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Abstract:  
 

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia (incidence 1-2%). 

Age-related increases in the risk for AF contribute to 14% of strokes in the UK, which is a 

significant health burden. Certain treatment modalities, like catheter ablation, have some 

associated morbidity/mortality concerns and are not always 100% effective. Traditional 

antiarrhythmic drugs do not have specific intracellular targets; hence it is critical to 

comprehend the molecular pathophysiology of AF. Calcium homeostasis is a vital signalling 

mechanism in the heart and alterations in the intracellular concentration of calcium have been 

shown to lead to arrhythmias. My thesis involves investigations of calcium handling pathways 

through adrenoceptor stimulation, using isoprenaline for β-adrenergic stimulation and 

phenylephrine for α-adrenergic stimulation.  

I investigated the very potent lysosomal calcium releasing molecule nicotinic acid adenine 

dinucleotide phosphate (NAADP) and I present evidence that lysosomal calcium, acting 

through NAADP-mediated stimulation of two-pore channels 2 (TPC2), makes a significant 

contribution to atrial function and pacemaking. My experiments reveal that lysosomal calcium 

release directly modulates cyclic adenosine monophosphate (cAMP) upstream to the 

previously reported effects on sarcoplasmic reticulum (SR) calcium content and calcium 

handling in neonatal rat atrial myocytes and human induced pluripotent stem cell derived 

cardiomyocytes. Electron microscopy measurements highlight a close spatial relationship 

between lysosomes and the SR to be altered in human AF tissue samples. In addition to 

NAADP signalling, I investigated inositol 1,4,5-trisphosphate (IP3) signalling. The work 

presented here brings together two major aspects of calcium handling: NAADP signalling and 

IP3 signalling and for the first-time probes these pathways in human cells. The experiments 

investigate the interplay between IP3-mediated calcium release from the SR and NAADP-

mediated calcium release from lysosomes in atrial cells.  

In conclusion, my thesis provides evidence that IP3 and NAADP regulate the release of calcium 

from intracellular stores in atrial myocytes and influence cardiac function including 

pacemaking and presents the translational value of my research by investigating these pathways 

in humans. 
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1 Introduction: A general introduction 

1.1 Structure of the heart  

The heart is a four-chambered muscular organ located in the thoracic cavity divided into two 

upper chambers (left and right atria) and two lower chambers (left and right ventricles) (Figure 

1.1). The human heart is protectively located in the thoracic region between two lungs posterior 

to the sternum and resting on the superior surface of the diaphragm (Bittihn 2014). The heart 

is surrounded by the pericardium. 

 

Figure 1.1: Illustration of the heart anatomy and cardiovascular system divided into 

systemic and pulmonary circulation. Figure obtained with permission from (Rehfeld, 

Nylander, and Karnov 2017). 

A double pump ensures a rapid distribution of oxygen, nutriments, heat, and elimination of 

waste to support tissue function. There are two circulations in this system: [1] The systemic 

circulation and [2] the pulmonary circulation (Figure 1.1). This double-circulatory system is 

divided completely, the one from the other and consists of two chambers, an atrium, and a 

ventricle. The systemic circulation (left atrium and left ventricle) is responsible for delivering 

oxygenated blood and nutrients throughout the body through the aorta, arteries and arterioles, 

and transports waste products to the liver and kidneys. Organs and tissues are irrigated with 

oxygen and nutrients by capillaries. After supplying the organs and tissues, the blood is 
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depleted in oxygen and needs to return to the lungs. This is the pulmonary circulation, the blood 

returns to the heart via the right atrium and right ventricle to be then sent to the lungs to be 

oxygenated and get rid of excess carbon dioxide.  

There are four valves in the heart that allow blood flow in the same direction and prevent 

backward flow of blood (Bittihn 2014). Blood enters the heart from the inferior and superior 

vena cava, passes through the right atrium and is ejected through the right ventricle. In the same 

way, the blood reaches the left heart via the pulmonary veins, transits to the left atrium and is 

expelled towards the body by the left ventricle. The tricuspid valve prevents backflow of blood 

from the right ventricle to the right atrium and the pulmonary valve prevents backflow from 

the pulmonary artery to the right ventricle. The mitral valve plays the same role as the tricuspid 

valve between the left ventricle and the left atrium while the aortic valve plays the same role 

as the pulmonary valve between the aorta and the left ventricle (Bittihn 2014).  

1.1.1 Anatomical structure of atria  

The fibrous structure of the atria makes a complex tissue and is difficult to distinguish even at 

a microscopic level during imaging. In addition, the anatomy of the atria differs from one 

patient to another creating complexity and variability in studies. The atria can be seen as two 

conjoined half-spheres linked together by complex fibre bundles (Katz 2010). The wall 

between these two half-spheres is commonly referred to as the septal wall. The right atrium has 

a triangular appendage with an inhomogeneous texture. The inferior and superior vena cava 

insert into the right atrium. The sinoatrial node (SAN), the starting point of the depolarization 

wave, is located along the crista terminalis, at the junction between the atrial tissue and vena 

cava. The left atrium appears as homogeneous tissue in contrast to the right atrium. The 

transverse (t)-tubule system in the atria c of small mammals is relatively underdeveloped 

compared to that of the ventricles (Frisk et al. 2014), however recent observations highlight a 

more extensive t-tubule network in horse, cow and human atrial myocytes (Richards et al. 

2011). The t-tubule system is an integral part of the surface membrane that allows the 

placement of voltage-gated L-type calcium channels (LTCC) in close proximity to clusters of 

ryanodine receptors (RyR), calcium release channels in the sarcoplasmic reticulum (SR) 

membrane (Blatter 2017). 

The septum of the atria allows the 4 chambers of the heart to be electrically isolated from each 

other. However, there are inter-atrial connections. The three main connections observed are: 

the Bachmann bundle, the fossa-ovalis and the coronary sinus (Das, Banerjee, and Mandal 
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2016). The Bachmann bundle is a network of fibres that inserts into the right atrium at the base 

of the crista terminalis, below the superior vena cava. It passes through the septal wall of both 

atria to insert into the septal portion of the left atrium in two places. This bundle ensures rapid 

electrical conduction from the sinus node, via the crista terminalis, to the anterior wall of the 

left atrium. The fossa ovalis is a trans-septal cavity, in both the left and right atrium, blocked 

by a piece of non-conductive tissue allowing slow trans septal conduction. Finally, the coronary 

sinus is a venous structure opening into the lower part of the right atrium. The muscle fibres of 

the right atrium wrap around it and can sometimes intertwine with the circumferential bundle 

of the vestibule of the left atrium (Katz 2010). 

1.1.2 Anatomical structure of ventricles 

The adult ventricular myocardium is a muscle made of a three-dimensional network of 

myocardial cells forming a thick-walled pressure vessel. This highly structured network has 

been described as a multi-layered structure where each layer of myocardial cells has a preferred 

orientation and notable variations in the curvature and the thickness of the wall both regionally 

and temporally through the cardiac cycle (Sanchez-Quintana et al. 1995). The myocardium is 

present in the walls of all four chambers of the heart but is thicker in the ventricles compared 

to the atria and is thicker in the left ventricle than in the right ventricle. The difference in 

thickness is due to the difference in the generation of the force of contraction needed to eject 

blood out of the chamber, with the left ventricle requiring much more power. This ensures that 

each chamber generates the appropriate amount of pressure for its specific function without 

overworking. 

1.2 Cardiac electrical activity: muscle and cell structure  

To assure blood flow throughout the heart and body, a continuous and regulated contraction 

and relaxation of the heart is essential, this is the cardiac contraction-relaxation cycle (Bittihn 

2014). This contraction is triggered by automatic cardiac electrical activity. 

1.2.1 Cardiac muscle  

The electrical activity of the heart is a complex phenomenon strongly linked to its architecture. 

The muscle wall, called myocardium, is made up of elongated muscle cells called myocytes, 

organised into fibres and then into overlapping layers from the innermost part of the wall, the 

endocardium, to the outer part, the epicardium. This fibrous structuring has two main effects: 

an optimisation of the mechanical function of the heart and an anisotropic propagation of the 
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electrical activity. Electrical activity is generated spontaneously by pacemaker cells in the 

SAN, the centre of rhythm generation and cardiac automatism located in the right atrium. These 

cells will spontaneously depolarise which will trigger an action potential (AP). This 

depolarisation will be the origin of the contraction of the cardiomyocytes. From the SAN, the 

AP created propagates through the atria to reach the atrioventricular node (AVN) and be 

slowed. The propagation enters the ventricular walls and transmits the depolarization to 

myocytes. The AP then takes different conduction pathways throughout the ventricles which 

will ultimately lead to the contraction of the heart. The AP travels through an order: the bundles 

of His, the Tawara fibres and the Purkinje fibres, which contracts from the apex to the base of 

the ventricles and from the endocardium to the epicardium to ensure synchronous contraction 

of the ventricles (Anderson et al. 2013). Contraction of cardiac muscle involves the co-

ordination of multiple, precisely regulated signalling pathways, summarised by the process of 

excitation-contraction coupling (ECC). 

The spread of electrical activity within the heart can be recorded using an electrocardiogram 

(ECG), invented by Willem Einthoven (Fye 1994), which uses electrodes placed on the surface 

of the body to observe the propagation of AP in the heart (Figure 1.2A). The 

electrocardiographic trace is broken down into different waves and intervals, which are 

characteristic of the electrical activity of different regions of the heart. The P wave corresponds 

to the depolarisation and contraction of the atria (the repolarisation is not visible), the PR 

interval represents the AVN conduction time more precisely, the depolarisation of the AVN 

and the bundle of His and its branches. The QRS complex corresponds to the depolarisation 

and contraction of the ventricles, the ST segment represents phase 2 of AP plateau and the T 

wave corresponds to the depolarisation and relaxation of the ventricles (Katz 2010). Atrial 

repolarisation is not visible but takes place during the QRS complex. The QT interval 

represents the average duration of depolarisation and repolarisation of the ventricles. In the 

clinic, the ECG is used in the diagnosis of heart rhythm disorders such as atrial fibrillation 

(AF). The cardiac conduction of a normal heart and an AF heart can be distinguished through 

an ECG (Figure 1.2B and C). An ECG of AF patients has distinct features, such as the absence 

of the P wave due to the interruption caused by the uncoordinated depolarisations of atrial 

myocytes (Husser et al. 2007). 
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Figure 1.2: Illustration of a normal Electrocardiogram. Representation of the QRS complex 

(A), an ECG of a (B) normal sinus rhythm and (C) atrial fibrillation. Image created with 

Biorender.com.  

1.2.2 Cardiomyocyte 

The heart is composed of 3 main types of cell populations: cardiomyocytes, fibroblasts, and 

endothelial cells. Cardiomyocytes constitute around 30 to 40% of mammalian heart cells (Zhou 

and Pu 2016; Pinto et al. 2016). However, in terms of cell count even if cardiomyocytes are not 

the most abundant they still occupy approximately 70 to 85% of the volume of the heart (Zhou 

and Pu 2016). These cells are vital for the proper functioning of the heart by their ability to 

contract. 

Adult atrial cardiomyocytes are thin, spindle-shaped, and vary from 100 to 150 microns in 

length. The main structural constituents of a cardiomyocyte are the sarcolemma (plasma 

membrane), t-tubules, SR, myofilaments, mitochondria and nuclei. Cardiac myocyte cytoplasm 

is highly rich in contractile proteins, under a light microscope cardiac muscle appears striated 

due to the presence of two overlapping myofilaments: fine filaments (actin) and thick filaments 

(myosin) organised into sarcomeres. Sarcomeres are the contractile unit of cardiac muscle. 

Within cardiomyocytes, the sarcomere repeats over the entire cell to form myofibrils. 

Cardiomyocytes are connected end-to-end by intercalated discs. They are junctions expressing 

high levels of desmosomes and communicating junctions (gap junctions). Desmosomes 
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provide strong adhesion between cells as gap junctions allow ionic fluxes ensure coordinated 

contraction of sarcomeres. 

 

Figure 1.3: Illustration of structure of the fundamental contractile unit of the cardiac 

muscle: the sarcomere. These units are about 2 μm long and are defined at each end by the Z 

line which is formed from the protein α-actinin. Attached to the Z lines are the thin filaments 

made from actin which are joined together to form the thin filament. These actin thin filaments 

are arranged in a parallel structure with the protein myosin (thick filament). Under polarised 

light microscopy the arrangement of the actin and myosin protein creates a striated (striped) 

appearance in which the A band is generated by the myosin filaments and the I band is 

composed mainly of actin. Image created with Biorender.com based on an image from 

(Lehman, Crocini, and Leinwand 2022). 

