist for 10 minutes. Given that ventricular cells didn’t show any anti-

adrenergic effect after the administration of A1AR agonist, for this purpose 
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we decided to use only atrial cardiomyocytes. In Figure 3.12 cell shortening 

of atrial control cardiomyocytes is shown. A significant decrease (59.4±6.3 

% for control and 33.3±5.4 %), after the application of 2-MeCCPA to elicit 

A1ARs response, was observed. 

 

 

 
 
Figure 3.12 Comparison of the shortening of rat atrial cardiomyocyte control and HF cells 

at baseline and after specific stimulation of the A1Rs (2-MeCCPA). (n=15 control and n=15 

HF) *P<0.05; **P<0.01; ***P<0.001. 
 

 

We repeated the same protocol in failing atrial cardiomyocytes to investigate 

the possible changes occurring during the pathology (Figure 3.12). Figure 

3.12 shows that in atrial failing cells the application of 2-MeCCPA also lead 

to a decrement of baseline contraction (57.9+4.8 %) However, when we 

calculated the fold decrease after the application of the specific agonist to 

quantify the effect, we saw the such effect was significantly lower in failing 

cardiomyocytes compared to control cardiomyocytes 3.13.b). 
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Figure 3.12. Fold decrease after 2-MeCCPA application in control and HF model. *P<0.05 

 

 

3.5 Key concepts: 
 

• A1 adenosine receptor agonist shows anti-adrenergic effect in atrial 

healthy cardiomyocytes. 

 

• While decreased, the anti-adrenergic effect of A1 adenosine receptor 

stimulation is present in both atrial failing cardiomyocytes and MβCD 

treated cardiomyocytes. 

 

• In contrast to atrial myocytes, A1 adenosine receptor agonist 

stimulation doesn’t show any anti-adrenergic effect in ventricular 

control, failing and MβCD treated cardiomyocytes. 

 

• A1 adenosine receptors show a direct inhibition effect, leading to a 

reduction of cell contraction, in both control and failing atrial 

cardiomyocytes; in the failing cells this effect is signifacnlty lower. 
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3.6 Discussion and Conclusions  
 
The aims of this set of experiments was to test the effect of a selective 

stimulation of A1 adenosine receptors after β1-adrenergic stimulation in both 

atrial and ventricular cardiomyocytes in three different condition: control, HF 

model and MβCD treated cells. 

At cellular level, we observed that A1AR agonist shows an anti-adrenergic 

effect in healthy atrial cardiomyocytes (indirect effect) (Figure 3.4). The 

situation was completely different in the ventricular cardiomyocytes:  the 

anti-adrenergic effect was abolished (Figure 3.9). The anti-adrenergic effect 

was also not present in all group of ventricular cells we used (control, HF 

model and MβCD treated cardiomyocytes) (Figure 3.9, Figure 3.10 and 

Figure 3.11). Our results are consistent with other reports where adenosine 

does not modify contractile properties of the ventricle muscle in several 

species such as guinea-pig (Johnson and McKinnon, 1956; Gerlach et 

al.,1979), cat (Shah et al., 1974), dog (Lammerant and Becsei, 1973) rabbit 

(Endoh and Yamashita,1980) and rat (Geoffrey et al., 1983). However, 

adenosine has been shown to have anti-adrenergic effect on ventricular 

preparation on other studies. Indeed, adenosine shows a depressant effect 

on the spontaneous rate of ventricular pacemaker cells of the guinea-pig 

(Szentmiklósi et al., 1980; West et al., 1982). However, in our study no 

evidence was found for the action of A1 adenosine receptor agonist on 

β1ARs mediated positive inotropic effects in rat ventricular cardiomyocytes. 

The difference between atrial and ventricular cardiomyocytes could be 

explained by the greater density of A1 adenosine receptors in the atrium 

than in the ventricle. Similar conclusions were drawn from their study by 

Linden and colleagues. They observed in rat myocardium differences in 

density level between the two parts of the heart. They reported a density of 

30 fmol/mg protein and 23 fmol/mg protein in atria and ventricles, 

respectively (Linden et al., 1985).  

This thesis contributes also to the growing amount of evidence that GPCRs, 

in particular βARs and adenosine receptors, have distinct microdomains 
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compartmentation patterns and interaction, not exclusively in ventricular but 

also in atrial cardiomyocytes. Since we did not see any effect of A1ARs 

agonist after β1ARs stimulation in ventricular cardiomyocytes, we checked 

if the A1AR agonist has effect on its own, without previous β-adrenergic 

stimulation, only in atrial cardiomyocytes.  Our results (Figure 12) show that 

A1AR agonist produces a direct effect, reducing basal contractility in the 

absence of β-adrenergic stimulation. This result is also consistent with some 

studies that showed that adenosine inhibits the basal contraction in the 

absence of catecholamine in the heart (Rockoff and Dobson, 1980 and 

Evans et al., 1982). Both direct and indirect effects of A1AR agonist were 

observed in atrial cardiomyocytes, in all different experimental groups we 

used: control, failing and MβCD treated cells. We also observed that the 

indirect effect of A1AR agonist was significantly diminished in both failing 

and MβCD treated cardiomyocytes. Highly localized activation of signaling 

pathways within the different subcellular microdomains could be a key 

reason for these differences. Subcellular microdomains are referred to 

caveolae, invaginations of the plasma membrane enriched in cholesterol, in 

which the components of various signalling pathways are located, including 

G-protein. In our caveolae disruption experiments, all cells were incubated 

with 10mM of MβCD (Kinsonk et al., 1995), causing the collapse of 

caveolae. Our results in Figure 7 and Figure 8 present that in MβCD treated 

atrial cardiomyocytes the anti-adrenergic effect of A1ARs agonist was 

significantly decreased compared to control conditions. Experiments with 

MβCD demonstrate that cholesterol plays an active role in the distribution 

and functionality of both A1AR and β1ARs. This result suggests a 

relationship of the localization of A1ARs in caveolae microdomain, since 

when we removed caveolae from the cardiomyocytes, the functionality of 

the receptors on the inhibition of contraction was significantly reduced. 

Similar results were reported by Lasley et al. They found that in ventricular 

cardiomyocytes, A1AR receptor is localized in lipid raft/caveolae (Lasley et 

al., 2000). Later, the observation about this localization between A1ARs and 

caveolae, was subsequently reported by two other groups (Cavalli et al., 
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2007 and Garg et al., 2009). Even though some observations that cardiac 

A1ARs are localized in caveolae structure, the role that this specific 

localization could play in A1AR signaling in both atrial and ventricular 

cardiomyocytes remains unclear. Additionally, using the electron 

microscopy technique, our group previously reported that atrial 

cardiomyocytes have three times more caveolae per μm of the cross-

section of the membrane, compared to ventricular cardiomyocytes (Glukhov 

et al., 2015 and Wright et al., 2014).  

All of these considerations demonstrate the importance and the complexity 

of the microdomain specific modulation of signaling at the plasma 

memnrane. The microdomain-specific distribution of GPCRs in the rat atrial 

cardiomyocyte that we hypothesize is the following: β1ARs is suggested to 

be expressed in both cell crest and T-tubule system, with or without being 

in close proximity to caveolae; β2ARs are preferentially expressed in T-

tubule system in close proximity with Cav-3 domain; the cell-wide 

expression of A1ARs has not been confirmed yet, although its presence in 

crest caveolae has been reported. 

Our results also show that the effect of A1ARs activity is significantly 

decreased in HF model atrial cardiomyoctes (figura 3.5). Such situation was 

found both when the agonist was applied alone under basal conditions 

(direct effect) and also when it was applied following a selective β1AR 

stimulation (indirect effect). However, no studies have addressed subtype-

specific adenosine signaling and its regulation in failing cardiomyocytes.  

Recently, our group and others have shown that during the development of 

heart failure after myocardial infarction, a dramatic remodelling of the 

intracellular T-tubule network occurs in ventricular myocytes. Such 

remodelling is characterized by T-tubule system disorganization at earlier 

stages, and the loss of cell surface T-tubular openings in severe chronic HF 

(Wagner et al., 2012 and Lyon et al., 2009). These conditions may lead to 

a redistribution of the receptors from membrane areas with T-tubules to 

areas detubulated. As in ventricular cardiomyocytes, HF causes profound 

remodeling of the atrial T-tubular system. Our group also demonstrated that 
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HF leads to a profound degradation of the T-tubule system in atrial 

cardiomyocytes, decreasing the proportion of structured myocytes and 

reducing the T-tubule density (Glukhov et al., 2015). Interestingly, Glukhov 

et al. found similar caveolae density in failing and control cardiomyocytes. 

This remodeling can potentially lead to some reorganization event of the 

receptors and the exaggeration of Ca2+-handling abnormalities.  
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CHAPTER 4 Investigation of influence of β-
adrenergic and adenosine stimulation on 
cAMP signalling in atrial cardiomyocytes in 
normal heart and during heart failure. 



	
95	

CHAPTER 4 Investigation of influence of β-
adrenergic and adenosine stimulation on cAMP 
signalling in atrial cardiomyocytes in normal heart 
and during heart failure. 

 

4.1 Introduction 
 
In the previous chapter we assessed the contractile responsiveness to 

A1AR agonist following β1AR stimulation. In atrial cardiomyocytes, the 

stimulation of A1ARs leads to both direct and indirect effects. In contrast, no 

effect was observed in ventricular cardiomyocytes. Additionally, the A1AR 

agonist effect statistically diminished in atrial cardiomyocytes during heart 

failure and in cardiomyocytes after cholesterol depletion. This may suggest 

that there is difference between the receptor expression densities and 

functionality between different conditions.  
3′ ,5′ -cyclic adenosine monophosphate (cAMP) is an important second 

messenger that plays a critical role in the regulation of cardiac function. 

Stimulation of cardiac contractility by catecholamines and their receptors, in 

particular βAR and adenosine receptors, leads to generation of cAMP, that 

acts in distinct subcellular micro-domains (Fischmeister et al., 2006; 

Zaccolo et al., 2009; Perera and Nikolaev, 2013). In terms of contractility, 

several cAMP micro-domains exist around calcium handling proteins such 

as L-type calcium channels, ryanodine receptors and phospholamban 

which rare important for the regulation of the activity of the cardiac 

sarcoplasmic reticulum calcium ATPase 2a (Bers, 2002; Lompre et al., 

2010). Advent of fluorescence resonance energy transfer (FRET) based 

biosensors allowed to monitor the level of cAMP in intact cells in real-time 

(Sprenger and Nikolaev, 2013). Recent development of several biosensors 

and also making a transgenic mice expressing the cAMP biosensor enabled 

cAMP measurements in adult ventricular cardiomyocytes.  This study 
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showed spatial differences between β1- and β2-adrenergic-induced cAMP 

signals (Nikolaev et al., 2006). To determine both position and function of 

these receptors, in this chapter an alternative approach is used, by 

combining SICM with measurements of cAMP production by FRET, after 

local receptor stimulation (see chapter 2-general materials and methods). 

Utilizing this technique, our group recently showed that there is a clear 

segregation of the β1- and β2ARs location on the plasma membrane of 

healthy ventricular cardiomyocytes. While the β1ARs are located throughout 

the sarcolemma β2ARs are distributed in the T-tubule openings of 

cardiomyocytes (Nikolaev et al., 2010). In addition, both T-tubule density 

and regularity are severely lost or altered during the progression of HF in 

both ventricular and atrial cardiomyocytes (Glukhov et al., 2015; Wagner et 

al., 2012; Wei et al., 2012). The micro-domain distribution of GPCRs in atrial 

cardiomyocytes and their possible remodeling during HF condition has not 

been investigated before. This chapter aims to study the cellular 

mechanisms of the anti-adrenergic effect of adenosine by monitoring the 

cAMP level produced following specific stimulation.  
The main objectives of this chapter are:  

1. To study the anti-adrenergic effect of adenosine on the whole-cell 

cAMP level in control EPAC1-TG mice, in both atrial and ventricular 

cells. 

2.  To characterize microdomain-specific localization of anti-adrenergic 

effect of adenosine on cAMP level, in control atrial EPAC1-TG mouse 

myocytes. 

3. To investigate the adenosine A1 receptor stimulation effect on the 

whole-cell cAMP level in control and HF rat atrial cells. 

4.  To compare the anti-adrenergic effect of adenosine on whole-cell 

cAMP level in control and failing atrial cardiomyocytes.  

5. To study the possible role played by cholesterol on the microdomain-
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specific localization of anti-adrenergic effect of adenosine on cAMP 

level, with incubation with 10 mM MβCD for 30 minutes at room 

temperature before experiments. 
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4.2 Material and methods 
 
	
4.2.1 Animals 
	
In these experiments male EPAC1-transgenic mice and both male and 

female Sprague Dawley Rats were used in these experiments. 

 
4.2.2 Atrial and Ventricular cardiomyocytes isolation  
	
Cells were isolated from rats and mice as described in Chapter 2 (General 

materials and methods). Both left and right atrial appendages were placed 

all together in falcon tube with enzymes solution (without proteinase and 

collagenase). Right ventricular tissue was removed and discarded; left 

ventricular tissue was kept for the experiments. 

 
4.2.3 Solutions 
 
All solutions used during FRET measurement experiments were made in 

FRET buffer (see general Materials and Methods, chapter 2). 

Isopotenerol, ICI118,551, CGP20712A, adenosine, and MBCD were from 

Sigma Aldrich (Poole, UK), 2-MeCCPA and IBMX were supplied by Tocris 

(Milan, Italy), M199 culture medium was supplied by Thermo Fisher.    

	
	
4.2.4 Rat Post-Infarction HF Model  
	
	
To study the single cardiomyocytes during their progression towards HF a 

model of chronic MI in adult Sprague-Dawley rats was generated by ligation 

of the left anterior descending coronary artery. Cardiomyocytes were 

isolated after sexteen weeks. This model of HF was previously validated 

(Lyon, et al., 2009) (see section 3.2.3 of Material and methods). 
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4.2.5 Cardiomyocytes plating and transduction with cAMP 
FRET biosensors 

 

Cells isolated from atrial and ventricular cardiomyocytes of rat or mouse 

were plated on to laminin coated coverslips. In the case of rat 

cardiomyocytes, the cells were cultured for around 48 hours in the M199 

(see general Materials and Methods, chapter 2) in the presence of an 

adenovirus, containing the FRET construct of interest. For the EPAC1-

transgenic mice, they were used on the same day of isolation; they were 

just plated after isolation and used 1 hour later (time needed from the cells 

to attach to the bottom of the laminin coated coverslips).  

 

 

4.2.6 Whole cell FRET imaging in cardiomyocytes  
 

Atrial and ventricular EPAC1-TG mice cardiomyocytes were isolated and 

stored in a LowCa buffer until the beginning of the experiments. Otherwise, 

transfected rat atrial cells were taken from the plate in the incubator, they 

washed with FRET buffer and fastened into a coverslip holder. During the 

FRET experiments one of the protocols described in the next paragraphs 

was performed. 