The function of the nucleus is to serve as a receptacle of deoxyribonucleic Acid (DNA) for 

gene expression, terminally differentiated cardiomyocytes are bi- or multi-nucleated or have 

polyploid nuclei (Kirillova et al. 2021). The heart, as in all striated muscles, requires a large 

amount energy to succumb to the body’s needs which is generated in the form of adenosine 

triphosphate (ATP) by the mitochondria. The ECC mechanism consumes a lot of ATP at the 

level of the myofilaments for contraction and also to ensure the transport of ions during 

excitation. This explains the significant volume occupied by mitochondria in cardiac myocytes. 

These mitochondria are mainly grouped around the myofilaments, but a population of 

mitochondria are also located under the sarcolemma. The SR is a specialisation of the smooth 

endoplasmic reticulum (ER) typical of muscle cells and is rich in calsequestrin, a calcium-

binding protein that acts as a calcium buffer within the SR, making the organelle possible to 

store significant quantities of calcium during relaxation and releases part of it to trigger 

contraction. The SR has located on the surface two proteins essential for ECC process, the 
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sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA2) pump and the RyR type 2. 

The plasma membrane is where AP spreads. It presents deep invaginations, the t-tubules, which 

are aligned with the Z striations of the sarcomere. These t-tubules can be connected to each 

other by longitudinal tubules and forms a complex network which varies according to the stage 

of development, the region of origin of the cardiomyocytes (atrial or ventricular), and the 

species considered (Richards et al. 2011). In the majority of species, t-tubules are absent in 

embryonic myocytes, and fewer and less organised in atrial myocytes, or Purkinje fibres cells 

compared to ventricular cardiomyocytes which have the most developed transverse tubule 

system and the most mature. T-tubules propagate depolarization inside cardiomyocytes and 

play a vital role in the ECC. The t-tubules are rich in ion channels and in voltage-gated LTCC 

which constitute the “trigger” allowing cardiac contraction to be initiated (Setterberg et al. 

2021). 

1.3 Myocyte contraction:  

The mechanical component which corresponds to the cardiac cycle is, in a simplified manner, 

composed of two phases: a relaxation phase called diastole during which the heart chambers 

fill with blood; a contraction phase corresponding to systole which is characterised by an 

increase in intra-cavitary pressure and by the ejection of blood into the circulatory network 

(Hall 2019). 

1.3.1 Action potential  

The membrane potential (MP) of a cardiac cell is determined by all the ionic currents across 

the cell membrane. Ion channels, transmembrane proteins across the plasma membrane, are 

responsible for the passage of different ions such as sodium, potassium, calcium and even 

chloride. The MP can be defined in two main states: the resting potential (RP) and the AP which 

alternate during the cardiac cycle. The RP corresponds to a balance of ionic currents and has a 

value of approximately -80 mV. The AP of a cardiomyocyte is broken down into five successive 

phases (Figure 1.4) (Bers 2002):  

Phase 0 represents a rapid phase of depolarisation across the membrane, where the MP, 

following external stimulation, reaches the activation threshold of the voltage-gated sodium 

channels which will generate an incoming current sodium.  
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Phase 1 is an early repolarisation phase which begins with the rapid inactivation of sodium 

channels and at the same time the voltage-gated potassium channels open and close rapidly, 

creating a brief outward flow of potassium ions (this phase is not present in pacemaker cells). 

Phase 2 corresponds to a plateau phase (more pronounced in ventricular myocytes than in atrial 

myocytes) due to MP remaining constant. During this phase, efflux of potassium ions through 

voltage-gated potassium channels and influx of calcium ions with activation of voltage gated 

LTCC are counterbalanced.  

Phase 3 corresponds to terminal repolarisation, LTCC close with activation of delayed rectifier 

voltage-gated potassium channels open generating an outward positive current, corresponding 

to negative change in MP.  

Phase 4 corresponds to the RP (diastole) with activation of the inward rectifying potassium 

channels for a return to a MP between -60 and -90mV. For atrial and ventricle cardiomyocytes 

this phase is stable, the efflux of sodium and calcium and the influx of potassium in balanced; 

unlike nodal cells which will present a slow phase of spontaneous diastolic depolarisation 

linked to the activation of a funny current (If) mediated by Hyperpolarization-activated Cyclic 

Nucleotide-gated channels (HCN). SAN cardiomyocytes are the primary pacemaker cells that 

initiates the heartbeat. SA node cells naturally depolarise during diastole, creating a rhythmic, 

spontaneous impulse that sets the pace for the rest of the heart. AVN cardiomyocytes also 

exhibit some pacemaker activity, much slower than SAN cardiomyocytes and act as a 

secondary pacemaker if the SAN fails. Purkinje fibres are specialised conduction fibres located 

in the ventricles and have pacemaker activity but depolarise more slowly than the SAN or AVN. 

They can generate spontaneous AP in the absence of faster pacemaker signals (Levick 2013). 
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Figure 1.4: Illustration of cardiac AP phases. Image created with Biorender.com based on 

an image from (Bers 2002).  

1.3.2 Automaticity  

Unlike atrial or ventricular cells, SAN cells are characterised as having no true resting potential 

(DiFrancesco 1993). Phase 0 (the rapid initial depolarization of the action potential) is mostly 

mediated by L-type calcium currents and occurs at a slower rate than in ventricular tissue, 

making sodium currents less prominent as the primary drivers of depolarisation compared to 

other regions of the heart in small rodent and humans. The notch and plateau phases (phases 1 

and 2) of the ventricular action potential are lacking in the SAN action potential (Aziz, Li, and 

Tinker 2018). SAN exhibits a slow diastolic depolarisation (known as the pacemaker potential, 

Figure 1.5). Mediated in the initial phase by sodium influx via If, largely constituted by the 

HCN4 subunit. Depolarisation occurs progressively by T-type calcium channels and finally L-

type calcium channels, specifically Cav1.3, just prior to threshold and initiation of phase 0. L-

type calcium currents are inactivated, and many potassium channels are opened, causing 

repolarisation the action potential. 
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Figure 1.5: Illustration of the heart and location of SAN (A) and AP phases (B). Maximum 

resting potential is -60 mV and are SAN AP is divided into three phases and have a triangular 

shape. Phase 4 is the spontaneous depolarisation (the physiological pacemaker) that triggers 

the action potential once the membrane potential reaches a threshold between -40 and -30mV). 

Phase 0 is the depolarisation phase of the action potential, dependent on the slow calcium-

sodium channel. This is followed by phase 3 repolarisation. Once the cell is completely 

repolarised at about -60mV, the cycle is spontaneously repeated. Image created with 

Biorender.com (Noble 1960). 

At a molecular level in a pacemaker cells, it is debated that an AP is generated by a coupling 

system between two “clocks”, a membrane clock, and a calcium clock (Lakatta and 

DiFrancesco 2009). The membrane clock is the first theory to be put forward and postulates, 

AP is initiated by channels located on the plasma membrane including the If, the transient 

(TTCC) and slow (LTCC) forming calcium currents, and several outgoing potassium currents 

but also by currents generated by the sodium/calcium exchanger (NCX) and the 

sodium/potassium ATPase pump (Noble 1960). The more recent proposed calcium clock 

postulates that the SR itself acts as a pace regulator (Bogdanov, Vinogradova, and Lakatta 

2001) by the presence RyR type 2 and SERCA2 anchored in the membrane of the SR. It is very 

likely that neither clocks work in the absence of the other, they entrain each other to generate 

the automaticity of cardiac pacemaker cells (Maltsev and Lakatta 2012). In order to generate 

spontaneous AP, SAN cells must depolarise spontaneously and sufficiently to the excitation 

threshold of LTCC (around –40mV) for initiation of a new AP in an automatic and rhythmic 

contraction (Seyama 1976). 

SAN Action Potential 
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1.3.3 Propagation 

The electrical activity which originates in the pacemaker cells of the SAN is transmitted to the 

entire myocardium due to the communicating junctions of the cardiac cells allowing the 

coupling of the cells between them (Alexander and Goldberg 2003). These junctions or also 

called Gap junctions are composed of six transmembrane proteins, the connexins (Cx), 

constituting the connexon and which, by associating with neighbouring Cx, will form pores 

through the plasma membranes to ensure electrical continuity between cells (Saez et al. 2003). 

The composition of Cx is different depending on the heart region considered, thus leading to 

differences in the speed of propagation of electrical activity throughout the heart. For example, 

the atria (0.6 m/s) are essentially composed of Cx40 and Cx43, unlike the SAN (0.03 m/s) and 

AVN (0.05 m/s) only composed of Cx45 (Desplantez et al. 2007; Severs et al. 2008). 

At the cellular level, AP transmission occurs in a linear manner, whereas at the tissue level, 

cells have two types of conduction: longitudinal and transverse. These conductions result from 

the elongated shape of the cells which give them an anisotropic architecture. Furthermore, the 

propagation of electrical activity takes place two to three times faster in the longitudinal 

direction than in the transverse direction, because of the presence of gap junctions preferably 

located at the end of the cells (Alexander and Goldberg 2003). 

1.3.4 Excitation–contraction coupling (ECC) 

Since Ringer’s discovery of the role of calcium (Ringer 1883), calcium ions have been shown 

to play an essential role in diverse physiological mechanisms and cellular processes in many 

species. As a result of its many signalling roles, the level of free calcium in the cytosol of a cell 

is tightly controlled. In cardiomyocytes, the resting cytoplasmic calcium concentration is kept 

extremely low at 100 nM and its diffusion is limited by the crowded environment and high 

number of calcium buffering substances (Smith and Eisner 2019). Calcium handling in the 

heart plays a major role pacemaker activity, it is a driving force in the ECC process, 

representing an essential second messenger. With every contraction, ECC converts the passage 

of electrical excitation across the myocardium to contraction via a rapid rise and subsequent 

recovery of cytosolic calcium, the calcium transient (Bers 2002). It is important to keep in mind 

that this process depends not only the properties of calcium channels and transporters but also 

on precise intracellular arrangement of organelles to ensure maximum efficiency. 
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Figure 1.6: Schematic representation of calcium transport in myocytes during an action 

potential. Image created with Biorender.com based on an image from (Bers 2002).  

1.3.5 Calcium induced calcium release (CICR) 

Calcium enters the cytosol via voltage gated LTCC and is sensed at the cytosolic face of RyR, 

which then open, leading to extensive calcium release from the SR. The SR maintains free 

calcium concentration between 100 – 500 μM (Berridge 2002). As the RyR open, calcium is 

then driven by a concentration gradient increasing the cytosolic calcium from 100 nM to 10 

μM. Once the contraction has been completed, a relaxation stage takes place to prepare for the 

next contraction. For this to occur, intracellular calcium must decrease, thus allowing calcium 

to dissociate from the myofilaments. This requires a pumping back of most of the calcium into 

the SR via the SERCA2 pump and an efflux of the little remaining calcium by the NCX 

exchanger (Na+/Calcium exchanger, exchanging 3 sodium ions for one calcium ion) and the 

calcium-ATPase pump PMCA (Plasma Membrane Calcium-ATPase). The speed and quantity 

of calcium pumping by SERCA2 is dependent on its inhibitor phospholamban (Figure 1.6). 

It should be noted that the amount of calcium extruded from the cell during relaxation must be 

the same as the amount of calcium entered, to maintain balance (Bers 2002). 
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1.4 Adrenergic signalling in the heart 

The different systems and organs of the human body are influenced by the autonomic nervous 

system (ANS). Its function is to regulate and modulate their activities and takes place 

automatically and unconsciously. The ANS is divided into two different subsystems working 

in parallel, in opposite directions and on similar target organs: The parasympathetic nervous 

system is responsible for the “rest and digest” part of our activities, its main role is to reduce 

energy consumption and manages basal activities such as digestion. The sympathetic nervous 

system in which during emergency or dangerous situations, prepares the body “fight-or-flight” 

responses (Cannon and Rosenberg 1932). Its responsible for all the mechanisms that increase 

energy consumption and prepare the body for action such as increased blood pressure, 

tachycardia or peripheral vasoconstriction. This system operates according to a two-neuron 

model. A first short pre-ganglionic neuron, located in the thoracolumbar part of the spinal cord, 

releases acetylcholine in the para- or pre-vertebral ganglion, which activates the nicotinic 

receptors located on the second post-ganglionic neuron. To in turn release norepinephrine, 

which activates adrenergic receptors in peripheral target tissues. Adrenergic receptors are 

divided into two groups: -adrenergic receptor (-AR1 and (-AR2) and -adrenergic 

receptors (-AR1, -AR2, -AR3) (Pfleger, Gresham, and Koch 2019).  