4.2.6.1 To determine anti-adrenergic effect of adenosine  
 
When the coverslip was taken from the plate in the incubator it was washed 

with FRET buffer and fastened into a coverslip holder, which was placed 

onto the stage of an inverted microscope used for FRET measurements. 

Then cells were incubated with ICI118,551 (ICI, 100 nM) for 10 minutes in 

static conditions, to block β2ARs activity. At beginning of the experiments, 

we recorded a couple of minutes to provide a good and stable baseline 

(figure 4.1). After this time, isoproterenol was applied to elicit the selective 
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response of β1ARs. After the β1ARs response had reached a plateau, 

adenosine was applied. After the achievement of a stable response to 

adenosine application, the inhibitor of the PDE (IBMX) was applied to elicit 

the total cAMP response. 

 

 

 
 
Figure 4.1: Schematic protocol to investigate anti-adrenergic effect of adenosine.  

 

4.2.6.2 To determine selective anti-adrenergic effect of A1 
adenosine receptors agonist after β1 adrenergic stimulation 
 

Similarly to the precedent protocol, a previous incubation with ICI was made 

(10 minutes) and the baseline was recorded. Then, isoproterenol was 

applied in the chamber, until the achievement of the plateau. In this protocol, 

we wanted to check, after the selective stimulation of the β1AR, the specific 

anti-adrenergic effect given by A1AR stimulation. For this purpose, we 

applied the 2-MeCCPA (A1AR specific agonist). At the end, we also applied 

IBMX to elicit total cAMP response. 

 

 

 
 

Figure 4.2: Schematic protocol to investigate anti-adrenergic effect of A1 adenosine 

receptors agonist 
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4.2.6.3 To determine anti-adrenergic effect of A1 adenosine 
receptors agonist after selective β2 adrenergic receptors 
stimulation 
 
In this protocol, we were looking for anti-adrenergic effect of A1AR after a 

selective stimulation of β2ARs.  This time, an incubation with CGP (β1ARs 

specific blocker) was made for 5 minutes, before starting experiments. At 

the beginning the baseline with CGP was recorded, after this time, 

isoproterenol was applied to elicit the selective response of β2ARs. After the 

β2ARs response had reached a plateau, A1AR agonist was applied. After 

the achievement of a stable response to 2-MeCCPA application, the 

inhibitor of the PDE (IBMX) was applied to elicit the total cAMP response. 

 

 

 
 
Figure 4.3 Schematic protocol to investigate anti-adrenergic effect of A1 adenosine 

receptors agonist after the selective stimulation of β2ARs. 

 

4.2.6.4 To determine A1 adenosine response on whole-cell 
cAMP level 
	
In this specific protocol, we wanted to investigate the possible direct effect 

of A1AR activity at the cAMP level (without the previous beta-adrenergic 

stimulation). FRET buffer containing 2-MeCCPA (1 µm) was applied 

manually through pipette, to provide A1AR activation. After the achievement 

of a plateau IBMX was administrated to check the total cAMP response. 
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Figure 4.4 Schematic protocol to investigate effect of A1 adenosine receptors activity 

 
4.2.7 FRET analysis  
 

FRET experiments and the analysis of the resulting FRET data was 

primarily performed by me. The FRET data was corrected for bleed through 

of CFP emission into the YFP spectrum and analysed as it was described 

previously (Nikolaev et al., 2010). Briefly, for the FRET data analysis Micro-

Manager 1.4 with custom-written FRET analysis plugin was used. 

Sequential images were recorded every 5 seconds over the period of 

experiment for the CFP and the corresponding YFP channel, in each time-

lapse image set a region of interest was selected, average pixel intensities 

for each channel were calculated and then YFP to CFP ratio was calculated 

and plotted over the recorded time. The obtained raw data was processed 

with the use of baseline correction functions using Graphpad prism 5.0 and 

recurring noise was reduced via 3 Median smoothing. For each part of every 

protocol, the FRET response was calculated by averaging the values of 10 

frames, for example for protocol describe in section number 4.2.6.1, we did 

the average of 10 frames of the baseline signal and 10 frames of the 

response signal and by subtraction of the averaged response from the 

averaged baseline.  

 

4.2.8 SICM/FRET with nanopipette agonist application 
	
	
Atrial cardiomyocytes from the EPAC1-TG mice were scanned with the 

SICM nano-pipette to provide a 10μm x 10μm topography image of the 
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selected area of interest. After blocking β2ARs, by incubation with with 

ICI118,551 (ICI, 100 nM) in the bath, we repeated the scanning at 5μm x 

5μm, a resolution sufficient to elucidate the position of T-tubule openings 

and area free of T-tubules (crests). At this point using a command from the 

SICM software, the pipette was moved to coordinates that positioned the 

pipette 500nm above either a T-tubule opening or a crest area. At this 

moment of the experiment we started to record the FRET signal, as a 

baseline like in the whole-cell FRET experiments. Then, β1ARs were 

stimulated with the application of the isoproterenol directly in the bath, using 

the normal pipette. The whole-cell FRET response was recorded with the 

Micro-Manager program until we see a plateau and a stable response. At 

this moment, we stimulated the A1AR locally, via voltage application, by 

switching the relative electrical potential inside the scanning nano-pipette, 

containing inside 1 μM of 2-MeCCPA, from positive (+500 mV) to negative 

(-1,000 mV) value. Having stopped the local application of the 2-MeCCPA, 

by removing the nano-pipette from the area the FRET images were 

collected and the FRET ratio was calculated for the regions of interest, 

which were selected by splitting the cell into different sectors starting with 

region close to the site of application and the moving in to the direction of 

perfusion the perfusion, to account for the diffusion of the drug. The signal 

was analyzed as before by averaging the values of 10 frames for each step 

of the protocol. 
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4.3 Results 
 

4.3.1 Influence of adenosine on the β1-AR-stimulated whole-
cell cAMP level in EPAC-1 atrial cardiomyocytes.  

 
The aim for this set of experiments was to dissect cellular mechanisms of 

the anti-adrenergic effect of adenosine. For that purpose we used the 

protocol described in Figure 4.1 (see section 4.2 Materials and Methods). 

After the incubation with ICI118,551 (ICI,100 nM) to elicit only β1AR 

response, we applied isoproterenol. Figure 4.6 a) shows a representative 

curve in which we can observe the action of isoproterenol and adenosine 

on the cAMP level (FRET ratio %). After the application of the isoproterenol 

there was an increase of the cAMP level, visible in the curve with a reduction 

of the FRET signal; this because upon cAMP binding and the resulting 

conformational change, a reduction in FRET signal occurs, which indicates 

cAMP presence. Adenosine (20 µM) significantly decreased the whole-cell 

cAMP concentration following β1AR stimulation (44.5 ± 15.7%). In order to 

determine what the maximal cAMP response detectable with our sensor, 

the phosphodiesterase inhibitor IBMX was used and a further decrease 

(84.1 ± 16.4%) was observed, indicating that β1AR stimulation did not elicit 

the maximal cAMP possible response. Figure 4.6 b) represents the 

percentage change of the calculated FRET ratio averaged for the all the 

cells recorded with this protocol. 
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Figure 4.6 Adrenergic and adenosine modulation of the cAMP level (FRET ratio) in 

atrial cardiomyocytes. a). A representative example of a FRET ratio trace of one cell 

incubated with the compounds as indicated above the trace; b) Average % change in 

the FRET ratio following incubation with treatments as indicated in the figure 4.6 a) (N= 

7 cells). 

 

 
4.3.1 Influence of adenosine on the β1-AR-stimulated whole-
cell cAMP level in EPAC1 ventricular cardiomyocytes.  
 

The whole-cell cAMP level following adrenergic and adenosine stimulation 

was investigated also in ventricular cardiomyocytes, using the same 

protocol as in atrial cardiomyocytes (see Figure 4.1). The ventricular 

cardiomyocytes were also incubated with ICI (100 nM), to block the 

activation of the β2ARs. Figure 4.7 a) shows a significant increase of whole-

cell cAMP production after isoproterenol application. As before, adenosine 

lead to a significant decrease of whole-cell cAMP level following β1ARs 

stimulation (39.4 ± 7.8%), however this effect was smaller compared to the 

atrial cardiomyocytes. 
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Figure 4.7: Adrenergic and adenosine modulation of the cAMP level (FRET ratio) in 

ventricular cardiomyocytes. a). A representative example of a FRET ratio trace of one 

cell incubated with the compounds as indicated above the trace; b) Average % change 

in the FRET ratio following incubation with treatments as indicated in the figure 4.7 a) 

(N= 7 cells). 

 

4.3.2 Effect of A1 Adenosine receptor agonist on whole-cell 
cAMP level after β1-AR stimulation in EPAC1-TG atrial 
cardiomyocytes.  

 
After checking the anti-adrenergic effect given by adenosine administration, 

we focused our attention on the specific anti-adrenergic effect of a selective 

stimulation of A1 adenosine receptors subtype. For these experiments, we 

tested atrial EPAC1-TG cardiomyocytes to a similar protocol we used for 

checking adenosine activity (Figure 4.1). In this case, we applied directly 2-

MeCCPA, a selective agonist of A1AR, in the bath rather than adenosine. 

Figure 4.8 shows that the administration of 2-MeCCPA lead to a significant 

decrease of the whole-cell cAMP level (43.4 ± 7.9%). The response elicited 

by A1AR agonist seems to be quite comparable to the response given by 

adenosine. 
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Figure 4.8 Adrenergic and adenosine modulation of the cAMP level (FRET ratio) in 

atrial cardiomyocytes. a). A representativen example of a FRET ratio trace of one cell 

incubated with the compounds as indicated above the trace; b) Average % change in 

the FRET ratio following incubation with treatments as indicated in the figure 4.8 a) 

N=7 cells. 

 
	
4.3.2 Effect of A1 Adenosine receptor agonist on whole-cell 
cAMP level after β1-AR stimulation in EPAC1-TG ventricular 
cardiomyocytes.  

 
Ventricular cardiomyocytes were also tested to the same protocol used 

before (Figure 4.8), to check if there were differences between the anti-

adrenergic effect given by adenosine and the other given by a selective 

stimulation of A1ARs. In this case, as in atrial cardiomyocytes, the A1AR 

agonist shows a similar response to the effect elicited by adenosine, leading 

to a significant decrease of whole-cell cAMP level (29.4 ± 4.6 %); the 

antiadrenergic effect in the ventricular cardiomyocytes was much less 

compared to the results obtained in atrial cardiomyocytes for both 

stimulations with adenosine and 2-MeCCPA. 
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Figure 4.9: Adrenergic and adenosine modulation of the cAMP level (FRET ratio) in 

ventricular cardiomyocytes. a). A representativen example of a FRET ratio trace of one 

cell incubated with the compounds as indicated above the trace; b) Average % change 

in the FRET ratio following incubation with treatments as indicated in the figure 4.9 a) 

N=6 cells. 

 
	
4.3.3. Direct effect of A1 adenosine receptor agonist on the 
whole-cell cAMP level in EPAC1-TG atrial cardiomyocytes. 

 
With the previous results, we demonstrated that A1AR led to significant 

response after β1-adrenergic stimulation, a process known as indirect 

effect. We now aimed to investigate if a selective stimulation of A1ARs was 

able to generate a direct effect on the whole-cell cAMP level, without the 

previous adrenergic stimulation. For this aim, we used the simple FRET 

protocol described in section 4.2.3.2. Briefly we recorded a stable baseline 

and then we directly applied 2-MeCCPA in the bath to study the effect of 

A1ARs activation. Figure 4.10 a) shows a representative curve in which it is 

possible to see the reduction of the whole-cell cAMP level after the 

application of A1AR agonist (33.1 ± 11.4%). This whole-cell cAMP level 

reduction is much smaller than if the A1AR agonist is applied after the 

previous stimulation of the adrenergic receptors. 
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Figure 4.10: A1 adenosine receptor-mediated modulation of the baseline cAMP level 

(FRET ratio) in atrial cardiomyocytes. a). A representativen example of a FRET ratio 

trace of one cell incubated with the compounds as indicated above the trace; b) 

Average % change in the FRET ratio following incubation with treatments as indicated 

in the figure 4.10 a). N= 7 cells. 

 
	
4.3.4. Direct effect of A1 adenosine receptor agonist on the 
whole-cell cAMP level in EPAC1-TG ventricular 
cardiomyocytes.  

 
We repeated the same protocol used before (Figure 4.10) in ventricular 

cardiomyocytes. Figure 4.11 shows the direct effect of 2-MePPCA 

administration without any βARs blocker. This effect was much smaller as 

compared to that we observed in atrial cells; it was also much lower 

compared to the effect of A1AR given after the previous βAR stimulation in 

ventricular cardiomyocytes.  
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Figure 4.11: A1 adenosine receptor-mediated modulation of the baseline cAMP level 

(FRET ratio) in atrial cardiomyocytes. a). A representativen example of a FRET ratio 

trace of one cell incubated with the compounds as indicated above the trace; b) 

Average % change in the FRET ratio following incubation with treatments as indicated 

in the figure 4.11 a) N=7 cells. 

 

4.3.5 A1 adenosine receptor agonist has not effect on cAMP 
level after β2ARs stimulation in both atrial and ventricular 
cells  

 
The next logical experimental step was to investigate the antiadrenergic 

effect of A1AR following the selective stimulation β2ARs (Figure 4.3). Here, 

we incubated both atrial and ventricular cardiomyocytes with the CGP 

(specific β1AR blocker) for 5 minutes. After the incubation, we recorded a 

stable baseline and then we applied isoproterenol to elicit only the response 

of β2ARs. After this step, we applied 2-MeCCPA to elicit the anti-adrenergic 

effect of A1ARs. We observed that stimulation of A1 adenosine receptor 

agonist has not effect on whole-cell cAMP level after β2AR stimulation in 

both atrial and ventricular cardiomyocytes (Figure 4.12 and Figure 4.13). 
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Figure 4.12: Lack of A1 adenosine receptor-mediated modulation of the baseline cAMP 

level (FRET ratio) in atrial cardiomyocytes following β2AR stimulation. a). A representativen 

example of a FRET ratio trace of one cell incubated with the compounds as indicated above 

the trace; b) Average % change in the FRET ratio following incubation with treatments as 

indicated in the figure 4.12 a) N=6 cells 

 

 

 

 

 
 
Figure 4.13: Lack of A1 adenosine receptor-mediated modulation of the baseline cAMP 

level (FRET ratio) in ventricular cardiomyocytes following β2AR stimulation. a). A 

representativen example of a FRET ratio trace of one cell incubated with the compounds 

as indicated above the trace; b) Average % change in the FRET ratio following incubation 

with treatments as indicated in the figure 4.13 a) N=4 cells. 