1.4.1 -adrenergic signalling in the heart  

There are two subtypes of -AR: 1-AR and 2-AR. 1-AR are highly expressed on vascular 

smooth muscle cells and cardiomyocytes and 2-AR are mainly found in the central nervous 

system. α1-ARs exist as three distinct molecular subtypes, named α1A, α1B, and α1D. α1-AR 

are coupled to stimulatory heterotrimeric Gq/11 (Gαq) proteins that activate the enzyme 

phospholipase C (PLC) by binding of endogenous catecholamines, norepinephrine, and 

epinephrine. Activation of PLC leads to hydrolysis of membrane-bound phosphatidylinositol 

4,5-bisphosphate (PIP2) and the cytosolic release of the second messenger inositol 1,4,5-

trisphosphate (IP3) and diacylglycerol (DAG, Figure 1.9). IP3 induces release of intra-cytosolic 

calcium from the SR. DAG activates PKC, a serine/threonine kinase; this leads to 

phosphorylation of enzymes and alteration of ion channels leading to electrolyte transfer in and 

out of cells, vasoconstriction, increased blood pressure and gene expression. Even if 1-AR 

have had lest investigation over β-AR, emerging evidence regarding the importance of 1-AR 

in myocyte physiology has shown much prominence (Motiejunaite, Amar, and Vidal-Petiot 

2021). 



 28 

 

 

Figure 1.7: Illustration of -adrenergic signalling pathway. Norepinephrine or epinephrine 

binds to the extracellular domain of the 1-AR, coupled to Gq protein. Upon ligand binding, 

the receptor undergoes a conformational change, which activates the Gq protein by exchanging 

GDP for GTP on its α-subunit. The activated Gq protein stimulates PLC. PLC catalyses the 

hydrolysis of PIP2 into two second messengers: IP3 and DAG. IP3 diffuses into the cytoplasm 

and binds to IP3 receptor type 2 (IP3R2) located on the SR. This triggers the release of calcium 

into the cytosol. Simultaneously, DAG remains in the membrane and activates PKC. The 

increase in cytosolic calcium and activation of PKC leads to a variety of downstream effects. 

Image created with Biorender.com. 

1.4.2 -adrenergic signalling in the heart  

β-AR belong to the GPCR superfamily and are coupled to heterotrimeric G proteins. β-AR are 

monomeric proteins characterised by 7 transmembrane α helices linked together by 3 

extracellular loops and 3 intracellular loops. They have an extracellular N-terminus and a 

cytoplasmic C-terminus(Ji, Grossmann, and Ji 1998). There are three subtypes of β-AR: β1-

AR, β2-AR and β3-AR. All three are expressed in the myocardium. β1-ARs account for 

approximately 80% of total β-ARs, while β2-ARs and β3-ARs represent the remaining 17% 

and 3%, respectively. The signalling pathway of β1-AR and β2-AR is constituted by Gs 

proteins, activation of these receptors (fixation of an agonist leads to a change of conformation) 

stimulates adenylyl cyclases (ACs) that catalyse conversion of ATP into cyclic adenosine 

monophosphate (cAMP). This important production of cAMP leads to the activation of protein 

kinase A (PKA) (Steinberg 1999). Activated PKA can phosphorylate key ECC proteins which 

stimulates important positives inotropic and chronotropic event the heart such as LTCCs 
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enhancing calcium influx during the AP, phospholamban at serine-16 which relieves its 

inhibitory effect on the SERCA2a, RyR2 leading to an increase in calcium release during 

systole, troponin I reducing the sensitivity of the contractile proteins to calcium, facilitating 

faster relaxation and enhancing diastolic function and voltage-gated potassium channels which 

affects AP duration and refractoriness (Xiao 2001). 

 

Figure 1.8: Illustration of β-adrenergic signalling pathway. Catecholamines bind to the 

extracellular domain of the β-AR, coupled to Gs protein. Upon ligand binding, the receptor 

undergoes a conformational change, activating the Gs protein by causing the exchange of GDP 

for GTP on its α-subunit. The Gs α-subunit with bound GTP dissociates from the β and γ 

subunits and activates ACs, an enzyme located on the inner side of the plasma membrane. 

Activated ACs catalyse the conversion of ATP into cAMP and cAMP binds to the regulatory 

subunits of PKA, leading to the dissociation and activation of its catalytic subunits. Activated 

PKA phosphorylates various target proteins, leading to a wide range of physiological effects. 

cTnl; cardiac troponin I. Image created with Biorender.com. 

1.5 Calcium mobilising second messengers  

Second messengers are defined based on several criteria: they must be produced in response to 

the binding of an extracellular agonist to its plasma-membrane receptor, an intracellular target 

on which they will act, and participate in a physiological function by a rapid cytosolic 

concentration increase to an its activating stimulus. Calcium-releasing secondary messengers 

act on channel receptors located on intracellular stores to release calcium. 
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1.5.1 IP3 

1.5.1.1 IP3 and IP3R discovery and structure  

(Streb et al. 1983) first discovered that IP3 evokes an increase in the intracellular level of 

calcium in pancreatic acinar cells. IP3 receptor (IP3R) were later described in 1988, purified 

from rat cerebellum (Supattapone et al. 1988) showing it’s high affinity with IP3 (Kd= 100 

nM). IP3R activation requires the binding of both IP3 and calcium to have the highest open 

probability during calcium transients. Electron microscopy (EM) immunocytochemical studies 

of rat cerebellar Purkinje cells, localised IP3R to the ER (Ross et al. 1989). In humans, IP3R 

are in 3 different isoforms encoded by 3 different genes, presenting 60% homology: IP3R type 

1 (IP3R1), the first isoform identified and cloned (Supattapone et al. 1988), IP3R type 2 (IP3R2) 

and IP3R type 3 (IP3R3). The IP3R is expressed ubiquitously, but each isoform presents its own 

expression profiles that can vary depending on the physiological or pathological context 

(Taylor, Genazzani, and Morris 1999). IP3R is a intracellular calcium channel and formed a 

tetramer with the 4 homologue subunits, of approximately 2700 amino acids and 310 kDa each 

linked by non-covalent bonds (Maeda et al. 1991). The IP3 receptor is made up of three regions: 

an N-terminal cytosolic domain where is located IP3 binding sequence as well as other 

regulatory factors, a hydrophobic region composed of 6 transmembrane helices containing the 

part which forms the ionic pore and a short C-terminal cytosolic sequence (Foskett et al. 2007) 

(Figure 1.11).  

 

Figure 1.9: Illustration of IP3 receptor. IP3 diffuses through the cytoplasm and binds to the 

IP3R and allows the release of calcium stored in the SR in cardiomyocytes. Figure obtained 

with permission from (Berridge 2016)  
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1.5.1.2 IP3 signalling  

Calcium release from the SR is mediated by two forms of intracellular calcium release 

channels: the RyRs, responsible for CICR, and the IP3R. The involvement of IP3 signalling in 

cardiac cellular calcium handling is less well understood. The IP3R are activated by IP3 and 

calcium (Berridge 1984). IP3 is a second messenger resulting from the synthesis of PIP2 into 

DAG (Sandow et al.). Three endogenous isoforms have been described: IP3R1, IP3R2 and 

IP3R3. The RyRs, with great homologies with IP3R, are also composed of three isoforms, 

RyR1, RyR2 and RyR3. They are activated by low concentrations of ryanodine (Husser et al.) 

or calcium (μM) and inactivated by high concentrations. ryanodine (100 μM) or calcium (mM) 

(Inui, Saito, and Fleischer 1987; Meissner 1986). 

As cited above, the main known ligand of IP3R leading to the intracellular release of calcium 

is IP3 via the intracellular signalling pathway involving PLC. Extracellular stimuli of tyrosine 

kinase receptors or Gq/11 protein-coupled receptors (including α-AR), leads to the cleavage of 

PIP2 into IP3, as well as DAG. DAG remains at the plasma membrane due to its hydrophobicity 

and activates protein kinase C (PKC), via stimulation of PLC to activate a cascade of protein 

phosphorylations. Hydrophilic IP3 diffuses into the cytoplasm and binds to each protein binding 

domain of IP3R subunits leading to a change in receptor conformation (Berridge and Irvine 

1989; Berridge 1984). In cardiomyocytes, binding of IP3 to IP3R on the SR leads to SR calcium 

release into the cytosol (Berridge, Lipp, and Bootman 2000) enhancing cellular calcium 

oscillations (Zhu and Nosek 1991). Calcium, regarding the IP3R, exhibits biphasic activity, by 

activating or inhibiting the channel. The calcium release mechanism is dependent on calcium 

itself (CICR), notably via voltage-dependent calcium entry. At low intracellular calcium 

concentrations (100-300 nM), the channel is activated, while high calcium concentrations 

above 300 nM inhibit IP3R activity. But this inhibitory effect of calcium can be controlled in 

the presence of high concentrations of IP3, which allows the opening the receptor even in high 

calcium concentrations (Bootman and Lipp 1999). 

1.5.1.3 Physiological implications 

IP3-dependent calcium signalling participates in the regulation of different cellular processes 

in excitable and non-excitable cells. IP3 is a ubiquitous second messenger in response to 

neurotransmitters, hormones and growth factors (Berridge 2009). The IP3 signalling pathway 

plays direct roles via the generation of calcium signals but also indirect roles by modulating 

calcium signals induced by multiple signalling pathways and impact widespread physiological 
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functions such as fertilization, proliferation, metabolism, and secretion. The isoform IP3R type 

2 first described by (Südhof et al. 1991) is the predominant form in isolated atrial myocytes 

and is also expressed in ventricular myocytes at a lower level (Lipp et al. 2000). Additionally, 

Lipp and colleagues used a membrane-permeant IP3 ester (IP3-BM) to activate IP3R resulting 

in spontaneous calcium release events and increased the calcium transient amplitudes, 

highlighting a role for IP3 in cardiac excitation-contraction coupling. IP3R therefore have the 

ability and potency to modulate cardiac ECC and evidence has shown that IP3 has a positive 

chronotropic and inotropic effect in atrial SAN preparations. The SAN expresses three IP3R 

mRNA isoforms, the type IP3R2 was the predominant protein isoform detected by Western blot 

and Immunohistochemistry studies also showed that IP3R2 was expressed and localised with a 

similar distribution to SERCA2 in the central SAN region. Functional studies were also 

conducted and IP3-BM increased calcium spark frequency and the pacemaker firing rate in 

single isolated pacemaker cells and were absent in the SAN from transgenic IP3R2 knockout 

mice (Ju et al. 2011). Knockout of NCX in SAN cells were used to study the influence of IP3 

signalling on cardiac pacemaking creating a system where periodic intracellular calcium 

cycling persists despite the absence of depolarization or calcium flux across the sarcolemma. 

Recordings of confocal line scans of spontaneous calcium release in WT and NCX KO SAN 

cells in the presence of an IP3R blockers decreased the frequency of spontaneous calcium 

transients and waves in WT and NCX KO cells. Alternatively, increased IP3 production induced 

by phenylephrine (PE) increased calcium transient and wave frequency (Kapoor et al. 2015) 

making the IP3 signalling pathway a potential target for the treatment of AF. 

1.5.1.4 Pathophysiological implications 

As, IP3R play important physiological roles, they are also involved in several pathologies. 

Neuronal disorders such as bipolar disease (Schlecker et al. 2006), Alzheimer disease, 

Huntington disease and in brain ischemia where expression of IP3R is selectively 

downregulated in the brain (Haug et al. 1996; Zhang et al. 1995). In Diabetes, loss or 

malfunction of the β-cell is linked to dysregulation of levels of IP3 (Barker and Berggren 2013). 

IP3 mediated calcium signalling mechanism has also been implicated in cardiac 

pathophysiology. Calcium signals were recorded in response to IP3-BM in isolated rat atrial 

myocytes recorded and induced arrhythmogenicity (Mackenzie et al. 2002). Changes in the 

expression of IP3R have been linked with cardiac diseases, IP3R expression has been shown to 

be increased in right atrial tissue from patients with chronic AF (Yamda et al. 2001) as well as 

over-expressing IP3R2 in transgenic mice displayed a cardiac hypertrophy phenotype with an 
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increase in heart weight and expression of hypertrophy-related genes (Nakayama et al. 2010). 

As the activation of Gq\11 coupled GPCRs in the atria have been shown to lead to enhance 

calcium signalling via IP3 generation via electrical events they are potentially proarrhythmic 

(Tinker et al. 2016). IP3-dependent calcium release involvement and downstream actions are 

not fully elucidated and additional studies must be carried out for a better understanding of not 

only physiological mechanisms but also pathophysiological mechanisms. 