	
112	

4.3.6 SICM/FRET microscopy study of atrial cardiomyocytes 

 
Given that the antiadrenergic effect of adenosine at the whole-cell cAMP 

level was much more pronounced in atrial cardiomyocytes than ventricular, 

we decided to focus our attention only on the atrial cardiomyocytes for these 

experiments. SICM was utilized for the visualization of the three-

dimensional surface topography of living cells of atrial EPAC1-camps 

cardiomyocytes. This technique allows resolution of the structural features 

of cardiomyocytes, such as Z-grooves, cell crests located between them, 

and T-tubule openings. Once these structures had been resolved both the 

T-tubular openings and areas without T-tubule openings were investigated 

to determine both position and function of endogenous β-adrenergic and 

adenosine receptors, with the use of the SICM nano-pipette for the precise 

delivery of drugs with the protocol described in section 4.3 of Materials and 

Methods (chapter 2). FRET ratio was first acquired to record a stable 

baseline and then isoproterenol was applied manually to the bath solution 

to elicit a whole-cell cAMP response. Then A1AR agonist 2-MeCCPA was 

administered through the nano-pipette used for the scanning, resulting in a 

local release of 2-MeCCPA, Change in the cAMP level (FRET ratio) was 

measured in several regions of interest on the cell membranes (equal in 

size): at the site of the application, behind the area of application, and 

immediately next to the application zone in the path of the perfusion; 

multiple regions of interest (ROI) were selected depending on the size of 

the cell (Figure 4.13 b)). In this way, it was possible to estimate the relative 

diffusion of cAMP in differing cellular regions. This technique allows an 

investigation of cAMP signal compartmentation in atrial cardiomyocytes. 

Figure 4.14 a) shows the response of an area without T-tubule openings; 

no difference in the cAMP level was observed between an area close the 

site of the application and an area far from it. On the contrary, in an area full 

of T-tubule openings the application of the agonist gave rise to a localized 

cAMP response at the site of applicaton (Figure 4.14 b)), as the FRET ration 

changed more in the ROI close to the site of application than in the ROI far 
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from it.   

 

a)                                                                    b) 

 

 
Figure 4.14: SICM/FRET analysis of epac-1 atrial cells. a) Representative 5x5μm.SICM 

surface scans of an atrial EPAC1-camps cardiomyocyte. b) representative fluorescent 

image of an EPAC1-camps cardiomyocyte. Regions of interest (colored ovals) situated at 

various distances from the point of application of the agonist (indicated by an arrow) where 

FRET was measured after local stimulation of A1ARs following whole-cell stimulation of 

βARs. 

 
 
 
 

 
 

Figure 4.15 Diffusion of cAMP signal (FRET ratio change) in atrial cardiomyocytes in 

a plasma membrane area devoid of T-tubulesa) and in t-tubule-reach area b) as 

A1 adenosine 
receptor 
agonist 

Site of application 
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function of the distance from the site of the local application of A1AR agonist 2-MePPCA 

following adrenergic stimulation. 

 

4.3.7 Effect of A1 Adenosine receptors agonist on the FRET 
change following β1 adrenergic stimulation in rat atrial 
cardiomyocytes in HF.  
 
One of the aim of this work was to prove that during HF, some remodelling 

occurs and the functionality of the adenosine and adrenergic receptors is 

altered. For this purpose, we used cardiomyocytes isolated from the atrial 

tissue of HF rats rather than from EPAC1-camps transgenic mice. When we 

decided to use atrial cardiomyocytes from rat atrial tissue, the first obstacle 

was the cardiomyocytes isolation, because we needed a massive number 

of cells in order to be able to transfect those with a virus bearing an EPAC2-

camps cAMP sensor construct (necessary to visualize the FRET response). 

After the optimization of the rat atrial isolation protocol (see chapter 2 of the 

General Materials and Methods), we started trying to transfect the 

cardiomyocytes. This step was really complicated in atrial cardiomyocytes, 

due by the fact the initial number of the cardiomyocytes from atria is much 

less compared to the number obtained with the ventricular isolation. 

However, after atrial cardiomyocytes isolation we plated and transfected the 

cells with RII-epac sensor virus. RII-epac sensor is formed by the Epac 

cAMP binding domain fused to the regulatory subunit of the RII isoform of 

PKA and then sandwiched betwen CFP and YFP. For this reason, the 

sensor, once expressed, moves and localizes in the cellular mocro-domains 

associated with the particulate fraction of cellular PKA (see General 

Materials and Methods, chapter 2). After several tests, we were able to 

isolate a good number of rat atrial cardiomyocytes and to transfect them 

with the RII-epac sensor. The next experimental step was to check if A1AR 

stimulation has an effect at the whole-cell cAMP level after β1 adrenergic 

stimulation (indirect effect) in these normal rat atrial cardiomyocytes. For 
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this, we repeated the same protocol that has been used with the EPAC1-

camps mouse cardiomyocytes (Figure 4.1). In order to check if a remodeling 

occured during HF disease, we also tested the same protocol in atrial 

cardiomyocytes isolated from HF rat model describe previously (see 

Materials and Methods section 4.2.4). Our results show that the application 

of 2-MeCCPA in the bath following β1 adrenergic stimulation, leads to a 

significant reduction in the whole-cell cAMP level in both control and failing 

atrial cardiomyocytes (72.67 ±11.1 % for control and 15.1± 6.69% for HF) 

(Figure 4.16). In addition, this reduction was significantly lower in failing 

atrial cardiomyocytes compared to the control group (Figure 4.17 b)). In 

contrast the application of isoproterenol generated similar change in the 

cAMP level in both control and HF cells (Figure 4.17 a)). 

 

 

 
 
Figure 4.16:  Rerpresentative trace of cAMP level (FRET ratio) in rat atrial control 

(black line) and failing (yellow line) cardiomyocytes following treatments as indicated 

in the panel above the graph. N= 10 cells for both control and HF groups. 

 

0 200 400 600 800 1000

0.8

0.9

1.0

1.1

Time (s)

FR
ET

 ra
tio

 (Y
FP

/C
FP

)

    ICI (50nM)
+ISO (100nM)

ICI (50nm)
+ISO (100nM) 
+ CCPA (1uM)

ICI (50nm)
+ISO (100nM) 
+ CCPA(1uM)

+ IBMX (100uM)ICI (50 nM)

control
HF



	
116	

 
 

                
Figure 4.17: Influence of 2-MeCCPA administration (a) and isoproterenol administration 

(b) on the FRET ratio in normal and failing atrial rat cardiomyocytes.  

 

 

4.3.8 Anti-adrenergic effect of A1 adenosine receptor 
agonist on rat atrial cardiomyocytes after cholesterol 
depletion 
 

In the light of the results we obtained with contraction experiments (see 

chapter 3), when we proved that caveolae played a role in the localization, 

compartmentation and control of both β-adrenergic and adenosine 

receptors in cardiomyocytes, we wanted to test the A1AR effect on cAMP 

release following adrenergic stimulation in rat atrial cardiomyocytes after the 

cholesterol depletion by the agent methyl-β-cyclodextrin (MβCD). As for 

contraction experiments, rat atrial cardiomyocytes transfected with EPAC2-

camps sensor construct were incubated for an hour in the presence of 

MβCD, dissolved this time in M199 (see chapter 2 for detailed composition). 

Our results show that both control and cells treated with MβCD lead to a 

significant reduction of whole cell-cAMP level (21.9± 3.9%). This reduction, 

as we observed in atrial failing cardiomyocytes, was significantly lower in 

cells after the cholesterol depletion compared to control cells (Figure 4.18). 

Figure 4.18 also show that there is no difference in whole-cell cAMP level 
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production after the application of isoproterenol between control and MβCD 

treated cells. 

 

 

 

 

 
 
Figure 4. 18:  A1 adenosine receptor-mediated modulation of the cAMP level (FRET 

ratio) following adrenergic stimulation in rat atrial cardiomyocytes depleted of 

cholesterol with MβCD.  A representative traces of FRET ratio of one cell incubated 

with the compounds as indicated above the trace for both control (a) and cells treated 

with MβCD (b); Average % change in the FRET ratio following incubation with A1AR 

agonist 2-MeCCPA (c) and βAR agonist isoproterenol (d) as indicated in the figure. 

N=10 cells  
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4.3.9 Direct effect A1 adenosine receptors on cAMP level in 
rat atrial cardiomyocytes following cholesterol depletion 
with MβCD 
 

All of these results demonstrate that A1AR stimulation leads to anti-

adrenergic effect after β1AR stimulation. Such effect was present in all 

experimental group we tested (rat atrial cardiomyocytes isolated from 

control/HF model/ MβCD treated). We also wanted to investigate if a 

selective stimulation of A1AR was able to generate a direct effect on whole-

cell cAMP level without previous adrenergic stimulation. For this, we used 

the same protocol tested on atrial cardiomyocytes from the EPAC1-camps 

transgenic mice (Figure 4.5). In control cells the application of A1AR agonist 

lead to a redution of the whole-cell cAMP level (31.7 ± 7.8 %). Similar 

situation was found in cardiomyoctes treated with MβCD for cholesterol 

depletion (3.9 ± 1.6 %). 

 

 

 
 

 
Figure 4. 19: Direct A1 adenosine receptor-mediated modulation of the cAMP level 

(FRET ratio) in rat atrial cardiomyocytes following cholesterol depletion with MβCD. a). 

A representative traces of FRET ratio of one cell incubated with the compounds as 

indicated above the trace; (b) Average % change in the FRET ratio following incubation 

with A1AR agonist 2-MeCCPA. N=10 cells  
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4.4 Key concepts: 
 

• In both mouse and rat atrial cardiomyocytes, both adenosine and 

A1AR agonist stimulations have an anti-adrenergic effect on the 

cAMP production after selective β1AR stimulation. 

 

• The anti-adrenergic effect of adenosine and A1AR agonist is present 

in ventricular cardiomyocytes while it is significantly lower compared 

to atrial cardiomyocytes. 

 

• The anti-adrenergic effect A1ARs is significantly lower in both MβCD 

and failing atrial cardiomyocytes. 

 

• A1AR does not influence cAMP production after the selective β2AR 

stimulation in both atrial and ventricular cardiomyocytes. 

 

• Without βAR pre-stimulation, A1AR stimulation alone supresses 

cAMP production in rat control, failing and MβCD treated 

cardiomyocytes. 

 

 
4.5 Discussion and Conclusions  
 

The aim of this set of experiments was to dissect the cellular mechanisms 
of the anti-adrenergic effect of A1AR agonist and adenosine by measuring 

cAMP level in both atrial and ventricular cardiomyocytes in three different 

conditions: control, HF model and MβCD treated cells. 

The first part of our experiments was focused on investigating the anti-

adrenergic effect after the application of both adenosine and selective A1 

adenosine receptors agonist at the whole-cell cAMP level, in both atrial and 

ventricular cardiomyocytes. For this experiments we used the EPAC1-

camps transgenic mice that show a uniform distribution of the sensor in all 

cells of the heart. FRET shows a significant anti-adrenergic effect of A1ARs 
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agonist 2-MeCCPA in both atrial and ventricular cells. Comparable anti-

adrenergic effect was seen after adenosine application in both atrial and 

ventricular cells (44.5 ± 15.7% for adenosine and 43.4 ± 7.9% for 2-

MeCCPA in atrial cells and 39.4 ± 7.8% for adenosine and 29.4 ± 4.6 % for 

2-MeCCPA in ventricular cells). The fact that in both atrial and ventricular 

cardiomyocytes the effect of the two agonists was equivalent suggests that 

both responses may be mediated by the same A1 adenosine receptors. In 

the following studies we focused our attention particularly on this specific 

subtype of adenosine receptor. 

The next logical experiment was to check if there were any differences at 

the whole-cell cAMP level, between atrial and ventricular cardiomyocytes. 

For these experiments, we also used EPAC1-camps transgenic mice. Our 

previous contraction results (see chapter 3) showed that the anti-adrenergic 

effect of A1AR agonist is present only in atrial but not in ventricular 

cardiomyocytes. In contrast, FRET experiments show a decrease of whole-

cell cAMP level in both atrial and ventricular cardiomyocytes after the 

application of A1AR agonist followed the β1-adrenergic receptors 

stimulation (43.4 ± 7.9% for 2-MeCCPA in atrial cells and 29.4 ± 4.6 % for 

2-MeCCPA in ventricular cells). However, this effect is significantly lower in 

ventricular cardiomyocytes compared to the atrial cardiomyocytes. Our 

results are consistent with other reports where perfusion of hearts with 0.1 

(µM) isoproterenol increased myocardial cAMP content 2.8-fold, but when 

perfused with the isoproterenol, 10 µM adenosine reduced the 

catecholamine-produced increase in cAMP (Dobson, 1983). Linden et al. 

also showed that the adenosine analogue PIA reduced atrial tissue 

contractility, cAMP content and adenylate cyclase activity (Linden et al., 

1985). However, there are other studies that present different results. Bohm 

et al. showed that in atrial and ventricular muscle preparations from guinea-

pig hearts, the force of contraction was attenuated after adenosine 

administration. Nevertheless, this effect was much smaller in ventricular 

muscle compared to the atrial muscle. They also investigated the cAMP 

content after the application of isoproterenol and adenosine. In both 
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preparations the isoprenaline-induced increase in cAMP content of the 

intact contracting preparations was not diminished by adenosine (Bohm et 

al., 1984). However, in these experiments the authors used the 

radioimmunoassay to measure the cAMP level. In contrast to traditional 

biochemical antibody-based techniques such as radioimmunoassay, which 

measure total cyclic nucleotide concentrations, including those molecules 

bound to proteins and sequestered in cells (Brookeret al., 1979 and 

Williams, 2004), in our experiments we used the FRET technique; FRET is 

able to report physiologically relevant free intracellular cAMP levels that are 

present in the cytosol and capable of activating effector proteins. In addition, 

FRET imaging technique can report rapid changes in cAMP at higher 

temporal resolution and spatially resolve intracellular signaling at the 

subcellular level. In this respect, by our results (both contractility and FRET 

results) we can hypothesize that the activation of A1 adenosine receptors 

appears to be a primary pathway for antiadrenergic action of adenosine on 

cAMP level in both atrial and ventricular myocytes. However, in atria, but 

not in the ventricles, an additional effect of adenosine on transmembrane 

ion currents, such as ICa,L and IK,Ado, might be of a greater importance for 

modulation of cell contraction. 