1.5.2 Adenylyl cyclases  

1.5.2.1 Description  

Adenylyl cyclases (ACs) are activated by the Gαs protein released during stimulation of a 

GPCR and constitute the main sources of cAMP in cardiomyocytes. ACs are enzymes that 

catalyse the conversion of adenosine triphosphate (ATP) into cAMP. ACs play an important 

role for the inotropic and chronotropic response of cardiac muscle to adrenergic stimulation by 

G-protein-coupled receptors (Mons et al. 1998) (Zaccolo, Zerio, and Lobo 2021). The first AC 

isoform (AC1) was cloned in 1989 (Krupinski et al. 1989). So far, 10 isoforms of ACs have 

been identified in mammals, 9 closely related transmembrane (AC 1 to 9) and one soluble 

(AC10, I will not be describing properties of AC10 throughout this manuscript). The molecular 

structure of the 9 transmembrane ACs consists of two hydrophobic domains comprising six 

transmembrane helices each and two cytoplasmic domains which form the catalytic site 

(Hanoune and Defer 2001). 

1.5.2.2 Regulation  

Gαs protein activates ACs while Gαi inhibits them. Additionally, forskolin (diterpene extracted 

from the Coleus forskohlii plant) is an activator of all mammalian ACs. Many inhibitors of ACs 

have been synthesised, some of which appear to work well in vitro but many are modified 

nucleotides or nitrogen bases aimed at targeting the catalytic site of the enzyme, a highly 

conserved region between isoforms (Seifert et al. 2012). Unfortunately, this leads to difficulties 

with isoform specificity and selectivity compared to inhibitors of other proteins. 

1.5.2.3 ACs in the heart  

These isoforms are differentially expressed across tissues. In the heart, AC5 and AC6 are the 

predominant AC isoforms and the main AC isoforms responsible for cAMP synthesis 

(Guellich, Mehel, and Fischmeister 2014). However, high basal cAMP levels have been 

measured in isolated rabbit SAN myocytes (Vinogradova et al. 2006). AC8 and AC1 are 
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calcium- stimulated isoforms were shown to be expressed in atrial and SAN myocytes (Mattick 

et al. 2007). Functional studies presented the importance of AC activity was investigated by 

monitoring activation of If. Inhibition of AC activity (by MDL-12,330A) shifted activation in 

the hyperpolarizing direction, while inhibition of phosphodiesterases (by IBMX) shifted If 

activation in the depolarising direction (Mattick et al. 2007). Unlike AC5/6 which are inhibited 

by calcium, AC1 and AC8 are calcium activated and contribute to the generation of rhythmic 

action potentials by regulating the LTCC current (Younes et al. 2008). AC1 and AC8 may play 

a major role in initiation and regulation of the heartbeat and IP3 signalling in cardiac atria and 

sinoatrial node involves stimulation of calcium-activated AC1 and AC8 by IP3-evoked calcium 

release from junctional SR (Capel et al. 2021). Excessive stimulation of other ACs, such as 

AC5, has been shown to promote proarrhythmic effects by inducing SR calcium overload and 

hyperactivation of RyR, which in turn induces spontaneous calcium waves and 

afterdepolarizations (Zhao et al. 2015). The link between IP3 pathway and downstream 

activation of calcium stimulated ACs has been relatively understudied. Understanding the 

possible interaction between IP3R pathways and calcium stimulated ACs therefore has the 

potential to provide important insights concerning acute mechanisms for initiation of atrial 

arrhythmias and may provide a novel atrial specific therapeutic approach for arrhythmias. 

Additional studies must be carried out for a better understanding of the mechanism, in 

particular the nature of the molecular interactors which participate in it. In addition, their 

location is decisive in the spatial organisation of cAMP signals. 

1.5.3 cAMP:  

1.5.3.1 Discovery of cAMP 

cAMP was discovered in the late 1950s by Earl W. Sutherland. Earl W. Sutherland observed 

that when separating a liver homogenate by centrifugation, the fraction and the supernatant 

communicated not directly with the help of hormones but via a second messenger, cAMP. the 

hormones he studied (adrenaline and glucagon) led to the production of cAMP in the fraction 

of the liver homogenate capable of stimulating glycogen phosphorylase in the supernatant (Rall 

and Sutherland 1958). Sutherland quickly identified cAMP in tissues other than the liver, such 

as the brain, skeletal muscle and heart, suggesting its ubiquitous nature (Sutherland and Rall 

1958). He had just discovered a major mechanism of action of hormones which earned him the 

Nobel Prize in Medicine 15 years later. The production of cAMP is initiated when a first 

extracellular messenger (hormones, neurotransmitters) binds to a GPCR (Zaccolo 2009). The 
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cytosolic level of cAMP is determined by the dynamic equilibrium between production by ACs 

and degradation by phosphodiesterases (Beavo et al. 1971). 

1.5.3.2 Targets of cAMP 

1.5.3.2.1 Protein kinase A: major target  

PKA is a ubiquitous cellular kinase which phosphorylates a range of intracellular targets and is 

modulated by the local concentration of cAMP. PKA is a major player in cAMP signalling 

pathways and plays an essential role in the regulation of cardiac function. In the absence of 

cAMP, the PKA holoenzyme is a heterotetramer consisting of two catalytic (C) subunits that 

are linked and inhibited by a dimer of regulatory (R) subunits. Cooperative binding of two 

cAMP molecules to both the A and B sites of each R subunit causes dissociation and activation 

of the C subunits, which as previously described, allows PKA to phosphorylate multiple protein 

targets in various subcellular compartments (Bers 2002). PKA have been described into two 

groups, named PKA-I and PKA-II, due to differences in their R subunits, RI and RII, 

respectively, each being subdivided into α and β subtypes (Hofmann et al. 1975). PKA-RII is 

known to be the main isoform responsible for the inotropic effects of β-AR stimulation. RIIα 

represents the major isoform expressed in the heart (Skalhegg and Tasken 2000). The spatial 

and temporal organisation of cAMP/PKA signalling is achieved by a carefully ordered balance 

between local effector activation and signal termination assembled and targeted by A-Kinase 

Anchoring Protein (AKAP). More than 50 AKAPs have been identified and, although they 

belong to a structurally diverse family, they all share the ability to enable tightly regulated 

phosphorylation of substrates anchored or located near PKA (Calejo and Taskén 2015). 

1.5.3.2.2 Exchange Protein Activated by cAMP  

The intracellular effects of cAMP were first thought to be exclusively attributed to PKA 

activation. However, in 1998, a family of new cAMP effector proteins, called Exchange Protein 

Activated by cAMP (EPAC) was discovered (de Rooij et al. 1998; Kawasaki et al. 1998). A 

discovery hinting at the complexity of the cAMP signalling mechanism. The EPAC family is 

composed of EPAC1 and EPAC2, they bind with a high affinity to cAMP to activate a family 

of small G-proteins, Rap1 and Rap2, the Ras family (de Rooij et al. 2000). Binding of cAMP 

to EPAC promotes GDP to GTP exchange, thereby inducing activation of the small G protein 

Rap (Gloerich and Bos 2010). On the other hand, proteins activating the GTPase-activating 

proteins (GAPs) reinforce the intrinsic GTP hydrolysis activity of Rap, which leads to the 

inactivation of the GTPase (Lezoualc'h et al. 2008). Alongside the research of EPAC signalling 
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pathway, much work on EPAC’s regulation was being conducted in the heart. It was first 

discovered that in primary cardiomyocytes, EPAC induces hypertrophy through activation of 

Rac and calcineurin signalling pathway making EPAC a positive regulator of cardiac growth 

(Morel et al. 2005), this novel finding opened a field of research of EPAC in the heart. It was 

later confirmed in adult rat ventricular cells, where EPAC, downstream of β-AR signalling, 

leads to diastolic calcium leak from the SR by activating calcium/calmodulin-stimulated 

protein kinase II (CaMKII) which phosphorylates RyR2. (Pereira et al. 2007). EPAC proteins 

also were showed to constitute important effectors of cAMP compartmentation and calcium 

handling (Lezoualc'h et al. 2016). More particularly, the EPAC2 isoform is localised at the level 

of T-tubules (Z streak of the cardiomyocyte) and its activation by β1-AR signalling results in 

calcium leak from the SR via CaMKIIδ-dependent phosphorylation of RyR2-S2814 (Pereira et 

al. 2007). This lab later showed, this pathway leads to the occurrence of β-AR-induced 

arrhythmias and reduced cardiac function (Pereira et al. 2013). In 2004 the first EPAC based 

fluorescence resonance energy transfer (FRET) reporter for the detection of cAMP was 

developed (Ponsioen et al. 2004) (Figure 1.12). 

 

Figure 1.10: Cytosolic FRET-based reporter EPAC-SH187(Klarenbeek et al. 2015). Image 

created with Biorender.com. 

1.5.3.2.3 Hyperpolarization-activated Cyclic Nucleotide-gated channels (HCNs) 

In mammals, HCNs ion channels are tetramers belonging to the family of hyperpolarisation-

activated cyclic nucleotide-gated ion channels (Scicchitano et al. 2012). Four isoforms have 

been identified, namely HCN1-4 and are at the origin of the If current in the SAN which is a 

current controlling heart rate (DiFrancesco 1991). These channels are modulated by cyclic 

nucleotides and are non-cation selective. They are permeable to both potassium and sodium. 
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The four isoforms are expressed differently in the heart. In particular, the HCN4 isoform 

constitutes the main isoform expressed in the SAN, followed by HCN1 and HCN2 (Scicchitano 

et al. 2012). HCN2 is mainly present in the ventricle while HCN3 expression is negligible in 

all tissues (Chandler et al. 2009). Binding of cAMP to HCNs channels increases the probability 

of channel opening during membrane hyperpolarisation by inducing a conformational change 

of the protein. In addition, Ivabradine is a heart rate-reducing pharmacological agent from a 

selective and specific block of HCN channels. This action is selective for pacemaker cells in 

the SAN and does not impact other ion channels or conduction pathways making the If current 

an interesting therapeutic target (Bucchi et al. 2006). Ivabradine has been studied in clinical 

trials, the SHIFT (Systolic Heart Failure Treatment with the IF Inhibitor Ivabradine Trial) trial 

involved over 6,500 patients with moderate to severe heart failure and a heart rate ≥70 bpm. 

Results showed that ivabradine reduced the combined outcome of cardiovascular death or heart 

failure hospitalisation by slowing heart rate, especially in patients with higher baseline rates. It 

was also linked to reduced hospitalisations for heart failure but did increase rates of bradycardia 

(Swedberg et al. 2010). 

 

1.5.3.2.4 Popeye domain containing protein (POPDC) 

A fourth class of cAMP effectors was discovered and corresponds to the family of membrane 

proteins containing the Popeye domain (Reese et al. 1999). These proteins are encoded by the 

Popdc genes (Popdc1, Popdc2 and Popdc3) and are abundantly expressed in the heart and 

skeletal muscles. It was only reported in 2012 that conserved Popeye domains of POPDC 

isoforms, located at the cytosolic C-terminal extremity, has a high affinity binding sites for 

cAMP (Froese et al. 2012), and have regulatory function in heart rate dynamics through cAMP 

binding. POPDC proteins can also interact with caveolin-3 in t-tubule caveolae highlighting its 

importance structural integrity and POPDC1-null hearts indicated lower recovery from 

ischemia injury indicating a role in heart protection (Alcalay et al. 2013). Furthermore, Popdc1 

and Popdc2 are strongly expressed in cardiac tissue and more particularly in the conduction 

system, at the level of the SAN and AVN (Froese et al. 2012), indicating POPDC proteins have 

an important regulatory function in heart rate dynamics that is mediated, at least in part, through 

cAMP binding.  
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1.5.3.3 Degradation of cAMP 

The degradation of cyclic nucleotides (cAMP and cyclic guanine monophosphate [cGMP]) is 

uniquely carried out by a superfamily of enzymes called phosphodiesterases (PDEs). This 

superfamily is subdivided into eleven families, PDE1 to PDE11, PDE3 and PDE4 being the 

major families controlling cAMP and ECC in the heart (Conti and Beavo 2007). PDEs are the 

only cyclic nucleotide degrading enzymes and so they are critical regulators of cAMP 

homeostasis. They achieve this by specifically cleaving the 3’-5’-cyclic phosphate moiety from 

cAMP or cGMP to leave the corresponding 5’-nucleotide (Fischmeister et al. 2006). They are 

characterised by their primary structure, their catalytic properties, their capacity to degrade 

cAMP and/or cGMP, as well as their regulatory mechanisms. Among the eleven families of 

PDEs, seven are expressed in the heart to degrade cAMP and/or cGMP with different affinities: 

PDE1-5, PDE8 and PDE9. PDE1-3 can hydrolyse cAMP and cGMP while PDE5 and PDE9 

can only hydrolyse cGMP and PDE4 and 8 only cAMP (Keravis and Lugnier 2012). 