Another aim of this work was to check if the possible receptors remodelling 

occurs during heart failure conditions in atrial cardiomyocytes. We 

transfected rat atrial cardiomyocytes with RII-epac sensor. Our results 

showed that in rat atrial cardiomyocytes, in both control and failing condition, 

the administration of isoproterenol (100 nM) increased myocardial cAMP 

content 5.8-fold, but when 1 uM of A1 adenosine receptors agonist was 

applied into solution, it reduced the catecholamine-produced increase in 

cAMP level (2-5 fold) (Figure 4.12). Although the course of the response is 

the same, in the case of the failing cardiomyocytes, it is possible to observe 

that such effect of A1AR agonist is significantly lower compared to the 

condition of control. Such differences in spatial cAMP level and dynamics 

might result from the differences in localization of these receptor subtypes, 

in particular with respect to the caveolae micro-domains. In ventricular 
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cardiomyocytes β1ARs have been found in both caveolar and non-caveolar 

membrane fractions, whereas β2ARs have been shown to exclusively 

localize in caveolae (Nikolaev et al., 2009). There are studies that report the 

localization of A1AR in caveolae microdomains in ventricular 

cardiomyocytes. To study the possible localization of these recepetors, in 

relationship with this specific micro-domain, we used transfected atrial 

cardiomyocytes treated with the MβCD to remove the cholesterol. Our 

results suggest that A1AR stimulation leads to a reduction of the whole-cell 

cAMP level in both control and treated cells. We reported this trend for both 

direct effect, while applying 2-MeCCPA directly in the bath, or indirect effect, 

while applying 2-MeCCPA following the previous β1AR stimulation. (Figure 

4.5 and Figure 4.6). Despite that the trend was similar, the effect of 2-

MeCCPA in the cells treated with MβCD was significantly diminished 

compared to control. Our data shows that there is a reduction of the effect 

of this particular adenosine receptors for both failing and treated 

cardiomyocytes, suggesting a possible localization between caveolae 

micro-domain and A1AR and also a possible remodelling of this micro-

domain during heart failure condition. Our results are consistent with the 

increasing evidence that caveolae play a key role in compartmentalization 

of the receptors and second messengers in close proximity with the plasma 

membrane. Several studies show that some GPCRs are able to redistribute 

to caveolae after the binding with the specific agonist. In addition, Lasley et 

al., reported that adenosine A1 receptors translocate out to caveolae in the 

presence of agonist 2-chlorocyclopentyladenosine (CCPA) in ventricular 

cardiomyocytes (Lasley et al., 1999). The authors showed that the 

incubation with the adenosine A1 receptor agonist CCPA induced the rapid 

translocation of the receptors from caveolae into non-caveolae micro-

domain. This effect was blocked with the application of the adenosine A1 

receptor antagonist, 8-cyclopentyl-1,3-dipropylxanthine. Another report 

(Yang et al., 2009) demonstrated a colocalization of caveolin 3 and the 

PKCɛ or PKCδ isoforms at the cell peripheral region and T-tubular like 

structures in response to adenosine A1 receptor activation. Their results 
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suggest the idea that adenosine A1 receptors promote the selective 

translocation of PKCɛ and PKCδ to the caveolin-3 plasma membrane 

microdomains in cardiac myocytes. The authors also demonstrated that the 

activation of A1ARs promotes the translocation to caveola microdomail only 

for PKCɛ and PKCδ but not PKCα, PKCβ and PKCζ isoforms. 
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CHAPTER 5 Molecular investigation of β-
adrenergic and andosine receptors. 
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5. Molecular investigation of β-adrenergic and 
andosine receptors. 
	

5.1 Introduction  
	
β-adrenergic and adenosine receptors are critical regulators of cardiac 

function in both normal and pathophysiological conditions. Under normal 

conditions, β-ARs modulate both the heart rate and the force of contraction 

and relaxation of the heart, allowing the appropriate response of the 

individuals to physiological stress or exercise. However, in chronic heart 

failure, sustained activation of the βARs signaling could have negative 

consequences (Port and Bristow, 2001; Vatner et al., 1985). Indeed, 

numerous clinical trials demonstrate the usefulness of beta-blocker therapy 

in chronic congestive heart failure patients (Barrese and Taglialatela, 2013). 

The beneficial effects of adenosine receptors are well known and render 

them an attractive target for clinical manipulations. At the same time, their 

function could be modified during disease pathology, contributing to the 

potential disease pathogenesis. Indeed, adenosine receptors may play a 

crucial role in several diseases such as cardiac hypertrophy, 

arrhythmogenesis and heart failure. Several studies show a relationship 

between adenosine handling and the remodelling of adenosine receptors 

and heart failure (Headrick et al., 2013; Funakoshi et al., 2007 and Funaya 

et al., 1997). In cardiovascular disease including hypertension and heart 

failure, plasma adenosine levels are elevated possibly to serve as an 

endogenous antimyocardial remodeling factor. (Gan et al., 2004 and 

Ohnishi et al., 1988). Adenosine levels have been reported to be increased 

in patients with heart failure (Funaya et al., 1997). In rats with hypertrophy, 

the adenosine uptake blocker dipyridamole reduced the abnormal left 

ventricular filling and preserved adrenergic responsiveness in pressure 

overload-induced hypertrophy (Chung et al., 1998). However, whether the 

possible changes occurred during HF conditions reflect the molecular 

mechanistic involvement remain unclear. 
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To investigate the possible reasons for the reduced activity of A1 adenosine 

receptors during heart failure, we extracted the mRNA and proteins from 

both rat atrial control and failing tissues to perform the qRT-PCR and the 

western blot. We decided to focus our attention only in atrial tissue, since 

we did not see a significant effect of adenosine A1 receptors in ventricular 

cardiomyocytes on both the contractility and the cAMP level. This difference 

between atrial and ventricular tissue could be explained by the greater 

density of A1 adenosine receptors in the atrium, as reported by Linded J et 

al (Linded et al., 1985). Indeed, they observed in rat myocardium differences 

in density between the two parts of the heart, reporting a density of 30 

fmol/mg protein and 23 fmol/mg protein in atria and ventricles, respectively 

(Linded et al., 1985). 

In this thesis we investigated the mRNA expression and the protein levels 

of both adrenergic and adenosine receptors. In addition, since we found a 

relationship between the function of the adenosine receptors and the 

presence of the caveolae domains, we also studied cav3 expression. 

This chapter aims to explore the molecular mechanisms of the anti-

adrenergic effect of adenosine and its possible remodelling occurring during 

failing conditions. 

 

The main objectives of this chapter are:  

1. To characterise molecular remodelling occurring in rat atrial tissue 

model of HF of both adrenergic and adenosine receptors 

 

2. To explore the possible remodelling of cav3 expression, occurring 

during failing conditions. 
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5.2 Materials and methods: 

5.2.1 Animals 
 
In these experiments both male and female Sprague Dawley Rats were 

used (8-10 weeks old, weight ~250 g). 

 
5.2.2 Rat atrial tissue storing   
	
Left and right atria were placed either together or separately in eppendorf 

tubes immediately after the excision of the heart. Then the tissues were 

snap-frozen in liquid nitrogen and kept in -80°C. 

 

5.2.3 Rat Post-Infarction HF Model  
	
	
To study heart function during HF conditions a model of chronic myocardial 

infarction in adult Sprague-Dawley rats was generated. The rat model of HF 

was generated by ligation of the left anterior descending coronary artery. 
Cardiomyocytes were isolated after sixteen weeks post-MI.  This model of 

heart failure was validated from our group on 2009 (Lyon et al., 2009). (see 

Chapter3 for more details). 

 
5.2.4 Solutions 
	
 
All solutions used during real-time PCR and western blot experiments are: 

ß-mercaptoethanol (Sigma-Aldirich #63689) 

Proteinase K (Quiagen #19131) 

peqGOLD total RNA kit (Peqlab #12-6634) 

peqGOLD total DNAse digestion kit (Peqlab #12-1091) 
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RIPA Buffer composition: 150mM NaCl, 10mM TrisHCl pH7.2 0.1%, SDS 

1%, Triton X-100, 5mM EDTA, 100uM Sodium Orthovanadate, 10mM P-

nitrophenylphosphate,1 μl Dnase. 

 

5.2.5 Total RNA extraction and quantification 
 
Each sample was placed in an Eppendorf tube containing 1 stainell-steel 

bead, 400 μl of lysis buffer form the peqGOLD total RNA kit and 4 μl of ß-

mercaptoethanol (10 μl of ß-mercaptoethanol per 1 ml of lysis buffer). 
Samples were disrupted for 2 minutes at 50Hz frequency in the TissueLyser 

II (Qiagen), and then were transfered in a new Eppendorf tube, adding 590 

μl of RNAse- free water and 10 μl of proteinase K. This mixture was 

incubated and shacked for 10 minutes at the temperature of 55°C. The 

resulting solution was transfer into the green column of the kit and the 

procedure was made according to manufacturer's instruction. 
At the end of the extraction procedure, 30μl of RNase-free water was used 

for RNA elution. Subsequently the RNA concentration was determined 

using a Thermo Scientific NanoDrop 1000 spectrophotometer.  The purity 

of RNA was quantified with Nanodrop and the A260/A280 absorbance ratio 

= 2.00±0.10 represented an acceptable purity.   

PCR analysis was performed using SYBR Green JumpStart taq ReadyMix  

(Sigma) in an Eppendorf Mastercycle EP Realplex machine (Mauritz  et al., 

2008). SYBR-Green is a dye able to emits bright fluorescence when it is 

bound to the DNA amplified from the corresponding cDNA template. The 

fluorescence emission is related to the amount of starting cDNA material in 

the reaction. With this method the cycle threshold (Ct) value was measured; 

this value is representative of the number of PCR cycles required to be able 

to generate fluorescence with enough intensity that it reaches the threshold 

within the linear phase of the reaction. Ct value is correlated to the starting 

quantity of target mRNA.  

For each sample relative expression levels were calculated after 

normalization against the housekeeping gene, that was validated to ensure 
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that the different groups had similar gene expression values. Relative 

mRNA expression levels were analysed using comparative Ct methods (the 

2-ΔΔCt method) with a normalization to the housekeeping gene Rpl32 

(Table 1). 

 
Table I. Oligonucleotides used for real-time PCR for rats genes 

Target gene             Primer sequence 
β1AR    (NM_012701.1) Fw 5´- CTGGACTTCGGTAGACGTGC -3´ 

 Rv 5´- CACTTGGGGTCGTTGTAGCA -3´ 
β2AR    (NM_012492.2 ) Fw 5´- TGGTGCGAGTTCTGGACTTC -3´ 
 Rv 5´- TAAGGCCCGACACAATCCAC -3´ 
A1AR   (NM_017155.2) Fw 5´- GAGCTGAAGATCGCCAAGTCG-3´ 
 Rv 5´- TGGGAGGTCTTCATCGATGGG-3´ 
A2aAR (NM_001357942.1) Fw 5´- CCATGCTGGGCTGGAACA -3´ 
 Rv 5´- GAAGGGGCAGTAACACGAACG -3´ 
A3AR   (NM_001302755.1) Fw 5´- TCTTCACCCACGCTTCCATC -3´ 

 Rv 5´- GGTCAGTCCCACCAGAAAGG -3´ 

Rpl32 (NM_013226.2) Fw 5´-	TCTGGTCCACAATGTCAAGG-3´ 
 Rv 5´-	TGTGCTGCTCTTTCTACGATG-3´ 

 
 

5.2.7 Protein extraction and quantification  
 
The tissue (around 30 mg) was cut in small pieces and placed in an 

Eppendorf tube containing RIPA buffer, protease inhibitor and DTT (around 

500 ul for each samples). The tissue was disrupted for 3 minutes at 50Hz 

using the TissueLyser II (Qiagen). After the disruption, the sample was 

transfer in a new tube, placed on ice and shacked for 15 minutes. Later was 

centrifuge at 14000 g for 15 minutes, the resulting pellet was discarded and 

the supernatant was kept for the quantification of the protein. A volume 

between 2-5 μl was kept for the quantification and the rest of the 

supernatant was stored at -80°C for the future western blot analysis. The 

quantification of the proteins levels was made using BioRad DCk+ kit. Serial 

dilutions of a bovine serum albumin (BSA) protein standardwere prepared 
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in several tubes and used to calibrate with dilutions of 1 μl tissue lysates in 

9 μl ddH2O. Standards and samples were placed into a 96 well plate in 

duplicate along with 25 μl of solution A+S and 200 μl of working solutions B 

given by the kit, then the plate was incubated for 30 minutes at room 

temperature. The absorbance at 550 nm was read in a plate reader 

(ChemiDoc XRS+, BioRad). 

 

5.2.8 Western blot protocol  
 

5.2.8.1 Polyacrylamide gel and protein transfer  
	

After the quantification, the results given by the protein assay, were used to 

calculate the volumes of sample for loading to have 40 μg of protein for 

tissue lysates. Loading buffer was used to prepare the sample that was then 

heated at the temperature of 95°C for 5 minutes, centrifuged and finally 

loaded onto 14-18% polyacrylamide gel and run at 120 V for approximately 

2 hours. The protein ladder (Thermo Fisher #26620) was loaded into the 

first lane to have an indication about the molecular weight of our molecular 

protein of interest. After the run finished the proteins were transferred to 

nitrocellulose membranes (Pall Corporation) using the Trans-Blot Turbo 

Transfer System (Bio-rad Laboratories, UK) at for 10 minutes. When this 

process was finished to check the real transfer of the protein to the 

nitrocellulose membranes, they were stained with Ponceau S solution 

(Sigma Aldirich #	P7170). This step was also important to check the equal 

loading of transfer proteins. The membranes were then washed with 

phosphate-buffered saline (PBS) and Tween 0.1% for 10 minutes (this step 

was repeated 3 times) (Granata et al., 2014). 
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5.2.8.2 Membrane incubation and Development 
	

After the transfer, the nitrocellulose membrane was blocked in 5% of milk 

dissolved in PBS-Tween for 1 hour. Then the membrane was incubated with 

primary antibody solution (Table 2) at the temperature of 4°C overnight. The 

day after the membrane was washed in PBS-Tween for 10 minutes; this 

process was repeated 3 times. When the washing process was done, the 

membrane was incubated with the appropriate secondary antibody (Table 

2) for 1 hour. After 1 hour of incubation, the membrane was washed again 

for 3 times, 10 minutes each in PBS-Tween, then the membrane was 

covered with ECL Western blotting detection solution (BioRad). The 

membrane was develop using the ChemiDoc XRS+ Imaging System (Bio 

Rad). 

Table 2: antibody used for western blot 

Primary antibody 
(dilution)  

Secondary antibody 
(dilution)  

Catalog 
number  Source  

A1 adenosine receptor 
(1:200) 
 

Goat anti rabbit (1:10000)  #AAR-006 Alomone 
Lab  

Cav3 (1:1000)  
 Goat anti-mouse(1:10000)  #610421 BD 

GAPDH (1:1000)  
 Goat anti rabbit (1:1000)  #2118 Cell 

signalling 

 

5.2.9 Statistical analysis  
	

Data obtained from these experiments were expressed as mean ± standard 

error of the mean (SEM). All statistical analysis was performed using Excel 

and Graphpad prism 6.0 software. The statistical differences of 

measurements made between two groups were analysed using a paired T-

test, whereas multiple comparisons between groups were analysed using a 
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one-way or two ways analysis of variance (ANOVA). A P value of less than 

0.05 was considered statistically significant.  
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5.3 Results 
 
5.3.1 Messenger RNA expression profiles of adrenergic and 
adenosine receptors: no differences between control and 
failing conditions  
  
To clearly understand the possible reasons for the reduction of the 

adenosine effect in both basal condition and after the previous β1-

adrenergic stimulation in failing cardiomyocytes, we wanted to investigate 

mRNA expression level of both β-adrenergic and adenosine receptors, in 

control and failing conditions by qRT-PCR. In this set of experiments, we 

extracted the mRNA from atrial tissue of both healthy and heart failure 

model rats. We did not separate the right atrium from the left but as we 

extracted the mRNA from both parts separately we mixed them together for 

qRT-PCR analysis. Figures 5.1 a) and b) show the mRNA expression profile 

for the β1 and β2-adrenergic receptors, respectively. No statistical 

significance was recorded between the levels of mRNA expression of β-
adrenergic receptors in control and failing conditions. The same situation 

was observed in the mRNA expression profile for A1, A2a and A3 adenosine 

receptors. Figure 5.2 shows the comparison between all adenosine receptor 

subtype expression in both control and failing conditions; as before no 

statistical significance was recorded. 
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Figure 5.1: Relative quantification of mRNA expression of β1ARs and β2ARs in normal and 

failing rat hearts. Control rats n=4, Myocardial infarction rats n= 6. 

 
 

           

 
 

Figure 5.2: Relative quantification of mRNA expression of adenosine A1, A2a and A3 

receptors in normal and failing rat hearts. Control rats n=4, Myocardial infarction rats n= 6. 

 

 

5.3.2 No differences in mRNA expression level between left 
and right atrial tissue in normal heart. 
 

The previuos results showed that there are no differences in both β-

adrenergic and adenosine receptor mRNA expression between control and 

failing rat hearts when the mRNA was extracted from the whole atrial tissue. 

To check if there are differences in the expression level between left and 

right atria, in the next set of experiments, we repeated the mRNA extraxtion 

separating the two part of the atria. Figure 5.3 a) and b) shows the 
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expression of β1 and β2 adrenergic receptors in control atrial tissue of both 

right and left atrium. In control atrial tissue, no statistical significance was 

recorded between the levels in the two different part of atrial tissue. Figure 

5.4 shows the expression profile of adenosine receptors in right and left 

atrium of control rats. As for the adrenergic receptors, no differences were 

observed between the two parts. 

 

 
 

 
Figure 5.3: Relative quantification of mRNA expression of (a) β1AR and b) β2ARs in the 

left atrium (LA) and the right atrium (RA) of the normal rat heart. Right atrium n=5 animals, 

Left atrium n=5 animals.  
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Figure 5.4: Relative quantification of mRNA expression of adenosine A1, A2a and A3 

receptors in the left atrium (LA) and the right atrium (RA) of the normal rat heart. Right 

atrium n=5 animals, Left atrium n=5 animals.  
 

 

5.3.3 Adrenergic and adenosine receptor mRNAs are more 
expressed in left atrium than in right atrium in the rat failing 
hearts.  
 

The next logical step was to check if there were any differences in the 

expression of adenosine and beta adrenergic receptors in the atria during 

the heart failure. For this reasons we extracted the mRNA in rat model of 

HF, separating the left from the right atrium. 

Interestingly, the comparison of the expression level between left and right, 

showed several differences. 
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Figure 5.5 a) and b) shows that both β1 and β2 adrenergic receptors are 

more expressed in the left atrium compared to the right; there is 48% more 

of the β1AR mRNA and 53% more of the β2AR mRNA in left atrium than in 

the right. A similar situation was recorded for all adenosine receptors we 

investigated. Indeed, all subtypes appear to be more expressed in left atria: 

49 % higher expression of the A1ARs, 39% higer expression of the A2aARs 

~ and 54% higher expression of the A3ARs ~ (Figure 5.6 a) b) and c)). 

 

 

 
											 
 

Figure 5.5: Relative quantification of mRNA expression of (a) β1ARs and b) β 2ARs in in 

the right atria (RA) and left atria (LA) in failing rat hearts. *P<0.05; HF right atria n=5 

animals, HF left atria n=5 animals.  
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Figure 5.6: Relative quantification of mRNA expression of adenosine A1, A2a and A3 

receptors in in the right atria (RA) and left atria (LA) in failing rat hearts. *P,0.05; ;HF right 

atria n=5 animals, HF left atria n=5 animals 

 

 

5.3.4 Expression of β1 and β2 adrenergic and A1, A2a and A3 
adenosine receptors in normal and failing hearts: 
differences between left and right atrial tissue. 
 
To conclude our investigation, we also compared the mRNA expression 

profiles found in right and left atria during failing conditions with the mRNA 

expressions profiles obtained in control samples. Figures 5.7 a) and b) 

represent the mRNA expression for both β1 and β2 adrenergic receptors. No 

statistical significance was recorded between control failing right atrium 

(0.97±0.1 NS for βAR and 1.16 ± 0.12 NS for β2 AR). Figures 5.8 a), b) and 

c) show the mRNA expression for adenosine receptors (A1, A2a and A3). As 
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before, no significant changes were observed (0.76± 0.06 NS for A1, 1.68 ± 

0.02 NS for A2a and 0.86 ±0.17 NS for A3). 

 

 
 
Figure 5.7: Relative quantification of mRNA expression of adrenergic (a) β1ARs and b) 

β2ARs in the right atria (RA) in control and failing samples. Control rats n=5, Myocardial 

infarction rats n= 5 
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Figure 5.8: Relative quantification of mRNA expression of adenosine (a) A1,(b) A2a and (c) 

A3 receptors in the right atria (RA) in control and failing samples.Control rats n=5, 

Myocardial infarction rats n= 5. 

 
However, when we compared the mRNA expression of adenosine and β-

adrenergic receptors in left atrial tissue of control and failing samples, higher 

expression was noted for some of the proteins. Expression of β1AR in failing 

left atrium seems to be greater compared to the normal left atrium, while 

this difference is not statistically significant (2.5± 0.3 NS P=0.08) (figure 5.9 

a)) On the other hand, expression of β2AR mRNA is significantly higher in 

the failing left atrium compared to normal left atrium (2.9 ±0.02 P<0.05) 

(figure 5.9 b)). 

           

 
 
 
Figure 5.9: Relative quantification of mRNA expression of adrenergic (a) β1ARs and b) 

β2ARs in the normal and failing left atrial (LA) samples. P<0.05 Control rats n=5, Myocardial 

infarction rats n= 5. 

 

 

Similarly, between the adenosine subtype receptors, A1AR expression 

seems to be higher in failing samples, but this difference is not significant 

(1.6±0.03 NS) (figure 5.10 a)); on the other hand, a significant increase of 

both A2aAR and A3AR expression is found in the left atrium in failing 



	
141	

conditions compared to control (6.3 ±2.3 P<0.05 and 8.6 ±3.01 P<0.05) 

(Figure 5.10b) and c)). 

 
          

 
 
 
Figure 5.10: Relative quantification of mRNA expression of adenosine (a) A1, (b) A2a and 

(c) A3 receptors in the normal and failing left atrial samples. P<0.05 Control rats n=5, 

Myocardial infarction rats n= 5. 

 

 

5.3.4 Expression of caveolin-3 mRNA is decreased in failing 
atrium.  
 
After checking the mRNA expression profile of adenosine and adrenergic 

receptors we moved to investigate the distribution of cav3 expression in 
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both right and left atrium in order to monitor possible remodelling occurring 

in failing atrium versus normal. Figure 5.11 shows cav3 mRNA expression 

comparison of right atrium in control and HF samples. In failing heart 

samples cav3 expression has a tendency to be lower both in the right and 

in the left atrium (0.38±0.06 NS P<0.09 for RA and P=0.) but this difference 

was not statistically significant. 

 

 

a)                                                              b) 

 
 
Figure 5.11: Relative quantification of mRNA expression of cav3 in the normal and failing 

right (a) and left (b) atrial samples. Control rats n=5, Myocardial infarction rats n= 5. 

 

 

5.3.5 Protein level of A1 adenosine receptors in the right 
atrium does not change in failing hearts, but is higher in the 
left atrium. 

Given the observation of the increase in mRNA levels of A1ARs we moved 

assess protein expression by western blot on atrial frozen tissue from both 

control and HF model rats. We extracted the protein separately from right 

and left atria. Figure 5.12 shows the difference of the protein levels between 

left and right during control and HF model. As we can see from the figure, 

no difference in A1ARs protein levels were observed in the right atria in both 
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condition examinated. In contrast, in the left atrium a significant increase of 

the A1 AR protein level was observed. 

 

 

 

 
 

 

Figure 5.13 Relative protein expression of A1ARs in right and left atria in normal and failing 

hearts. a) A representative blot showing A1ARs expression in the right atrial tissue in 

control and failing hearts. b) Relative average density of the A1AR band in a) normalized 

to the GAPDH ‘housekeeping’ gene band c) A representative blot showing A1ARs 

expression in the left atrial tissue in control and failing hearts d) Relative average density 

of the A1AR band in a) normalized to the GAPDH band. n=4 control n=5 HF 
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5.3.5 Protein level of caveolin-3 does not change in failing 
hearts. 
 
Cav3 is the main component forming caveolae and a decrease of these 

molecules should lead to a remodeling of the caveolae stability and possible 

decrease in the caveolar number. Given the difference in the functionality 

of A1ARs during both failing conditions and during caveolae disruption, it 

was questioned whether there were differences in cellular levels of cav3. To 

explore the role that cav3 could play, atrial tissue of both control and heart 

failure model rats were processed and Cav3 levels were quantified by 

western blot.  

Figure 5.14 shows cav3 levels (normalized to the level of GAPDH) in both 

left and right atrium of normal and failing hears. As we observed before for 

mRNA, neither in the left, nor in the right atria any statistically significant 

differences were observed. 
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Figure 5.13 Relative protein expression of cav3 in right and left atria in normal and failing 

hearts. a) A representative blot showing cav3 expression in the right atrial tissue in control 

and failing hearts. b) Relative average density of the cav3 band in a) normalized to the 

GAPDH ‘housekeeping’ gene band c) A representative blot showing cav3 expression in 

the left atrial tissue in control and failing hearts d) Relative average density of the A1AR 

band in a) normalized to the GAPDH band. n=4 control n=5 HF 

 

5.4 Discussion and Conclusions 
 
The aim of this chapter was to study, in atrial tissue, the molecular 

mechanism of the interaction occurring between adenosine and beta-

adrenergic receptors in heart failure. Indeed, atrial chambers can be equally 

affected by the pathological remodelling even if the heart disease originates 

in the ventricles (Schotten et al., 2011). 

Initially, we used both atria for the extraction and the consequent 

quantification, without taking into account the possible difference in the 

expression levels between the left and the right atria and our results did not 

show any difference in the mRNA expression levels of adrenergic and 

adenosine receptors in both control and HF atrial tissue (Figure 5.1). Then, 

we repeated the experiments, extracting the mRNA separately from the left 

and the right atria. Interestingly, in control tissue we did not observe any 

statistical difference between the left and the right atrial tissue (Figure 5.3). 

Consequently, no change was found in the amount of mRNA expressed in 

the right atrium in failing conditions compared to control. In contrast, in the 

failing hearts, an upregulation of both adenosine and adrenergic receptors 

was observed in the left atrium (Figure 5.5). A statistically significant 

upregulation in failing model was found in the left atrium for β2ARs and both 

A2a and A3 ARs. For β1ARs and A1ARs, an upregulation was observed, 

however not statistically significant (P=0.08 for β1ARs and P=0.192 for 

A1ARs). This could be explained by the low number of samples used for the 

extraction (n= 5 for both control and HF samples). Nevertheless, we 
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conclude that these receptors are also upregulated, as western blot 

confirmed the higher presence of A1ARs in left failing atrium compared to 

the left atrium control (P= <0.05). Our results are consistent with other 

studies that reported high levels of expression of adenosine receptors in 

heart with left ventricular systolic dysfunction (Funakoshi et al., 2007 and 

Gauthier et al., 1998). Funakoshi and collegues assessed adenosine levels 

and adenosine receptors expression in control and transgenic mice with left 

ventricular systolic dysfunction secondary to overexpression of tumor 

necrosis factor (TNF1.6). They demonstrated that the ventricular levels of 

adenosine are significantly decreased in mice with diminished left 

ventricular performance. This decrease was accompanied by a marked 

increase in the levels of the A1AR and a small but significant decrease in 

the number of A2aAR. Consistent with these results, Meyer and collegues 

showed that adenosine production was initially increased during the 

compensated phase of pressure-overloaded rat heart but it was decreased 

during cardiac decompensation (Meyer et al., 2001). Regarding βARs, 

Bristow et al. found a decrease of the βARs in the left ventricle during HF. 

(Bristow et al., 1982). The density of β-adrenergic receptors was found to 

be decreased by 29%, whereas the β1/β2-adrenergic receptor density 

remained unchanged.  

The studies mentioned above, involved principally the remodeling occurring 

in the left ventricle, however, heart failure is reported to be associated with 

atrial dysfunction (Schotten et al., 2011). Yeh et al. showed, in a 

reproducible dog model of HF that the changes occurred in ventricles led to 

increased LA and RA intracavitary pressures causing pathological atrial 

cardiomyocyte remodeling. They reported that, in contrast to the 

characteristic intracellular Ca2+ transient amplitude depression in failing 

ventricular cardiomyocytes, atrial cardiomyocytes from the same hearts 

showed abnormally increased intracellular Ca2+ concentrations in diastole. 

Such effect is consistent with Ca2+ overload leading to depressed cell 

shortening (Yeh et al., 2008).  
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The left atrium modulates left ventricular filling by acting as an elastic 

reservoir (Braunwald et al., 1961). LA dysfunction and the consequent 

remodeling are commonly observed in patients with HF.  Growing body of 

evidence suggests that LA dysfunction is an active contributor to symptoms 

and to the progression of disease (Donal et al., 2008; Melenovsky et al., 

2006; Welles et al., 2012 and Hoit, 2014). However, HF-related LA 

remodeling is poorly understood. These evidences could also explain the 

reasons why in our results we observed, during failing conditions, 

differences in the expression of the receptors only in LA rather than in the 

RA. 

Our results show that there are no differences in Cav3 mRNA expression in 

both normal and failing conditions for both the right and the left atrium. 

However a slight downregulation of cav3 mRNA was observed in failing 

conditions (P< 0.08 for RA and P= 0.111 for LA); in contrast, western blot 

did not show any difference for Cav3 protein levels in failing hearts in both 

chambers. These results may suggest that the differences of adenosine 

receptors activity related to the caveolae microdomain (see chapter 2 and 

3) are not a result of an increase or a decrease in Cav3 expression. It is 

possible that the differences that we observed are not related to the 

differences in the gene expression but for example related to a possible 

dynamics physical effect occurring during the structural changes present in 

HF conditions. On the other hand, the increase of A1ARs density that we 

observed during failing conditions appears to follow the loss of the 

adenosine effects, suggesting the establishment of a potential 

compensatory mechanism that could be a driving factor of the failing 

phenotype. 
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CHAPTER 6 Functional and molecular 
remodelling in human atrial cardiomyocytes 
isolated from different groups of patients. 
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6 Functional and molecular remodeling in human 
atrial cardiomyocytes isolated from different groups 
of patients. 
 