1.5.3.4 Compartmentation of cAMP in the heart  

Compartmentation refers to the mechanisms by which multiple spatially separated cAMP/PKA 

and cGMP/PKG signalling pathways exert different, or even opposing, functional effects in 

distinct subcellular microdomains of the same cell (Zaccolo 2011). Compartmentation and 

compartmentalization are often used interchangeably to describe this process. The term 

compartmentation became more popular in the 20th century and will be used throughout the 

rest of this manuscript (Steinberg and Brunton 2001). Mechanisms that limit its diffusion are 

necessary, these can be physical barriers such as organelle membranes or mitochondrial 

networks, to create a physical block of the binding of cAMP to its effectors and to the 

degradation of cAMP by PDEs. Important contributors to cAMP compartmentation are 

AKAPs, by localising PKA close to its substrates (Dodge-Kafka, Langeberg, and Scott 2006). 

The first evidence of compartmentation of cAMP signalling in the heart was revealed through 

experiments showing that β-AR stimulation, increases cAMP, contraction force and activates 

the pellet and soluble fraction of PKA, while after application of prostaglandin E1, no 

modification of contractile activity was observed despite an increase in cAMP and activation 

of PKA in the pellet after cell lysis (Buxton and Brunton 1983), demonstrating the hormonal 

specific compartmentation of cAMP. 
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1.5.4 Nicotinic acid adenine dinucleotide phosphate  

Nicotinic acid adenine dinucleotide phosphate (NAADP) mediated calcium signalling is highly 

specific (Galione 2011). Calcium-releasing secondary messengers act on channel receptors 

located on intracellular stores to release calcium. NAADP is puzzling since in many cells it 

appears to act via a distinct calcium release mechanism, which resides not on the ER/SR but 

on acidic organelles and will be described below. 

1.5.4.1 Discovery  

NAADP is a endogenous calcium-mobilizing second messenger in many cells and species, first 

shown to mobilise calcium in sea urchin eggs in 1995 (Lee and Aarhus 1995). A few years later, 

it was shown that NAADP mobilises calcium release from acidic stores of the cell, rather than 

the ER (Churchill et al. 2002). This study provided evidence that these acidic stores, are 

lysosomal organelles that function as calcium stores to mobilise calcium in response to NAADP 

in sea urchin eggs. These experiments made it possible to identify the main characteristics of 

the reserve sensitive to NAADP. 

Additionally, emptying the ER with thapsigargin did not abolish the response to NAADP 

(Churchill and Galione 2001). The intracellular reserve responsible for calcium signals due to 

NAADP can be pharmacologically separated from that responding to IP3. A cellular model 

allowed separation of intracellular organelles by sucrose gradient centrifugation, which made 

it possible to prove that the reserves mobilised by IP3 are also physically separated from those 

mobilised by NAADP. These cell fractionation experiments also showed the fraction releasing 

calcium in response to NAADP is distinct from the fraction containing mitochondria, 

insensitive to thapsigargin, and did not present CICR, unlike those mobilised by IP3 (Lee and 

Aarhus 2000). 

In addition, a body of evidence favoured the existence of a specific NAADP receptor (Capel et 

al. 2015; Pitt et al. 2010; Calcraft et al. 2009). Solubilization in sea urchin egg homogenate 

shows that the isolated protein, which binds NAADP, was much smaller (470 kDa) than IP3R 

and RyR (respectively 1000 and 2000 kDa) and made it possible to confirm the pathway of 

NAADP as being a calcium signalling pathway in its own right, with synthesis enzyme, 

messenger, receptor, and sensitive reserve (Galione and Petersen 2005). 
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1.5.4.2 Synthesis and metabolism  

The first enzyme discovered to catalyse the synthesis of NAADP was ADP- ribosyl cyclase 

and was purified from the sea slug (Hellmich and Strumwasser 1991). Sequence comparisons 

with mammalian tissue revealed that there are mammalian homologues, the lymphocyte 

antigen CD38 (States, Walseth, and Lee 1992). The CD38 enzyme is a 45 kDa transmembrane 

glycoprotein with a short cytoplasmic N terminus and a long extracellular C terminal domain 

(Jackson and Bell 1990). In addition to synthesising cADPR, CD38 can also synthesise 

NAADP in the presence of NA and NADP, this reaction occurs at an acidic pH (Aarhus et al. 

1995) 

1.5.4.3 Two-pore channels as NAADP receptors 

Two-pore channels (TPCs) are members of the superfamily of voltage-gated ion channels, these 

cation channels are activated by NAADP. TPCs were first cloned from the rat kidney and 

consist of two domains that each have the S1 – S6 segments that are usually found in voltage 

gated cation channels (Ishibashi, Suzuki, and Imai 2000). TPC1 and TPC2 channels, encoded 

by TPCN1 and TPCN2, respectively, are localised on endosomal and lysosomal membranes. 

Some studies showed TPCs are sodium-selective with limited calcium permeability (Wang et 

al. 2012; Cang et al. 2013). TPC1 and TPC2 were linked to the endo-lysosomal pathway by 

being co-expressed with various organelle markers. They found significant colocalisation of 

TPC1 with markers for both lysosomes/late endosomes (LAMP1) and endosomes (endo-GFP) 

but not the ER while TPC2 only colocalised with LAMP-1 (Brailoiu et al. 2009). TPC2 is the 

isoform most present within the lysosome membrane, TPC2 was tested to see if the channel 

mediates calcium release from lysosomes by flash photolysis of caged-NAADP on intracellular 

calcium concentration in wild type (Südhof et al.) HEK293 and tagged TPC2 cells by Fluo3 

fluorescence and provoked an initial intracellular calcium rise dependent on acidic organelles 

but independent of the ER (Calcraft et al. 2009). Other evidence has shown TPC2 to be the 

major lysosomal targeted isoform able to act as a calcium release channel in the cellular 

environment by (Pitt et al. 2010). The group reported NAADP to open TPC2 channels in a 

concentration-dependent manner with binding to high affinity activation sites and low affinity 

inhibition sites regulated by the pH of the luminal environment of the channel (Pitt et al. 2010). 

Increased TPC expression was demonstrated to lead to enlarged lysosomes and trafficking 

dysfunction by assessing endolysosomal transport via the fate of Alexa Fluor 594-conjugated 
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cholera toxin B, implicating a role for NAADP in the regulation of vesicular trafficking and to 

be physiologically significant (Ruas et al. 2010).  

1.5.4.4 The influence of NAADP on cardiac physiology/pathology 

Cytosolic application of NAADP was shown to increase myocyte contraction and the frequency 

and amplitude of calcium sparks, and this response was inhibited by addition of bafilomycin 

A1, a vacuolar H+-ATPase inhibitor acting on acidic calcium stores (Macgregor et al. 2007). 

Intact Langendorff-perfused hearts upon β-adrenergic stimulation showed increased NAADP 

levels (Lewis et al. 2012). Photorelease of NAADP and direct application of NAADP-AM, a 

cell permeant form of NAADP in atrial myocytes increased amplitude and frequency of 

calcium transients (Collins et al. 2011). Evidence then showed that Tpcn2-/- cardiac myocytes 

show a reduced response to β -AR stimulation and chronically reduced cardiac hypertrophy 

and arrhythmogenesis, demonstrating that NAADP/TPC2 signalling plays a major role in 

cardiac β-AR stimulation (Capel et al. 2015), making TPC2 the most promising candidate 

receptors for NAADP.  

1.5.4.5 Lysosomes 

 

Figure 1.11: Schematic representation of the localisation of lysosomal ion channels and 

the direction of movement of their respective ions. Image created with Biorender.com and 

adapted from (de Araujo et al. 2020). 
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1.5.4.5.1 Physiology  

Lysosomes are intracellular organelles measuring a few hundred nanometers in diameter. They 

were described for the first time in 1955 by Christian de Duve (De Duve et al. 1955) who was 

able to demonstrate their existence through the use of centrifugation techniques coupled with 

the detection of the enzyme activity. Lysosomes are spherical, single membrane bound 

organelles and are found in all cell types. Lysosomal proteins are targeted by phosphorylation 

of mannose in Golgi apparatus to bind to mannose-6-phosphate receptors to become lysosomes. 

Lysosomes are acidic membrane-bound organelles responsible for degrading macromolecules 

from both intracellular and extracellular sources. Around 50 different enzymes capable of 

degrading proteins, lipids, sugars, or nucleic acids are contained in lysosomes. Lysosomal 

membranes are covered with many different proteins, which are responsible for various 

functions such as the acidification of the lumen, transport of degradation products to the 

cytoplasm, and the fusion of the lysosomal membrane with endosomes, phagosomes and other 

organelles. LAMP1 and LAMP2 proteins represent half of the total proteins in this membrane 

(Eskelinen 2006). The pH of the lysosome lumen is extremely tightly regulated by a proton 

pump (V-ATPase, Figure 1.13) which allows the establishment of an acidic pH (~4-5) necessary 

for the proper functioning of the lysosomes, low pH provides an optimal environment for the 

function of luminal hydrolases (Ohkuma, Moriyama, and Takano 1982). The role of lysosomes 

as an intracellular calcium reservoir was described in the early 2000s (Christensen, Myers, and 

Swanson 2002; Churchill et al. 2002; Patel and Docampo 2010). Lysosomes maintain their 

calcium levels at a higher concentration than the cytoplasm, with a calcium concentration in 

the lumen of these organelles would be around 500μM, which is close to that of the SR (Lloyd-

Evans et al. 2008). For many years, lysosomes were considered almost exclusively as vesicles 

filled with digestive enzymes whose unique role is the degradation of proteins, lipids and 

sugars. 

1.5.4.5.2 Lysosomes and signalling pathways  

However, in more recent years, numerous labs have studied these acidic stores to appreciate 

these organelles in their greatest complexity (Bose, Ayagama, and Burton 2022). It is 

increasingly clear that lysosomes are very dynamic and participate in the regulation of major 

signalling pathways and do not only have a digestion role. Calcium signals are involved in the 

functions of lysosomes but also involved in more global calcium signals at a whole cell to organ 
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level. Several calcium channels also reside in the lysosomal membrane. Lysosomes are 

equipped with a set of channels and pumps allowing them to release and capture calcium. 

Over the last two decades, lysosomes have been accepted to participate in calcium homeostasis 

regulation, acting as calcium stores in the heart (Burgoyne, Patel, and Eden 2015) (Ogunbayo 

et al. 2018). Recent research has shown that lysosomes associate with ER and dwell at regions 

populated by IP3R clusters and that lysosomes sequester calcium released by IP3R (Atakpa et 

al. 2018), suggesting the involvement of IP3R in regulating calcium exchange between the SR 

and lysosomes. Lysosomes are involved in the autophagic process, autophagy is the cellular 

survival mechanism that leads a self-degradative pathway. As lysosomes are a driving force in 

the pathway as they are involved in the final step of degradation. Findings have suggested that 

atrial autophagic flux is activated in patients with AF and autophagy induces atrial electrical 

remodelling (Yuan et al. 2018).  

1.5.4.5.3 Other lysosomal calcium release channels 

Only TPCs have been presented in detail and will studied in this manuscript but other calcium 

channels have been reported. Transient receptor potential cation channel mucolipin subfamily 

TRPML. There are 3 types TRPMLs, TRPML1, TRPML2 and TRPML3. They are calcium-

permeable cation channels expressed in endosome and lysosome membrane (Xu and Ren 2015; 

Cheng et al. 2010). TRPML1, the best studied of the three, is a cation channel that passes 

calcium non-selectively and is activated by IP3 (Dong et al. 2010). Many lipids accumulate in 

the lysosomes of cells when TRPML1 loses function. Calcium signals from TRPML1 are 

involved in numerous functions of lysosomes such as exocytosis, plasma membrane repair, 

autophagy or even lysosome reformation (Li et al. 2016). P2X4 is a trimeric channel that is 

permeable to both sodium and calcium when activated by luminal ATP and is dually localised 

on both lysosomal and plasma membranes (Li, Gu, and Xu 2019). 

1.5.4.5.4 Calcium uptake 

The molecular identity of the pump(s) involved in calcium uptake by lysosomes is not known. 

The process could be dependent on the pH gradient established by VATP-ase (Morgan et al. 