6.1 Introduction 
	
	
	
Congestive heart failure (CHF) is the global term used to describe the 

condition when cardiac function is not sufficient to cover the demands of the 

body and the lungs. The failing conditions are associated with several 

alterations of both structural and functional properties, resulting in a non-

sufficient cardiac function (Lloyd-Jones et al., 2002). HF is the endpoint for 

several cardiovascular diseases including coronary artery disease, 

myocardial infarction, hypertension, cardiomyopathy, congenital heart 

defects, myocarditis. Compensatory and adaptive changes occur in the 

heart to preserve cardiac output. Some of these adaptive changes are 

mediated by enhanced sympathetic nervous system activity (Leimbach et 

al., 1986) 

Atrial fibrillation (AF) is the most common type of arrhythmia that leads to 

an abnormal heart rhythm characterized by rapid and irregular beating of 

the atria (Khairy and Nattel, 2002). Although it is often associated with 

others cardiac diseases, AF could occur in many patients with no detectable 

disease state (Fuster et al., 2001). AF is a supraventricular tachyarrhythmia 

characterized by uncoordinated atrial activation with consequent 

deterioration of the mechanical functionality of the tissue (Bellet, 1971). The 

ventricular response to AF depends on several factors such as the 

electrophysiological properties of the AV node, the level of vagal and 

sympathetic tone, and the action of drugs used for the treatment 

(Prystowsky et al., 1998). AF condition could be isolated or associated with 

other arrhythmias, often atrial flutter or atrial tachycardia. AF is associated 

with increased morbidity and mortality due to increased risk for congestive 
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heart failure and cerebral infarction (stroke) (Khairy and Nattel, 2002; Van 

Gelder et al., 2002). Indeed, there is a complex links between the onset of 

CHF and AF, although the exact mechanism of this association has not 

been fully understood. Different studies showed that the occurrence of AF 

increases 6 times when CHF is present and enhancement seems to follow 

the increasing severity of CHF (Iwasaki et al., 2011). The occurrence of AF 

also increases with age and others several cardiac disorders predispose to 

AF, including coronary artery disease, pericarditis, mitral valve disease, 

congenital heart disease, thyrotoxic heart disease and hypertension (Nattel 

et al., 2002). Many of these are thought to promote the onset AF via a 

mechanism that include the increase of the atrial pressure and/or via atrial 

dilation; however, the precise relationship is not completely defined.  

Adenosine is an endogenous nucleoside commonly used in both diagnosis 

and treatment of superventricular tachyarrhythmias (Camm et al., 1991, 

Rankin et al., 1992 and Datino et al., 2010). Adenosine can influence 

myocardial function in humans, and has been successfully used in the 

treatment of different type of tachyarrhythmias, suggesting a physiologically 

important role played by adenosine in human heart (Dimarco et al., 1983, 

Belhassen and Pelleg, 1984). Several studies, however, indicate that 

intravenous adenosine administration can cause spontaneous or pacing-

induced atrial fibrillation in patients (Tebbenjohanns et al., 1997 and 

Strickberger et al., 1997). In both clinical and animal model investigations, 

adenosine was reported to shorten atrial action potential duration (APD) and 

refractoriness that could play a role in the AF initiation (Lou et al., 2014; 

Kabell et al., 1994; Tebbenjohanns et al., 1997 and Strickberger et al., 

1997).  

The exact molecular and functional mechanism of adenosine-induced AF 

and occurring during HF, remain unclear. Adenosine is released mainly 

during myocardial ischaemia and reperfusion, and is produced not only by 

cardiomyocytes but also in endothelial cells (Li et al., 2016). 
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The cardio-protective action of adenosine is well known. Adenosine 

receptors A1 are known to attenuate the release of catecholamines which is 

β-adrenorecepetors-mediated. On the other hand, adenosine receptors A2 

are known to increase coronary blood flow and inhibit platelet and 

leukocytes activation (Masufami and Masatsugu, 2000). These effects may 

synergistically inhibit and delay the deleterious effects present in both 

ischemic and non-ischemic heart disease and consequently adenosine may 

trigger and mediate cardio-protection; at the same time can also attenuate 

the severity of the heart failure conditions. Indeed, considering that 

adenosine actions seems to be involved in the attenuation of the deleterious 

neurohumoral factors in the pathophysiology of heart failure, it may become 

interesting clearly understand the action mechanism occurring during failing 

condition for a future treatment of the disease. As mentioned before, 

adenosine could be implicated in the onset of AF (Tebbenjohanns et al., 

1997 and Strickberger et al., 1997). Recently, Fedorov et al. demonstrated 

that sustained adenosine-induced AF may be driven by different localized 

reentry circuits in right atrium areas in close relationship with highest 

expression of adenosine A1 receptors (Fedorov et al., 20016). 

In this chapter we wanted to compare our finding in rat and mice heart failure 

models with samples collected from human patients. We decided to divide 

the patient samples in different groups, taking into account the possible 

relationship between HF and AF diseases.  

 

The aims of this chapter are the following: 

 

1. To explore the functional interaction between beta-adrenergic and 

adenosine receptors in the human atrial cardiomyocytes 

 

2. To dissect cellular mechanisms of the anti-adrenergic effect of 

adenosine by measureing cAMP level into human atrial 

cardiomyocytes transfected with a cAMP FRET sensor  
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3. To study molecular mechanisms of the anti-adrenergic effect of 

adenosine in human atrial tissue 
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6.2 Materials and methods 
 

6.2.1 Patients screening  
 

Patients examined in this study were enrolled from routine cardiac surgery 

at both Hammersmith Hospital, Imperial College London, UK and Ospedale 

Civile Maggiore di Verona, Italy. The permission to obtain heart tissue 

biopsy was received from the respective patients.  

 

6.2.2 Patients groups  
 

Human tissues were obtained from both left and right atrium during cardiac 

surgery (n= 6 patients for contraction study n=5 patients for FRET 

experiments n=11 patients for PCR and western blot). Human biopsies were 

collected either during mitral valve (MV) surgery or during bypass surgery 

as well as from dilated (DCM) and ischemic cardiomyopathy (ICM) heart 

transplant with and without LVADs (Figure 6.1). In our study we considered 

both males and females (M= ~11% and F=~ 8%) with an average age of 

66.20 ± 13.00 (Table 6.1). 

We divided all patients in 4 different groups, considering the heart rhythm 

and the ejection fraction. According to the heart rhythm we can divide the 

patients into two groups: Synus rhythm (SR) and Atrial fibrillation (AF) 

patients. Ejection fraction also allowed us to divide the patients into two 

groups: heart failure (HF) patiens (EF < 40 %) and not heart failure (nHF) 

patients (EF > 40%). 
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Table 6.1: Basic patient’s characteristics.  

	

Age (mean ± SD) 66.20 ± 13.00 

Gender M (11%), F (8%) 

BMI (mean ± SD) 27.65 ± 4.55 

BSA (mean ± SD) 1.87 ± 0.23 

Previous MI 31.58% 

Previous Cardiac Intervention 21.05% 

Previous Cardiac surgery 5.26% 
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Figure 6.1: Percentage of type operations in which biopsies were collected and used 

during this work 

 

 

 
 

Figure 6.2: Heart rhythm populations of the enrolled patients. 
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6.2.3 Human atrial cardiomyocyte isolation 
 
Tissue collected during the surgery operation was placed in cold LoCa2+ 

solution (4-7°C) specific for human tissue storing (see section 2.3.4 for the 

details for composition), until it is transported to the laboratory. Atrial 

cardiomyocytes were isolated by enzymatic dissociation and mechanical 

disaggregation using modification of Harding’s isolation protocol (Workman 

et al., 2001). Briefly, tissue was washed in the cold human LoCa2+ solution 

and minced in small pieces of around the size of 1-2 mm.  

Once cut into small pieces, tissues were quickly transferred into a new 

falcon tube, containing 10ml of oxygenating LoCa2+ solution. The tube 

containing tissue, was manually shaken for 3 minutes to permit the cleaning 

of the sample from the blood; this step was repeated three times. 

After this cleaning process, tissue was placed into a new tube with Enz 

buffer (see Material and Methods) plus protease (Type XXIV, Sigma, 

0.36mg/ml) and collagenase (type V Sigma, 0.5mg/ml). The solution was 

bubbled with oxygen and mechanically shaken for at least 10-15 minutes, 

until tissue started to look digested. The buffer containing protease was then 

exchanged with another one, containing collagenase (1mg/ml) for further 

digestion of tissue. After 2 or 3 step of 10 minutes each, the tissue was 

filtered and the all solution was centrifuge at 600 Rpm for 3 minutes. After 

the centrifuge, the supernatant was removed, leaving the pallet containing 

the cells in the bottom. At this time a fresh Enz solution was transfer in the 

falcon and the cells were leaved in the tube until the onset of the 

experiments (see chapter two Materials and methods for more details). 

Human experiments and the analysis of the resulting data was primarily 

performed by me with the contribution of some data by Carla Lucarelli. 
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6.2.4 Human Cardiomyocytes plating and transfection with 
cAMP FRET biosensors 
 

Human cardiomyocytes isolated from atrial tissue were plated onto laminin 

coated coverslips in recovery medium (M199 with the addition of fetal 

bovine serum 10ml/L). After 1 hour of plating the cells that did not attach to 

the coverslips were removed and the others were left in the modified M199 

medium in the incubator with CO2. In the case of FRET experiments, an 

additional step was done: the adenovirus containing an expression vector 

for a FRET biosensor was added to the medium for 48h. The FRET 

biosensor used in human cells was the same that we used in rat atrial 

cardiomyocytes (RII-epac2, see chapter 4). 

 

6.2.5 Functional investigation of cardiomyocytes 
contractility using IonOptix system 
	
Atrial human cardiomyocytes were isolated and stored in a low calcium 

buffer until the onset of the experiments. The specific chamber described 

before in chapter 3, was used and the cells were placed into. The chamber 

was been filled with KH buffer (see Meterial and Methods) and the solution 

was perfused through a pump inside the apparatus. All solutions used 

during these experiments were bubbled with the oxygen/CO2 mixture and 

the temperature in the chamber was kept at 37 degrees.  The cells were left 

on the coverslip for around 5-10 minutes, time needed for the 

cardiomyocytes to attach to the bottom of the glass. After this time, the 

perfusion was turned on again. Once a cell was selected, the simulator was 

switched on at the rate of 0,5 Hz (voltage of 50V, 20 msec duration). 

Baseline was usually recorded for at least 10 minutes and then, different 

agonist/antagonist were applied to provide data concerning different 

aspects of the adenosine and adrenergic receptors effect on the contractility 

of atrial cardiomyocytes. 
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6.2.6 Investigation of contractile responsiveness to 
adenosine and adrenergic stimulation in human atrial 
cardiomyocytes 
 

To investigate the contractility of human atrial cardiomyocytes and to study 

the activity of the adenosine receptors after β1 adrenergic stimulation we 

performed the same protocol used for experiments in rat atrial and 

ventricular cardiomyocytes (see chapter 2 and 3 for more details). Briefly 

we perfused the cells with a specific β2 adrenergic receptors blocker, ICI 

118, 551 (ICI,100 nm) for at least 10 minutes. After the blocking of β2 

adrenergic receptors, we added Isoproterenol (100 nm) in the bath for the 

selective stimulation of the β1ARs. At the end 2-MeCCPA (1 µm), the 

specific agonist of the A1 adenosine receptors, was applied in the solution 

(Figure 6.3). 

 

         

 
Figure 6.3  Protocol of whole-cell β1-adrenergic stimulation of rat atrial cardiomyocytes.  

 

 

6.2.7 Functional investigation of cAMP level: FRET 
 

To measure the cAMP level produced during adenosine and β-adrenergic 

stimulation in human atrial cardiomyocytes, FRET technique was used (see 

chapter 2 Materials and Methods).  

Atrial and ventricular human cardiomyocytes were isolated and plated in the 

medium. After 1 hour of the plating the cells were transfected with the RII-

epac sensor (same used in rat atrial experiments in chapter 4). After 48 
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hours, transfected cells were taken from the plate in the incubator and they 

were washed with FRET buffer and fastened into a coverslip holder. During 

the FRET experiments the following protocols was performed (Figure 6.2). 

Briefly, the cells were incubated with ICI and baseline was recorded. After 

this time Isoproterenol was applied to the cells and finally we applied the 2-

MeCCPA to see only the activation of the A1Rs subtypes. At the end, we 

also applied IBMX to elicit total cAMP response.  
 

 

 

 

Figure 6.2:  Protocol to investigate anti-adrenergic effect of A1 adenosine receptors 

agonist 

 

6.2.8 Total RNA extraction and quantification 
 
Total RNA was extracted from 30mg of atrial tissue for all human tissue we 

collected in the hospital during the surgery. Each sample was placed in an 

ependorff tube containing 1 stainless steel bead, 400 μl of lysis buffer given 

by peqGOLD total RNA kit (Peqlab #12-6634) and 4 μl of ß-

mercaptoethanol (10 μl of ß-mercaptoethanol per 1 ml of lysis buffer). After 

the disruption of the sample (see chapter 5 for more details), the extraction 

was made according to manufacturer's instruction. 30μl of RNase-free water 

was used for RNA elution and RNA concentration was determined using a 

Thermo Scientific NanoDrop 1000 spectrophotometer.  The purity of RNA 

was quantified with Nanodrop and the A260/A280 absorbance ratio = 

2.00±0.10 represented an acceptable purity. PCR analysis was performed 

using SYBR Green JumpStart taq ReadyMix  (Sigma) in an Eppendorf 

Mastercycle EP Realplex machine (Mauritz  et al., 2008). SYBR-Green is a 

dye able to emits bright fluorescence when it is bound to the DNA amplified 
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from the corresponding cDNA template. The presence of the fluorescence 

is related to the amount of starting cDNA material in the reaction. With this 

method the cycle threshold (Ct) value was measured; this value is 

representative of the number of PCR cycles required to be able to generate 

fluorescence with enough intensity that it reaches the threshold within the 

linear phase of the reaction. Ct value is correlated to the starting quantity of 

target mRNA. For each sample relative expression levels were calculated 

after normalization against the housekeeping gene, that was validated to 

ensure that the different groups had similar gene expression values. 

Relative mRNA expression levels were analysed using comparative Ct 

methods (the 2-ΔΔCt method) with a normalization to the housekeeping 

gene Rpl32 (Table 6.2). 