2011). Studies show the inhibition of this pump, and consequently the loss of the pH gradient, 

induces a strong decrease in the quantity of calcium in the lysosomes (Lloyd-Evans et al. 2008; 

Christensen, Myers, and Swanson 2002). In addition, yeasts have a calcium/H+ exchanger in 

vacuoles (equivalent to lysosomes in yeast) (Morgan et al. 2011) and a study suggests that 
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lysosomes can replenish their calcium stores in the absence of the pH gradient by inhibiting 

the V-ATPase H+ pump (Garrity et al. 2016). According to this study, depletion of calcium from 

the ER prevents lysosomes from filling with calcium meaning calcium from the ER is essential 

for lysosomes to be replenished with calcium. Additional studies must be carried out to hope 

for a better understanding of the phenomenon, in particular the nature of the molecular 

interactors which participate in it. Calcium channels and pumps are still relatively unknown 

and additional studies are necessary to understand the mechanisms involved and their 

regulation.  
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1.6 Aims of this thesis  

Calcium homeostasis plays a vital role in the heart and alterations in the intracellular 

concentration of calcium have been shown to lead to arrhythmias. Additionally, excessive 

stimulation of the IP3 signalling pathway has been linked to AF through abnormal calcium 

handling. However, little is known about the mechanisms involved in this process and the role 

of IP3 signalling in contributing to calcium handling remains unclear. Lysosomes have been 

identified as calcium stores although a role for lysosomal calcium signals in pacemaker activity, 

or in the atria has not been established. This thesis adds to the cardiovascular research field, 

specifically to cytosolic calcium handling in the atria as well as the physiological and 

pathological function in pacemaking. I postulate that interactions between two major calcium 

handling pathways (IP3-mediated release from the SR and NAADP-mediated release from 

lysosomes) are involved in the modulation of atrial calcium signalling in response to α-

adrenergic and β-adrenergic stimulation under physiological conditions, involving the 

stimulation/modulation of cAMP synthesis via calcium-sensitive AC1 and/or AC8. 

Furthermore, I propose that this interaction may be relevant for the pathogenesis of pacemaking 

dysfunctions such as AF. As current treatments are less than optimal, it is therefore vital to 

better understand the molecular mechanisms, to identify specific atrial drug targets and 

biomarkers to promote more effective treatments and better disease identification.  

The hypothesis for the current study is therefore as follows:  

Hypothesis: IP3-mediated calcium release from the SR and NAADP-mediated calcium release 

from lysosomes lead to activation of calcium sensitive ACs and contribute to atrial function 

and pacemaking. 

To test my hypothesis and answer my biological question as to how these two major calcium 

handling pathways (IP3 and NAADP) contribute to atrial function and pacemaking. My project 

provides insight on the role of cytosolic calcium modulation in physiological conditions as well 

as a disease in the atria. In brief, Chapter 3 describes a role for NAADP signalling in response 

to β-adrenergic signalling, Chapter 4 investigates IP3 signalling and its role in activating 

calcium-sensitive AC1 and AC8, Chapter 5 describes a role for NAADP signalling in response 

to α-adrenergic signalling, highlighting the relevance of these mechanisms in AF and in 

humans, Chapter 6 summarises the complexity of calcium handling between the SR and 

lysosomes and the functional implications of these major second messengers in the heart.  
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2 Methods 

2.1 Animals 

All work detailed complies with the “Principles and standards for reporting animal 

experiments” (Grundy, 2015) and the Animal (Scientific Procedures) Act 1986. All 

experimental protocols (Schedule 1) were approved by the University of Oxford, Procedures 

Establishment License Number XEC303F12 and under BMS service licence PP0574716 and 

303301. All animals were housed maintained in a 12-h light/dark cycle with ad libitum access 

to standard diet and sterilised water. 

2.1.1 Mice  

From collaborators in the USA (Conti Lab), our lab obtained a global double knock out for 

AC1 and AC8 mouse colony. Disruption of the Adcy1 gene in mice was first performed by Wu 

et al. 1995 (Wu et al. 1995) to generate KO of AC1 mice. KO Adcy8 in mice were generated 

by (Muglia et al. 1999), by deletion of exon 1 and exon 2 of the 5’-flanking region of Adcy8 

gene and disruption was confirmed by assay of AC8 activity. AC1 and AC8 homozygote KO 

(DKO) mice were mated to obtain doubly heterozygotic F1 progeny. F1 mice were then 

backcrossed to AC1 homozygous mice to afford an F2 progeny with a 1:1 (heterozygote: 

homozygote) distribution at the Adcy1 allele and a 1:1 (WT: heterozygote) distribution at the 

AC8 allele. F2 mice heterozygous for the Adcy8 allele and homozygous for the AC1 allele were 

backcrossed to afford 25% doubly homozygous mice (DKO mice) (Wong et al. 1999). In 2020, 

mice (female and male) from this global DKO line was sent to us by Conti Laboratory from 

Wayne State University, unfortunately once the animals reached Oxford and that we are able 

to start the animal breeding process, AC1/8 DKO females were too old to be able to breed (due 

to lockdown). In order to generated a DKO colony, we backcrossed AC1/8 DKO male mice 

with WT females and proceeded with same method described above. In the process of 

generating AC1/8 DKO mice, heterozygous (Het) and homozygous (Hom) genotypes were 

generated: AC1/8 mice, Het AC1/HomAC8 and HomAC1/HetAC8 mice and used for left and 

right atrial preparations, an experimental method described below. The C57BL/6 and CD1 mice 

were obtained from Charles River (UK).  

2.1.2 Rats and guinea pigs 

Sprague Dawley neonatal rat litters at P3 and adult guinea pigs were obtained from Envigo 

(UK). 
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2.2 Human tissue permissions 

Biopsies of the atrial appendage were obtained from 2 patients (Frisk et al.) undergoing on-

pump cardiac surgery at the John Radcliffe Hospital (Oxford, United Kingdom). The study was 

approved by the Research Ethics Committee (reference no. 07/Q1607/38), and all patients gave 

written, informed consent. 

2.3 Imaging techniques 

2.3.1 Immunostaining  

Cardiomyocytes were fixed with 2 % paraformaldehyde for 15 minutes. The cells were washed 

3 times with PBS. Cells were then blocked with 10 % Donkey serum, 0.3 % BSA and 0.1 % 

triton X100 in PBS for 1 hour. Following the removal of the blocking buffer, cells were 

incubated overnight in 4°C with primary antibodies (listed below). Cells were then washed 3 

times with PBS and incubated in the dark at room temperature for 4 hours with the secondary 

antibodies (1:400) donkey anti-mouse IgG conjugated to Alexa Fluor 564 and (A10040, 

Invitrogen), goat anti-rabbit IgG conjugated to Alexa Fluor 488 (SA510166, Invitrogen). Cells 

were washed 3 times in PBS and coverslips were mounted on slides with VectashieldTM with 

DAPI to stain the nuclei. The slides were viewed using a Nikon eclipse Ti inverted confocal 

microscope (Nikon) with a 63x/1.2 water objective Plan Apo VC 60xA WI DIC N2 lens. NIS-

Element viewer (Nikon) was used to acquire multichannel fluorescence images. For detection 

of DAPI, fluorescence excitation was 350nm with absorption detected at 460nm. For detection 

of AlexaFluor 488, fluorescence excitation was at 488nm with emission collected 515nm. 

Excitation at 561nm was collected at 595nm for detection of AlexaFluor 568nm and imaged 

sequentially at 2048 × 2048 (12 bits). 

PRIMARY ANTIBODY CAT NO. CONCENTRATION 

Mouse anti-IP3R2 sc-398434 1:50 

Rabbit anti-AC1 55067-1-AP 1:100 

Rabbit anti-AC8 55065-1-AP 1:100 

Rabbit anti-LAMP2 PA1-655 1:100 

Table1: Primary antibodies used for immunostaining.  
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2.3.2 Lysosomal live imaging  

For the staining of acidic compartments (lysosomes) in live cardiac myocytes, LysoTrackerTM 

red was used from Thermo Fisher Scientific (L12492). LysoTrackerTM probes are fluorescent 

acidotrophic probes used for labelling and tracking acidic organelles in live cells. 

LysoTrackerTM dyes consist of a fluorophore linked to a weak base that is only partially 

protonated at neutral pH, are freely permeant to cell membranes and typically concentrate in 

spherical organelles. To label atrial myocytes, 50nM LysoTrackerTM red was incubated with 

the cells at room temperature in the dark for 20 minutes in Tyrode (Chapter 2, 2.11 Recipe for 

solutions, page 59) to allow it to partition into the acidic organelles. Myocytes were then 

washed twice and left in Tyrode for live imaging using Nikon Eclipse Ti Inverted Fluorescence 

Microscope with a 40x oil-immersion objective with illumination light at 546 nm.  

2.3.3 4PI-SMS microscopy 

4Pi-single-molecule switching (SMS) microscopy is an interference-based wide-field imaging 

method. I prepared NRAMs coverslips (same protocol than immunostaining described in 2.3.1, 

page 47, secondary antibodies include CF®680 (Biotum) and goat anti-rabbit IgG conjugated 

to Alexa Fluor 488 (SA510166, Invitrogen)). Imaging was conducted by Dr Jingyu Wang from 

Department of Engineering Science, Oxford, UK. In brief, fluorescence emitted by a single 

molecule (fluorophore) is collected by two opposing objectives with a common focus and 

follows two identical, but separate, beam paths until it is combined with a beam splitter cube 

and interferes. After combination, the fluorescence emission is relayed onto a camera, with 

appropriate optics, where it forms four images representing different interference phases. These 

images are recorded and later analysed to reconstruct a 3D super-resolution image (Wang, 

Allgeyer, et al. 2021). 

2.3.4 High Resolution Episcopic Microscopy 

High Resolution Episcopic Microscopy (HREM) was conducted on murine WT and DKO 

hearts in collaboration with the Sparrow Lab (Department of Physiology, Anatomy and 

Genetics, Oxford). Whole were fixed overnight at room temperature using Bouin's fixative 

(HT10132, Merck), then thoroughly rinsed in PBS and subjected to gradual dehydration in a 

methanol series, starting at 10 % + 10 % between each step, up to 90 % and then 90 %, 95 %, 

100 % for 2 hours each step on a rocker at room temperature. Hearts were then embedded using 

a JB-4 kit (Catalogue number 00226-1, Polysciences), hearts overwent an overnight infiltration 



 49 

at 4 °C with a 50:50 mixture of methanol and infiltration solution (JB-4 Solution A plus 1.25% 

(w/v) Benzoyl Peroxide Plasticizer). Hearts were rinsed in 100% infiltration solution for 1 hour 

in the dark at room temperature on rocker to help minimise residual methanol, the samples 

were left to incubate for up to 1 week at 4 °C in fresh infiltration solution. The embedding 

process involved the addition of 6 % (v/v) JB-4 solution B to the infiltration solution to initiate 

polymerization. Subsequently, analysis was carried out using a 3D Optical HREM imaging 

system (Indigo Scientific). HREM data were evaluated using Horos 3.3.6 

(https://horosproject.org), and Amira for Life & Biomedical Sciences version 2019.4 (Thermo 

Fisher Scientific). 

2.4 Whole tissue functional experiments  

2.4.1 Mouse atrial preparations 

Male mice (between 28-35g) were terminated by concussion followed by cervical dislocation, 

the chest cavity was opened, and the heart was rapidly excised and placed in warm, oxygenated 

physiological saline solution (PSS, Chapter 2, 2.11 Recipe for solutions, page 59) oxygenated 

with 95 % O2/5% CO2) containing heparin (10U/mL). Hearts were transferred to a dissection 

chamber under a microscope, ventricular tissue was discarded, and the atria were cleared of 

any overlying tissue such as cardiovascular tubing and adipose tissue. The right and left atria 

were separated, and loops of thin suture were tied to the lateral edges of each atrium by knotting 

around a small area of the tissue before mounting them onto a force transducer in an organ 

bath. One loop was anchored to a hook, and the other tied to the tension transducer with a 

resting tension between 0.22-0.24 g, a correct weight to visualise contraction without adding a 

strain to the atrium. The preparation was hung in an organ bath filled with PSS, maintained at 

37oC and oxygenated with 95 % O2/5 % CO2. Tension data were digitised using a PowerLabs 

bridge amplifier and recorded on LabChart5 software (all from AD Instruments, UK). 

Chronotropic effect was measured from the time interval between contraction of spontaneously 

beating right atrium and beating rate was calculated in real-time from the upstroke of the 

tension signal using the Chart5 Ratemeter function. Inotropic effect was measured from 

stimulated left atrium at 5 hertz during these experiments. 

2.4.2 Phenylephrine dose-response curves 

Phenylephrine (PE) was prepared in PSS (Chapter 2, 2.11 Recipe for solutions, page 59). After 

the frequency force of right atrial contractions and force of contraction of left atrial contractions 

https://horosproject.org/
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had stabilised (variation of no more than 2 beats per minute (BPM) and 0.2 g over a 10 minute 

period in the right and left atrium respectively) the effects of PE were investigated over a 

cumulatively increasing concentration range of 0.1 μM to 30 μM. Preparations were excluded 

if stabilised beating rate under control conditions only in the presence of PSS was under 300 

BPM or if preparations were arrhythmic. Agonist doses were administered every 4 minutes 

using Gilson pipettes into the organ baths, with the tips submerged in the PSS. Atrial 

preparations were pre-treated with 1 µM metoprolol 1 hour before the first dose of PE to avoid 

any interference from β-adrenoceptors. Inhibitors were administered 30 minutes prior to the 

first dose of PE, allowing sufficient time for these pharmacological agents to penetrate the 

multicellular preparations.  

2.4.3 Isoprenaline dose-response curves 

Isoprenaline was prepared in PSS with 4X the amount of isoprenaline weighed of ascorbic acid. 

Similar to the PE dose response curves, after the frequency of right and left atrial contractions 

had stabilised, the effects of Isoprenaline were investigated over a cumulatively increasing 

concentration range of 0.1 nM to 1000 nM. Preparations were also excluded if stabilised 

beating rate under control conditions only in the presence of PSS was under 300 BPM or if 

preparations were arrhythmic. Agonist doses were administered every 3 minutes using Gilson 

pipettes into the organ baths, with the tips submerged in the PSS. Inhibitors were administered 

30 minutes prior to the first dose of PE, allowing sufficient time for these pharmacological 

agents to penetrate the multicellular preparations. 

2.5 Neonatal isolations  

2.5.1 Neonatal rat ventricle myocytes isolation 

Hearts were isolated from neonatal Sprague–Dawley rat pups (P3–P4), atria were dissected and 

discarded, and the ventricles were cut into small 1 to 2 mm2 blocks and subjected to enzymatic 

digestion in trypsin (1mg/ml, Worthington) for 3 hours at 4°C on a rocker, following 

trypsinisation, the tissue was rinsed with cold Hank’s buffered salt solution (HBSS, Sigma 

Aldrich) for 3 minutes. After the wash, a series of collagenase type IV (1mg/ml, Sigma Aldrich 

digestions were performed, 5 ml of collagenase was added to the tissue and stirred in a water 

bath at 37°C for 2 minutes. The first supernatant was discarded, and the process was repeated. 

Following each collagenase treatment, the tissue was gently agitated with a wide-tip pipette. 

The supernatant containing myocytes was transferred to a conical tube containing 3 ml of 
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HBSS and stored on ice. This collagenase digestion step was repeated 4 times. The tubes were 

balanced using HBSS and centrifuged at 2000 revolutions per minutes (rpm) for 8 minutes. 

After centrifugation, the supernatant was discarded and HBSS was added to the pellet and 

gently agitated. Centrifugation was repeated once again (1000 rpm for 10 minutes). The 

supernatant was then discarded and culture medium (68 % DMEM, 17 % M199, 10 % horse 

serum, 5 % FBS and 1 % penicillin/streptomycin, all from Sigma Aldrich) was added. The cell 

suspension was then strained using a 0.7µm sterile cell strainer. The isolated cells were pre-

plated in an incubator (37°C, 5% CO2) for an hour to allow fibroblasts to attach to the plastic 

bottom of the dish. The ventricular myocytes in the supernatant were then carefully removed 

from the dish and a cell count was performed using a haemocytometer and trypan blue to avoid 

counting dead myocytes. The neonatal rat ventricle myocytes (NRVMs) were plated on a 24 

mm glass coverslip pre-coated with laminin (40 μg/ml, Merck, UK) at a density of 30000 

myocytes in culture medium and changed every 48 hours.  

2.5.2 Neonatal rat atrial myocytes isolation 

Neonatal rat atrial myocytes (NRAMs) were isolated using a modified protocol based on 

previous methods used to isolate neonatal rat ventricular myocytes (NRVMs) from (Burton et 

al. 2020; Burton et al. 2015). Hearts were isolated from 3-day-old Sprague Dawley rat pups, 

culled by cervical dislocation followed by exsanguination. Following dissection, atria were 

separated from the ventricles, transferred to 2 ml Dulbecco’s Modified Eagle’s Medium 

(DMEM) and cut into 1-2 mm2 pieces. Atrial myocytes were enzymatically isolated by a series 

of enzymatic digestions; in trypsin (1 mg/ml, Merck, UK, rocked at 4°C for 2 hours) followed 

by collagenase (type IV, 1mg/ml, Merck, UK). For the collagenase digestions, the trypsin was 

replaced by 4 ml collagenase solution and tissue was gently triturated using a plastic pipette 

for 1 minute. The tissue plus collagenase solution was then stirred gently in a bath at 37 °C for 

2 minutes and the first supernatant was discarded. A further 4 ml collagenase solution was 

added to the tissue pellet and triturated for 1 minute using a wide bore pipette. This solution 

was then stirred gently in a bath at 37°C for 2 minutes and the supernatant (4 ml) added to 3 

ml HBSS and stored in a 15 ml centrifuge tube. This process was repeated a further 3 times to 

produce a total of 4x7 ml cell suspensions. Tubes were centrifuged at 2000 rpm for 8 minutes. 

Supernatant was then removed, and the cells were resuspended in 2 ml cardiomyocyte plating 

media (CPM: 85 % DMEM, 17 % M199, 10 % horse serum, 5 % FBS, 1 % 

penicillin/streptomycin) before being centrifuged at 1000 rpm for 10 minutes. All samples were 

then strained using a cell strainer and pooled into a single 50 ml centrifuge tube. Isolated cells 
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were pre-plated and incubated at 37°C (95% O2, 5% CO2) for 1 hour to allow separation of 

fibroblasts. Supernatant containing suspended atrial myocytes was then removed and cell 

density measured using a haemocytometer and trypan blue. Myocytes were seeded onto 24 mm 

laminin (40μg/ml, Merck, UK) coated glass coverslips in 35 mm 6-well plates at a density of 

15000 cells per ml in CPM. Cell media was changed every 48 hours.  

2.5.3 Neonatal mouse atrial myocytes isolation 

For isolation of neonatal mouse atrial myocytes (NMAMs), a similar protocol was followed. 

Enzymatic digestion was shorter due to smaller size and less amount of tissue. Enzymatic 

digestions: in trypsin rocked at 4 °C for 1.5 hours instead of 2 hours. The collagenase 

digestions, atria were stirred gently in a bath at 37 °C for 1 minute instead of 2 minutes.  

Hearts were isolated from 3-day-old CD1 mice pups, culled by cervical dislocation followed 

by exsanguination. Following dissection, atria were separated from the ventricles, transferred 

to 2 ml Dulbecco’s Modified Eagle’s Medium (DMEM) and cut into 1 mm2 pieces. Atrial 

myocytes were enzymatically isolated by a series of enzymatic digestions; in trypsin (1 mg/ml, 

Merck, UK, rocked at 4°C for 1 hour) followed by collagenase (type IV, 1 mg/ml, Merck, UK). 

For the collagenase digestions, the trypsin was replaced by 4ml collagenase solution and tissue 

was gently triturated using a plastic pipette for 30 seconds. The tissue plus collagenase solution 

was then stirred gently in a bath at 37°C for 1 minute and the first supernatant was discarded. 

A further 4ml collagenase solution was added to the tissue pellet and triturated for 1 minute 

using a wide bore pipette. This solution was then stirred gently in a bath at 37°C for 30 seconds 

and the supernatant (4 ml) added to 3 ml HBSS and stored in a 15 ml centrifuge tube. This 

process was repeated a further 3 times to produce a total of 4x7 ml cell suspensions. Tubes 

were centrifuged at 2000 rpm for 8 minutes. Supernatant was then removed, and the cells were 

resuspended in 2 ml cardiomyocyte plating media before being centrifuged at 1000 rpm for 10 

minutes. All samples were then strained using a cell strainer and pooled into a single 50 ml 

centrifuge tube. Isolated cells were pre-plated and incubated at 37°C (95 % O2, 5 % CO2) for 

1 hour to allow separation of fibroblasts. Supernatant containing suspended atrial myocytes 

was then removed and cell density measured using a haemocytometer and trypan blue. 

Myocytes were seeded onto 24 mm laminin (40 μg/ml, Merck, UK) coated glass coverslips in 

35 mm 6-well plates at a density of 30000 cells per ml in CPM. Cell media was changed every 

48 hours.  



 53 

2.5.3.1 NRAMs monolayer recordings 

Recordings are done on day 5 of culture. Cells were loaded for 30 minutes with FluoVoltTM 

Membrane Potential Kit as per manufacturer’s instructions (InvitrogenTM, Catalog number: 

F10488). Monolayers were washed twice in HBSS to be replaced by modified Tyrode (Chapter 

2, 2.11 Recipe for solutions, page 59) at room temperature. Recordings were done on a Leica 

DMIRB inverted fluorescence microscope connected to LED lights (FITC) with a prime 95B 

sCMOS camera at a minimum acquisition frame rate of 80 frames per second using 

MicroManager software (v2.0, Exposure time = 12.5ms).  

2.6 Adult myocyte isolations 

2.6.1 Guinea pig atrial myocyte isolation 

Guinea pig hearts were dissected and washed in heparin-containing PSS (20 IU per mL) to 

prevent blood clots forming and mounted on a Langendorff setup for retrograde perfusion via 

the aorta. The heart was fist perfused in a modified Tyrode (Chapter 2, 2.11 Recipe for 

solutions, page 59) gassed with 95 % O2/5 % CO2 to maintain a pH of 7.4 at 37°C for 3 minutes. 

Solution was switched to a digestion solution: the modified Tyrode above containing 100 µM 

CaCl2 and 0.04 mg/ml Liberase™ TH (Roche, Penzberg, Germany) and no ethylene glycol-

bis-(beta-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA). After 25 minutes of enzymatic 

digestion, the heart was removed. The right atrium was separated from ventricles and left atria 

in a dissection bath, the tissue was cut into small pieces (around 4x4 mm) followed by 2 minutes 

of gentle trituration and stored in a high potassium medium SANKB (Chapter 2, 2.11 Recipe 

for solutions, page 59) at 4°C. Myocytes were left for 30 minutes at 4°C in SANKB before 

fixing for imaging or functional experiments (calcium transient recordings), and were used up 

to 4 hours.  

2.6.2 Mouse atrial myocyte isolation  

WT or DKO C57BL/6 mice hearts were dissected and washed in heparin-containing PSS (20 

IU per ml) on a Langendorff setup for retrograde perfusion via the aorta. The heart was first 

perfused in a modified Tyrode (Chapter 2, 2.11 Recipe for solutions, page 59) gassed with 95 

% O2/5 % CO2 to maintain a pH of 7.4 at 37°C for 1 minute. Solution was switched to a 

digestion solution: the modified Tyrode above containing 100 µM CaCl2 and 0.02 mg/ml 

Liberase™ TH (Roche, Penzberg, Germany) and no EGTA. After 25 minutes of enzymatic 

digestion, the heart was removed. The atria were separated from ventricles in a dissection bath, 



 54 

the tissue was cut into small pieces (around 2x2 mm) followed by 1 minute of gentle trituration 

and stored in a high potassium medium SANKB (Chapter 2, 2.11 Recipe for solutions, page 

59) at 4°C. Myocytes were left for 30 minutes at 4°C in SANKB before fixing for imaging or 

functional experiments (calcium transient recordings), and were used up to 4 hours.  

2.7 Single cell functional experiments  

2.7.1 Calcium transient imaging 

Single cell isolated atrial myocytes were incubated with 3µM Fluo-5F-AM (Invitrogen™) in 

SAN KB (Chapter 2, 2.11 Recipe for solutions, page 59) for 10 minutes at 37oC in the dark. 

Cells were then plated to a glass coverslip for 10 minutes to adhere before imaging. Carbon 

fibre electrodes were used to field-stimulate calcium transients at 1hertz. All recordings were 

at 37oC under gravity-fed superfusion of Tyrode (Chapter 2, 2.11 Recipe for solutions, page 

59). Cells were visualised using a Zeiss Axiovert 200 with attached Nipkow spinning disk 

confocal unit (CSU-10, Yokogawa Electric Corporation, Japan). Excitation light, transmitted 

through the CSU-10, was provided by a 488-nm diode laser (Vortran Laser Technology Inc., 

Sacramento, CA). Emitted light was passed through the CSU-10 and collected by an iXON897 

EM-CCD camera (Oxford Instruments, UK) at 60 frames per second with 2×2 binning (pixel 

size = 0.66667 µm2). To avoid dye bleaching, video recordings were 10-20 seconds long 

(between 1000-2500 images) every minute to not continually be exposed to 488nm light. 