 
 
Table 6.2. Oligonucleotides used for real-time PCR for human genes	

Target gene             Primer sequence 
B1ADR (NM_000684.2) Fw 5'-GACGCTCACCAACCTCTTCA-3´ 
 Rv 5'-CACAGCTCGCAGAAGAAGGA-3´ 
B2ADR (NM_000024.5) Fw 5'-TTGCCTCTTCCATCGTGTCC-3´ 
 Rv 5'-CCACCTGGCTAAGGTTCTGG-3´ 
ADORA 1(NM_000674.2) Fw 5'-CTTTGGTGACCTTGGGTGCT-3´ 
 Rv 5'-CACCTCGATGCCGATGTAGG-3´ 
ADORA2a (NM_000675.5) Fw 5'-CATTGACCGCTACATTGCCA-3´ 
 Rv 5'-GTGGTTCTTGCCCTCCTTTG-3´ 
ADORA3(NM_000677.3 ) Fw 5'-AGGACCCATTGAGCAGAAGG-3´ 
 Rv 5'-CCACATGACTGGAAGGAAGCA-3´ 
RPL32(NM_000994.3 ) Fw 5´-	CATCTCCTTCTCGGCATCA-3´ 
 Rv 5´-AACCCTGTTGTCAATGCCTC -3´ 

 
	
	
6.2.9 Protein extraction and quantification  
 
The tissue (around 30 mg) was cut in small pieces and placed in an 

ependorff containing RIPA buffer, ptotease inhibitor and DTT (around 500 

ul for each samples, as describe before for rat atrial tissue (see chapter 5 
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for details). After isolation of protein, a volume between 2-5 ul was kept for 

the quantification and the rest of the supernatant was stored at -80°C. 

 

6.2.10 Western blot protocol  
	

After the quantification, the results given by the protein assay, were used to 

calculate the volumes of sample for loading to have 40 μg of protein for 

tissue lysates. The protocol of the western blot was the same used for rat 

atrial samples, as describe before in chapter 5.  

6.2.9.1 Membrane incubation and development 
 
After the transfer of the protein in the nitrocellulose membrane, it was 

blocked in 5% of milk dissolved in PBS-Tween (see chapter 5) for 1 hour. 

Then the membrane was incubated with primary antibody solution  (Table 

1) at the temperature of 4°C overnight. Next day, the membrane was 

washed in PBS-Tween for 10 minutes; this process was repeated 3 times. 

When the washing was done the membrane was incubated with the 

appropriate secondary antibody (Table 2.1) for 1 hour. Then the membrane 

was washed again 3 times, for 10 minutes each in PBS-Tween. When the 

washing finished, the membrane was covered with ECL Western blotting 

detection solution (Bio RAD). The membrane was develop using The 

ChemiDoc XRS+ system BIORAD, and analyzed using imaj, Version 5.  

 
6.2.11 Statistical analysis  
 
Data obtained from these experiments were expressed as mean ± standard 

error of the mean (SEM). All statistical analysis was performed using Excel 

and Graphpad prism 6.0 software. The statistical differences of 

measurements made between two groups were analysed using a paired T-

test, whereas multiple comparisons between groups were analysed using a 

one-way or two ways analysis of variance (ANOVA). A P value of less than 

0.05 was considered statistically significant.  
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6.3 Results 
 
6.3.1 Human cardiomyocytes contractility after adrenergic 
and adenosine stimulation: differences between patient 
groups.  
 
Functionality investigation of cardiomyocytes performed using IonOptix, 

clearly showed a strong heterogeneity in the response among the different 

patient groups considered. For these reasons we decided to analyze all the 

patients and dived them into several groups, considering two principal 

parameters: heart rhythm and ejection fraction. 

 

  6.3.1.2      Contraction of myocytes from patients with SR 
and without HF versus patients with SR and with HF. 
 

The first group was formed of all patients in sinus rhythm (SR). The 

subgroups were made according with the ejection fraction: patients in SR 

without heart failure (nHF) (EF > 40%), and patients in SR with heart failure 

(HF) (EF < 40%). All cells used in these experiments were isolated from the 

left atrium. After isolations the cells were placed on the ionOptix chamber 

and the perfusion started. To check the anti-adrenergic effect of A1 

adenosine receptors after the selective stimulation of β1ARs, we decided to 

use the same protocol that has been extensively tested in both rat atrial and 

ventricular cardiomyocytes (see chapter 3). 

Figure 6.5 shows the cellular shortening of human atrial cardiomyocytes of 

patients in sinus rhythm and without heart failure (number of cells = 2). An 

increase in contraction after the application of isoproterenol (34.3 ± 3.08% 

NS) and a decrease in contraction after the application of 2-MeCCPA (61.2 

± 6.7 NS) are seen. 
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Figure 6.5: Human cardiomyocytes from patients with sinus rhythm and without heart 

failure: atrial shortening: at baseline (ICI) and after selective β1AR stimulation (ICI 50nM 

+ISO 1μM) as well as after the specific stimulation of the A1ARs (ICI+ISO+2-MeCCPA) 

(n=2 cells from 1 patient). 

 

 

 

The second group was formed by patients in SR and with HF (number of 

patients= 2 number of cells=4). The cells used in these experiments were 

isolated from left atrium. A significant increase (85.7 ± 0.6 P<0.05) was 

observed after the administration of isoproterenol and a significant decrease 

after the administration of 2-MeCCPA was also recorded (67.8 ± 6.7 P< 

0.05). 
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Figure 6.6: Human cardiomyocytes from patients with sinus rhythm and with heart failure: 

atrial shortening at baseline (ICI) and after selective β1AR stimulation (ICI 50nM +ISO 1μM) 

as well as after the specific stimulation of the A1Rs (ICI+ISO+2-MeCCPA) (n=4 cells from 

2 patients). 

 

The statistical comparison between this two groups, SR nHF vs SR HF, 

cannot be reported due to the low number of cells used in the experiments. 
 
 

6.3.1.2 Contraction of myocytes from patients with AF and 
without HF versus patients with AF and with HF  
  

In this set of experiments, all patients we analyzed were in atrial fibrillation 

and the cells used were isolated from both left and right atrium. As for SR 

patients, we also dived AF patients in two groups, according with ejection 

fraction: AF nHF patients and AF HF patients. Figure 6.6 shows the cell 

shortening of the patients with AF and without HF (n= 7 cells from 3 

patients). After the application of isoproterenol a significant increase (77.9 

± 2.2 P <0.01) was found. Equally, a significant reduction occurred after the 

application of 2-MeCCPA (79.8 ± 5.3 P<0.05). 
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Figure 6.7: Human cardiomyocytes from patients with atrial fibrillation and without heart 

failure: atrial shortening at baseline (ICI) and after selective β1AR stimulation (ICI 50nM 

+ISO 1μM) as well as after the specific stimulation of the A1Rs (ICI+ISO+2-MeCCPA) (n=7 

cells from 3 patients) 

 

We analyzed also a patient with AF and HF, although we recorded a very 

low number of cells (n= 2 cells). 
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Figure 6.8 Human cardiomyocytes from a patient with atrial fibrillation and with heart 

failure: atrial shortening at baseline (ICI) and after selective β1AR stimulation (ICI 50nM 

+ISO 1μM) (n=2 cells from 1 patients) as well as after the specific stimulation of the A1ARs 

(ICI+ISO+2-MeCCPA)  
 

An increase after β1ARs stimulation was recorded (78.5 ± 3.2 NS); also after 

the application of A1ARs agonist a reduction was observed (49.3±9.6 NS) 

	
	
  6.3.1.3 Comparison of contraction of myocytes from 
patients without HF: SR versus AF 
 

The results presented before, showed a similar trend for all group we 

studied, however the low number patients and cells used during the 

experiments, did not allow us to make proper comparison.  In the next step 

we investigated the possible differences occurring in patients in SR versus 

patients in AF. All the patients we examined were with a preserved EF 

(>40%). Unfortunately, also in this case it was not possible to calculate any 

statistical difference since the group SR nHF contained only two cells. The 

trend after the application of the various agonists/antagonists was similar, 

but, as shown on Figure 6.9, cells from patients in AF started with a smaller 

contraction at the baseline. 
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Figure 6.9: Human atrial cardiomyocyte shortening: baseline (ICI) and after selective β1AR 

stimulation (ICI 50nM +ISO 1μM) as well as after the specific stimulation of the A1ARs 

(ICI+ISO+2-MeCCPA) (N= 2 cells for SR and N= 6 cells for AF; number of patients=4).  

 

  6.3.1.4 Comparison of contraction of myocytes from 
patients with HF: SR versus AF  
 
Figure 6.10 shows the comparison between SR and AF patients both with 

heart failure (EF<40%). In this case, as before, the data lack of the statistical 

power. 
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Figure 6.10: Human atrial cardiomyocyte shortening: baseline (ICI) and after selective 

β1AR stimulation (ICI 50nM +ISO 1μM) as well as after the specific stimulation of the A1ARs 

(ICI+ISO+2-MeCCPA) (N= 4 cells for SR and N= 2 cells for AF; number of patients=3).  

 

 
  6.3.1.5 Comparison of contraction of myocytes from 
patients with HF versus patients without HF 
 
Lastly, we compared all patients without HF (n= 9 cells) versus patients with 

HF (n=6 cells), not taking into account atrial rhythm. Figure 6.11 shows the 

comparison of the cell shortening between the goups. No significant change 

was observed in the baseline of both groups. After the application of 

isoproterenol a significant increase was recorded in both groups (83.2± 2 % 

for nHF patients and 67.5±7.6 % for HF patients). After the application of 

the agonist for A1ARs a significant reduction was observed for both groups, 

as before (75.4 6.3% for nHF patients and 61.6 7.5 % for HF patients). 
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 Figure 6.11: human atrial cardiomyocyte shortening: baseline (ICI) and after selective 

β1AR stimulation (ICI 50nM +ISO 1μM) as well as after the specific stimulation of the A1Rs 

(ICI+ISO+2-MeCCPA) N= 9 cells for nHF and N= 6 cells for HF. 

 

As it has been done for rat atrial cardiomyocytes, we calculated how big 

was the reduction occurring after the administration of A1AR agonist and if 

there were differences between the all patients. Figure 6.12 shows the 

reduction in shortening given by the application of 2-MeCCPA in both 

groups. The reduction is significantly lower (P<0.05) in patients with HF 

compared to the patients without HF. 
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Figure 6.12: Human atrial cardiomyocyte delta shortening. 
 

 

6.3.2 Whole cell cAMP level analysis in human atrial 
cardiomyocytes from different patients 

 
As for rat atrial cardiomyocytes, the human cells needed to be transfected 

before using for the FRET experiments. After the optimization of human 

atrial isolation protocol (see chapter 2 of General materials and methods) 

we started to try to transfect the cardiomyocytes. When the atrial 

cardiomyocytes were isolated, they were plated and transfected with RII-

epac sensor, the same sensor used for the transfection of rat atrial 

cardiomyoctes. RII-epac sensor is formed by the Epac cAMP binding 

domain fused to the regulatory subunit of PKA-RII and placed in between 

two fluorescent proteins: CFP and YFP (Zaccolo ans Pozzan 2002). For this 

reason, the sensor is localized in the cellular components associated with 

the particulate fraction of cellular PKA (chapter 2, Materials and Methods). 

After 48 hours, time needed for the full transfection of the cardiomyocytes; 

we checked if the transfection has occurred, and started FRET experiments, 

using the same protocol as was used for both EPAC1-camps TG mice and 

rat transfected cardiomyocytes (see figure 6.3 in Materials and Methods).  

With these set of results we are able to show only very preliminary results, 

due to the low number of cells and patients used in the experiments; indeed, 

we miss the statistical power and the possibility to make real and strong 
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conclusions. Figure 6.13 a) shows a representative curve of the FRET 

response. In this case atrial cardiomyocyte was isolated from the left atrium 

of a patient with a preserved EF (>40 %). As we can observe from the figure, 

FRET shows in human cardiomyocytes a response similar to both mice and 

rats (see Chapter 4). 

 

Figure 6.13 b) shows average FRET ratio change calculated for all the cells 

used for this set of experiments (n= 6 cells from 3 different patients, type of 

sample: LA from patients in AF and not HF, collected during MVrepair 

surgery). 

 

        

 
 
Figure 6.13 Production of cAMP following adrenergic and adenosine stimulation in human. 

a) A representative traces of FRET ratio of one cell incubated with the compounds as 

indicated above the trace; (b) Average % change in the FRET ratio following incubation 

with A1AR agonist 2-MeCCPA. N= 6 cells from 3 different patients 

 

 

We also transfected atrial cardiomyocytes from patients with heart failure. 

This samples were collected during the heart transplant procedure. (n= 3 

cells from 2 different patients in AF, HT). 

Figure 6.14 shows a representative curve of FRET response obtained from 

these patients. Interestingly, after the application of isoprotenerol, no 
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response at the cAMP level was recorded (arrows in the figure indicate the 

moment of isoproterenol application). Indeed, we can observe the baseline, 

no response after the adrenergic stimulation and no response after the 

stimulation of the A1AR. lack of an anti-adrenergic effect given by A1ARs 

agonist application could be explained by the fact that no previous 

adrenergic response was present either. 

 

 

 
 

Figure 6.14:  An example of one cell from a HF patient showing FRET ratio change 

following adenosine and β-adrenergic stimulation. 

 

 

6.3.3 Adrenergic and adenosine receptors expression 
profile of human atrial cardiac myocytes: comparison 
between different patient groups 
 
The results of the previous chapter suggested a different adenosine 

response between patients with HF compared to patients with no HF, 

although the small number of patients studied and the heterogeneity of the 

experimental groups, did not allow us to conclude on the possible 

mechanism of this difference. In order to understand better the possible 
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change occurred, we performed qRT-PCR to check if there were differences 

in the expression of the adenosine and adrenergic receptors in different 

patient groups examined. 

 

6.3.3.1 Expression of mRNA e of β-adrenergic and adenosine 
receptors in different groups of human patients 
 

In these set of experiments, we performed the RT-PCR in different group of 

patients. Fugures 15 to 18 show the mRNA expression profile of adenosine 

and adrenergic receptors in different groups. As we can observe, no 

significant changes between the groups were observed in both types of 

receptors. 

 

 

 

 
 

Figure 6.15:  Expression of mRNA of adenosine and β-adrenergic receptorsin the 

myocytes from the patients with sinus rhythm with and without HF nHF n=3 patients SR HF 

n= 2 patients 
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Figure 6.16:  Expression of mRNA of adenosine and β-adrenergic receptorsin the 

myocytes from the patients with atrial fibrillation with and without HF: AF nHF n=2 patients 

AF HF n= 4 patients 

 

 

 
 
Figure 6.17: Expression of mRNA of adenosine and β-adrenergic receptorsin the myocytes 

from the patients without HF: comparison between SR and AF: SR n=3 patients AF n= 2 

patients 
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Figure 6.18 Expression of mRNA of adenosine and β-adrenergic receptorsin the myocytes 

from the patients with HF: comparison of SR versus AF. SR HF n=4 patients AF HF n= 2 

patients. 

 

 

6.3.4 Protein expression of A1 adenosine receptors in 
normal versus failing human atrial myocytes.  

Protein expression level was assessed by western blot on atrial frozen 

tissue from different patients.  We extracted protein from tissue of patients 

without and with HF. Figure 6.19 shows the protein levels normalized with 

the GAPDH and the respective quantification. No differences, in the levels 

of A1ARs were observed between the patients with HF and patients without 

HF. 
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Figure 6.19: Relative protein expression of A1ARs in the human atria of patients with or 

without HF. a) A representative blot showing A1ARs expression in the human right atrial 

tissue in control and failing hearts. b) Relative average density of the A1AR band in a) 

normalized to the GAPDH ‘housekeeping’ gene band c) A representative blot showing 

A1ARs expression in the left atrial tissue in control and failing hearts d) Relative average 

density of the A1AR band in b) normalized to the GAPDH band. n=4 control n=5 HF. 

A1 adenosine receptors protein levels visualization using western blot technique. 

Histogram shows the quantification normalized with the GAPDH 

 

 

6.3.4 Protein expression of caveolin-3 in normal versus 
failing human atrial myocytes. 

 

Protein expression level of cav3 was assessed by western blot using the 

same samples used to measure A1Ars levels. Figure 6.20 shows the protein 
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levels normalized with the GAPDH and the respective quantification. No 

differences were observed between patients with or without HF. 
 

 

 

        

 
 

 

 

Figure 6.20: Relative protein expression of cav3 in the human atria of patients with or 

without HF. a) A representative blot showing cav3 expression in the human atrial tissue in 

control and failing hearts. b) Relative average density of the cav3 band in a) normalized to 

the GAPDH ‘housekeeping’ gene band c) A representative blot showing cav3 expression 

in the atrial tissue in control and failing hearts d) Relative average density of the cav3 band 

in b) normalized to the GAPDH band. cav3 protein levels visualization using western blot 

technique. Histogram shows the quantification normalized with the GAPDH. 

 

 

 

 

 

 



	
178	

6.4 Discussion and conclusions 
 
The aim of this chapter was to investigate, in human atrial tissue, both 

functional and molecular mechanisms of the interaction between beta-

adrenergic and adenosine receptors, occurring during heart failure and 

atrial fibrillation disorder. Predictably, the contractility at the baseline and 

after the application of isoproterenol is significantly lower in patients with 

HF. Indeed, in individuals with HF, the biology of the βARs signalling is 

altered drammatically as a response to the high level of endogeneous 

catecholamines and others factors (Bristow et al., 1990). In patients with 

chronic HF, the positive inotropic effects given by βARs agonists are greatly 

reduced (Port et al., 2001). This reduction occurring as a result of two 

alterations of cardiac βARs: loss of their function and possible reduction of 

their number (Ungerer et al., 1993). This could also explain the reason why 

in FRET experiments we didn’ not see any response after βARs stimulation 

in failing atrial cardiomyocytes.  

In patients in AF we observed less contractility compared to the patients in 

SR, however, since we collected very few cells, we were not able to make 

statistical analysis. Previously it has been already known that in AF patients 

the contractile function of the atria is temporarily impared (Schotten et al., 

2001 and Logan et al., 1965). Some studies revealed that this atrial 

contractile dysfunction, correlated with the duration of AF, could take 

months before the atrial transport function was fully recovered (Manning et 

al., 1994 and Manning et al., 1995). Schotten et al, showed that the baseline 

contractility in the atrial myocardium of AF patients, was reduced by 75% 

(Schotten et al., 2001). This data was also confirmed by studies performed 

in a dog model of tachycardia-induced atrial contractile dysfunction, in which 

the systolic shorthening present in the atrial cardiomyocytes was drastically 

reduced (Sun et al., 1998). 

In our contraction experiments the number of patients and cells analyzed 

was very small for a statistical test; meanwhile we did not see any difference 

in contraction in atrial myocytes from the patients with synus rhythm or atrial 
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fibrillation. A different situation was found when we compared all the 

patients without HF with all the patients with HF, not considering the rhythm. 

Indeed, we observed a significant reduction of the anti-adrenergic effect of 

A1AR agonist after β1ARs stimulation in failing patients compared to not 

failing patients. Such reduction mediated by A1AR, suggests a crucial role 

of LVEF on atrial functional remodelling occurring during HF conditions. This 

result is also in accordance with our previous results, obtained in rat atrial 

cardiomyocytes, where a reduction of the anti-adrenergic effect of A1ARs 

was recorded.  

Our molecular analysis of gene expression of adenosine receptors did not 

show any statistical difference between all groups of patients, possibly due 

to the low number of patients used for each group. However, despite the 

inability to make strong statistical conclusions, a trend to an upregulation of 

A1ARs was observed in patients with HF compared to patients without HF. 

This result is also in according with reports that showed an increase of the 

A1ARs expression in mouse model of HF (Funakoshi et al., 2007; Funaya 

et al., 1997 and Hettinger-Smith et al., 1996). Funakoshi et al showed that 

cardiac adenosine levels was reduced by 70% in mouse model of HF. This 

reduction was accompanied by a 4-fold increase in levels of A1ARs and a 

50% reduction in the levels of A2aARs (Funakoshi et al., 2007). Perlini et al., 

also showed an overexpression of adenosine recptors in rat model of 

hypertrophy and HF (2007). Heart failure is also associated with several 

alterations in the βARs populations in human ventricular myocardium. 

Failing human left ventricles has a dcreased of the total population of βARs 

(Bristow et al., 1986). A reduction of the β1AR levels of up to 50% was 

reported since interestingly levels of β2AR remain constant (Freedman et 

al., 2004). In this chapter we found several limitations due to the fact that 

this is a study involving human patients and the opportunity to collect a 

human atrial biopsy did not come as often  as for the animal studies. Indeed, 

the low number of patients and cells used in the experiments, was a major 

limitation for my project. In addition, the lack of a control human sample did 
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not allow us to make a comparison between the different pathologies and 

healthy condition.  

However, in my oppinion, these results obtained in several groups of 

patients, may safely suggest  that a remodeling of both β-adrenergic and 

adenosine receptors is occurring during failing conditions, since in patients 

with HF we did not observe any response to adrenergic stimulation at cAMP 

level. This also warrants for the need to perform further studies that could 

be very useful for getting a better view of the functional and molecular 

mechanisms occurring during the development of cardiac disease, 

especially during failing condition in atrial tissue. 
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CHAPTER 7. General discussion 
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7.1 General discussion 
 
The research on the function and molecular mechanisms of the G-protein 

coupled receptors, such as beta- adrenergic and adenosine receptors plays 

an important role for the investigation of the physiology in the human heart 

and for the study of new therapeutic approaches for the patients with heart 

failure and atrial fibrillation. This thesis investigated the sub-cellular 

distribution of the A1 adenosine receptors subtypes in atrial cardiomyocytes, 

suggesting a possible molecular coss-talk with the other essential 

receptors: β1ARs. On the other hand, we found a close relationship between 

the A1ARs and the cholesterol-rich domains, known as caveolae. Indeed, 

when we removed the caveolae from atrial cardiomyocytes a reduction of 

the A1ARs activity was observed, suggesting also in this case a cross-talk 

between these two domains. A reduction of the A1ARs activity was also 

reported in atrial cardiomyocytes of rat model of HF and possibly in human 

patients with HF, indicating the possible remodeling occurring during failing 

conditions of these receptors. At the same time, during failing condition an 

increase of A1ARs density was shown. Such increase of A1ARs density 

during failing conditions appears to follow the loss of the adenosine effects, 

suggesting the establishment of a potential compensatory mechanism that 

could be a driving factor of the failing phenotype.  

 

7.2 Prospective  
 
During this thesis we focused our attention mostly on the interaction 

occurring between A1ARs and β1ARs. However, in chapter 4 we also 

investigated the relationship between A1ARs and β2ARs, however we did 

not see any effect of A1ARs after the selective stimulation of β2ARs. The 

investigation of A1ARs signaling following both β1 and β2 ARs stimulation 

in rat model of HF could be useful for a better understanding of the 

adenosine signaling pathway occurring during HF. Both receptors are found 
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in T-tubule structure in ventricular cardiomyocytes; also there is evidence 

that they have a relationship with cav-3 proteins that also are resident on 

Cav-3-containing structures, caveolae.. Further experiments with SICM 

technique in combination with FRET, could be very helpful for the 

investigation of the spatial compartmentation of the resulting downstream 

cAMP signal. In addition, increasing the number of samples for both 

rats/mice and human samples and performing more RT-PCR could be very 

important to achieve an increase of the statistical powder and also to 

provide a stronger link between structural and functional remodeling 

occurring during heart failure. 

 

7.3 Clinical implications 
 

As described in chapter 6, congestive heart failure and atrial fibrillation are 

the major causes of morbidity and mortality in the world. The consequent 

number of deaths is also expected to rise in the next years. Several studies 

in the research are involved in the understanding that is around of the 

complex mechanism responsible for the heart failure condition and the 

related diseases, such as atrial fibrillation. In the treatment of early 

congestive heart failure, atrial fibrillation, hypertension, myocardial 

infarction and others cardiac disorders, β-blockers (antagonist of natural 

catecholamines) are largely prescribed to ease increased pressure on heart 

function by decreasing the heart rate (Prtichett et al., 2002). Also adenosine 

is commonly used in the diagnosis and treatment of supraventricular 

tachyarrhythmias. However, the administration of adenosine may be the 

cause of spontaneous or pacing induced atrial fibrillation. Indeed, such 

therapeutic approach in general are sometimes associated with severe side 

effects, such as problem in renal functionality (Kotecha et al., 2013). These 

therapeutic approaches are also limited in number due to the fact that the 

disease mechanisms such as heart failure and atrial fibrillationare not 

clearly understood. The results described in this thesis suggests possible 

remodeling of both β-adrenergic and adenosine receptors during failing 
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conditions. This work also build the foundation of further studies that could 

be very useful for a better view of the functional and molecular mechanisms 

occurring during the development of cardiac disease, especially during 

failing condition in atrial tissue. In addition, our results could be helpful for 

future studies aimed at the identification of new therapeutic approaches 

based around the dual modulation of both β-adrenergic and adenosine 

receptors signaling.  

 

7.4 General Limitations and critical analysis 
 

7.4.1 Differences between human and rodent 
cardiomyocytes. 
	
The use of animal models of HF was for sure a good starting point, however 

it is important to keep in mind that there are strong species-dependent 

differences in the structure and in the signaling cascades of cardiomyocytes 

between humans and rodents. For these reasons the findings in animal 

models cannot be translated directly into clinical practice without taking into 

account the species differences. 

 

7.4.2 Differences between right and left atrium 
 

The results from experiments performed in chapter 3 and 4, demonstrated 

that the isolation of atrial cardiomyocytes from the whole atria, without a 

separation of the left and the right part, showed only a general picture of the 

receptors distribution and functionality in rat and mice atrial cardiomyocytes. 

Earlier reports (Kirk et al., 2003) demonstrated evidence of differences in 

the tissue between the left and the right atria, in particular in the cell size 

and the t-tubular organization. Indeed, in chapter 5 seethe evidence is 

presented on the differences between left and right atrium, mostly during 

failing conditions; both the RT-PCR and the western blot analysis clearly 
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showed these differences. Our results reinforce the idea the all experiments 

done in chapter 2 and 3, ideally should be done separately, for 

cardiomyocytes isolated from the left and the right atrium. 

 

7.4.3 Human patients group  
 

In chapter 6 we examined the possibility to do a clinical translation into 

human patients. As preliminary results, our finding seems good to make 

some suggestion about the possible mechanism occurring in several 

pathologies.  

However, we have several study limitations: 

- We miss the statistical powder due to low number of patients and 

cells we examined; 

 

- We miss control human samples to make a comparison. Indeed, the 

only occasion when we may obtain a human control heart was when 

there was a rejection during the heart transplantation, which does not 

occur very often.  

 

- Lack of homogeneity between groups was observed throughout the 

research.  

 

7.4.4 Western blot experiments 
 
Time did not permit to perform Western blot analysis for all β-adrenergic and 

adenosine receptors. 

Indeed, as we can observe in chapter 5 and 6 we only performed the 

western blot analysis for A1 adenosine receptors and Cav3.  

The choice not to perform the anlaysis of the proteins levels for all β-

adrenergic receptors was due in part for low expression levels of β-
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adrenergic receptors and furthermore due to the fact the antibodies we 

could get were considered to be not reliable. The antibodies that we found 

were poor and mostly they are not well cited in the literature. 

 

7.5 Conclusions 
 
Adenosine plays a crucial role in the heart and can elicit a variety of 

physiological effects in different tissues, acting through the interaction with 

the specific receptor subtypes: A1ARs, A2aAR and A3AR.  

Adenosine exerts a wide range of beneficial effect in the heart and is also 

released from metabolically compromised cells to mediate responses 

directed ti optimizing the balance between energy utilization and generation 

(Headrick et al., 2011; Olsson et al., 1990 and Shryock et al., 1997). For 

example, several studies have shown that myocardial levels of adenosine 

increase during even brief periods of ischemia and mediate the 

phenomenon of ischemia preconditioning (Ely and Berne, 1992; Newby et 

al., 1990 and Heyndrickx et al., 1975). 

Far less is known about the role of adenosine receptors in the failing heart. 

Previous studies suggest that circulating levels of adenosine are elevated 

in patients with heart failure (Funaya et al., 1997); however, the 

consequences that the left ventricular dysfunction can have on the atrial 

myocardium levels remain unknown. Some studies in transgenic mice 

suggest that overexpression of selective adenosine receptor subtypes can 

actually be associated with compromised left ventricular dysfunction 

(Ashton et al., 2007; Matherne et al., 1997 and Gauthier, 1998).  

In the present thesis, we demonstrate that adenosine A1 receptors activity 

is significantly decreased in failing atrial cardiomyocytes and in 

cardiomyocytes with caveolae depletion, suggesting a possible cross-talk 

between these two components. The changes we observed are most likely 

associated with alterations in the levels of the adenosine receptor subtypes. 

Indeed, we observed an uperegulation of A1AR subtype in failing left atria 

as compared to control. This increase appears to follow the loss of the 
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A1ARs effects, suggesting the establishment of a potential compensatory 

mechanism that could be a driving factor of the failing phenotype. Although 

the findings of this thesis provide important information about the biology of 

the receptor signaling of adenosine receptors in the heart, they also have 

important therapeutic implications. For example, based on the premise that 

adenosine levels are alterated in the failing heart, the clinical trials could 

evaluate the role of using receptor-specific adenosine agonists and 

antagonists in the treatment of patients with heart failure.  

The results obtained during this thesis suggest the need to learn more about 

the biological effects of the activity of adenosine receptors to safely and 

effectively develop new drugs for the treatment of different cardiovascular 

disorders. 
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