Calcium transients were measured using regions of interests (ROIs) in Andor iQ software 

(version 1.7) to record average whole cell fluorescence. Normalised calcium transient 

amplitude is expressed as change in mean cell fluorescence (F-F0)/F0 in the cell where F is the 

fluorescent value at a given time and F0 is the resting fluorescence value.  

2.7.2 Fluorescence resonance energy transfer (FRET) 

FRET imaging experiments were performed on day 4 of culture and 24 h after infection of the 

NRAMs with adenovirus carrying EPAC-SH187 cytosolic biosensor (Klarenbeek et al. 2015) at 

a multiplicity of infection of 1000 virus particles per cell. During experiments, cells were 

maintained at room temperature in a modified Ringer solution (Chapter 2, 2.11 Recipe for 

solutions, page 59). Dynamic measurements were done using an inverted microscope attached 

to a cool SNAP HQ2 camera and an optical beam splitter (Photometrics) for simultaneous 

recording of YFP and CFP emissions. FRET changes were measured as changes in the 

background-subtracted 480nm/545nm fluorescence emission intensity on excitation at 430 nm. 
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For recording, cells were left to settle for 4 minutes before any additions of pharmacological 

agents. Saturation levels were ensured by addition of 10μM of forskolin that activates ACs and 

increases intracellular levels of cAMP and 100μM of 3-isobutyl-1-methylxanthine (IBMX) a 

competitive non-selective phosphodiesterase inhibitor which raises intracellular cAMP, 

activates PKA was added for maximum response, FRET change responses are given as a 

percentage of the saturating FSK/IBMX response. FRET ratio changes were measured as 

changes of the background-subtracted 480 nM/545 nM fluorescence (cyan/yellow) emission 

intensity on excitation at 430 nM and expressed as R/R0 where R is the ratio at time t and R0 is 

the average ratio of the first 240 s. For each plate of cells, multiple cells were analysed 

individually within the field of view, and the mean FRET ratio (n=1) was calculated as the 

average for all cells within the field of view. Data are represented as n=number of biological 

replicates and N=number of litters from different rat mothers used for neonatal isolations (10-

14 pups per litter), representing the number of independent isolations conducted from litters. 

Between n=1-3 biological replicates were conducted for N=1 neonatal isolation. The number 

of technical and biological replicates is indicated in the Figure legends. 

2.8 Human iPSC culture 

2.8.1 hiPSC-CMs culture and cardiomyocyte differentiation (Winbo protocol) 

The cardiomyocytes derived from human-induced pluripotent stem cells (hiPSC-CMs) were 

obtained from Dr Winbo as previously described (Winbo et al. 2020), reprogrammed from 

peripheral blood mononuclear cells from a healthy adult male using an integration-free kit 

(CytoTune-iPS 2.0 Sendai Reprogramming Kit, Invitrogen, Life Technologies, now Thermo 

Fisher, Cat. Nos. A16517 and A16518) (Winbo et al. 2020). The hiPSC-CMs were 

differentiated into cardiomyocytes using previously published methods (Sharma et al. 2015; 

Winbo et al. 2020). Briefly, thawed hiPSC-CMs were plated on Geltrex-covered 12-well plates 

(0.3 x 106 cells/well) and cultured in StemFlex medium. On day 0, at ~85% confluency, the 

culture medium was changed to RPMI/B27- insulin medium with 6µM GSK3-β inhibitor 

CHIR9902, followed by RPMI/B27-insulin medium with 5µM Wnt inhibitor IWR1 on day 3. 

From day 7, the cells were grown in RPMI/B27+insulin medium, replaced every 72 hours. 

Spontaneously beating cardiomyocytes were further matured to a minimum of 2X days post 

hiPSC-CMs stage, then dissociated (Accutase (200 µl/ well) for FRET or Collagenase B (1 

mg/ml in RPMI) for 18 hours at 37°C for calcium transient imaging) and replated on 12 mm 

Geltrex-covered glass coverslips before experiments. Calcium transient recordings were 



 56 

conducted by Dr Winbo in New Zealand, and I analysed the raw recordings in Oxford. FRET 

work was conducted by myself while Dr Winbo cultured the hiPSC-CMs while she visited 

Oxford. 

2.8.2 hiPSC-aCMs cardiac culture (Calamaio protocol) 

Both atrial cardiomyocytes derived from human-induced pluripotent stem cells (hiPSC-aCMs) 

lines used for all experiments were derived from healthy donors. In particular, one from a 

female donor with no diagnosed diseases (https://hpscreg.eu/cell-line/TMOi001-A, purchased 

from Thermo Fisher Scientific) (Calamaio et al. 2023) and the other, previously characterised 

and published from a 62-year-old male not affected by AF or other cardiac pathologies 

(Benzoni et al. 2020). hiPSC-aCMs lines were maintained on human Biolaminin 521 LN-

coated dishes in TeSR-E8™ medium (Thermo Fisher Scientific). 

Cardiac differentiation was carried out by monolayer culture on MatrigelTM hESC-qualified 

Matrix (Corning, Corning, NY, USA) coated dishes using the PSC Cardiomyocytes 

Differentiation Kit (Thermo Fisher Scientific), following manufacturer instructions. To induce 

atrial differentiation, an adaptation of the method previously described (Devalla et al. 2015) 

was used. Briefly, cells were treated with 1 μmol/L atRA (Sigma) starting from day 3 of 

differentiation, and the medium was changed every day until day 7. Then, cells were maintained 

in Cardiomyocytes Maintenance Medium, changing the medium every other day. On the 21st 

day of differentiation, hiPSC-aCMs culture was enriched using the PSC-Derived 

Cardiomyocyte Isolation Kit (Miltenyi Biotech) following manufacturer instructions, which 

allows magnetic separation with highly specific CM surface markers. Immediately after 

magnetic separation, iPSC-CMs were collected and cryopreserved in liquid nitrogen. For the 

experiments, atrial differentiated hiPSC-aCMs were thawed on Matrigel-coated dishes and 

maintained at 37°C (95% O2, 5% CO2) with Cardiomyocyte Maintenance Medium with B-27 

Supplement 50X and penicillin/streptomycin 100X (Thermo Fisher Scientific). Cells were 

cultured until 28 days before running FRET or live imaging.  

2.8.3 Thaw of hiPSC-aCMs vials 

Vials of hiPSC-aCMs were sent by our Italian collaborators and these cells were thawed and 

cultured until 28 days before conducting FRET work. Vials of hiPSC-aCMs were 21 days old 

and vials had a concentration from 1 to 1.5 million cells. Before thawing of the vials, dishes 

were coated with Matrigel (Corning MatrigelTM hESC-qualified Matrix, 5 mL vial CATALOG 

https://hpscreg.eu/cell-line/TMOi001-A
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NUMBER: 354277), 1 hour before seeding cells and dishes were left in the incubator at 37°C. 

MatrigelTM (253 µL) was diluted in in 25 mL of DMEM-F12 (Dulbecco’s modified Eagle 

Medium; F-12 Nutrient Mixture (Ham), REF: 21331-020). 500 µL of diluted MatrigelTM was 

added to cover 24 mm dishes. Cardiomyocytes are thawed by placing the vial in a heated bath 

at 37°C until only a small cube of ice remains (2-3 mins) and then gently transfer the cellular 

suspension to a 15 mL collecting tube. The suspension was diluted 5X with DMEM-F12 to 

dilute DMSO and serum present in the thawing medium. Cells are centrifuged for 5 minutes at 

200 g at RT. The cell pellet was then gently resuspended in Cardiomyocyte Maintenance 

Medium (Thermo Fisher), REF: A29208-01) with B-27TM Supplement (50X, serum free, 

Thermo Fisher, REF: 17504044), Y27632 Rock Inhibitor (10 µM, STEMCELL 

TECHNOLOGIES, CAT #72304) and penicillin/streptomycin (100X, Thermo Fisher, REF: 

15140148) to be counted with a haemocytometer and trypan blue. Dishes were taken out of the 

incubator and just before adding the cells the top layer of MatrigelTM was removed ensuring 

that the coated surface didn’t dry up and avoiding scratching the coated surface. Atrial hiPSCs 

were seeded at 30 000 cells per dish for all experiments.  

2.8.4 Culture 

During culture hiPSC-aCMs were incubated at 37°C (95% O2, 5% CO2). 24 hours after 

thawing, media is replaced with Cardiomyocyte Maintenance Medium with B-27 Supplement 

50X and penicillin/streptomycin 100X. Cells are washed with DMEM-F12 before adding new 

media as Rock Inhibitor becomes toxic if left for longer periods of time. Media was then 

changed every 48 hours. Cells were cultured until 28 days before running FRET or live 

imaging.  

2.9 Molecular experiments  

2.9.1 RT-qPCR 

Extraction and purification of total RNA from cultured NRAMs were conducted using RNeasy 

Plus Mini Kit (Qiagen). RNA concentration was measured before RNA is reverse transcribed 

to cDNA using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems™). 

Polymerase Chain Reaction (PCR) Master Mix TaqMan™ Fast Advanced (Thermo Fischer 

Scientific) was performed. Primers used were Adcy1 (Rn02115682_s1), Adcy8 

(Rn00567592_m1), Itpr2 (Rn00579067_m1), Adcy6 (Rn00563162_m1) and Gapdh was used 
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as reference gene to allow for normalisation of the expression levels of target genes across our 

different samples. 

2.9.2 Western blots 

Cultured NRAMs underwent lysate with RIPA and 1% anti-protease cocktail. Protein 

concentration in lysates were measured using a Pierce™ BCA Protein Assay Kits (Thermo 

Scientific™) and denatured using 5% 2-mercaptoethanol (Sigma-Aldrich). Proteins were 

loaded separated by gel electrophoresis (NW04120BOX, NuPAGE 4%–12% Bis-Tris protein 

gels, 20X MES buffer). The gel was transferred to a nitrocellulose membrane (NC) (Bio-Rad) 

for protein transfer (X-cell-II blot module, Thermo Fischer Scientific). NC membrane was 

blocked by incubation in 5% skimmed milk for 1 hour at room temperature on a rocker. The 

primary antibodies were incubated at 4 °C overnight on a rocker. Donkey anti-mouse IgG 

conjugated to Alexa Fluor 564 (1:400) and goat anti-rabbit IgG conjugated to Alexa Fluor 488 

(1:400) were used as the secondary antibody. The secondary antibodies were detected via 

fluorescence using Invitrogen™ iBright™ Imagers.  

2.10 Statistics 

For atrial preparations, [agonist] vs. response (three parameters) was used to form graphs and 

Log(concentration)-response curves were used to calculate EC50s and maximum responses by 

fitting an agonist-response curve with a fixed slope to normalised response data. Normalised 

data were used to compare responses as inhibitors were expected to significantly affect the 

control beating rate or tension. Dose-response curve maximums and EC50 which are given as 

mean ± 95 % confidence interval (CI) of best-fit value. Fitted values were compared using 

ANOVA with Dunnett’s multiple comparisons test. For FRET analysis, data was normalised 

and are presented as mean ± standard error of the mean (SEM) of recorded values. Datasets in 

this manuscript were tested for normality distribution, using Shapiro Wilk normality test. If 

datasets passed normality test multiple-group comparison, a one-way analysis of variance 

(ANOVA) followed by multiple comparison testing was performed or for comparison between 

two groups, an unpaired, two-tailed Student’s t-test was used. If not, datasets were analysed 

using Kruskal Wallis followed by Dunn’s multiple comparison or non-parametric Mann-

Whitney U test. Datasets are presented as mean ± SEM. Differences were considered 

statistically significant at values of P < 0.05, *P<0.05, ** P<0.01, *** P<0.001, **** 

P<0.0001. Statistical methods used are given in the legend of each figure. Statistical analyses 
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were performed using Prism 10 (GraphPad, CA, USA) . Differences were considered 

statistically significant at values of P < 0.05. 

2.11 Recipe for solutions 

PSS in mM: NaCl 125, NaHCO3 25, KCl 5.4, NaH2PO4 1.2, MgCl2 1, glucose 5.5, CaCl2 

1.8, pH to 7.4 with NaOH  

Tyrode in mM: NaCl 136, KCl 5.4, NaHCO3 12, sodium pyruvate 1, NaH2PO4 1, MgCl2 1, 

EGTA 0.04, glucose 5. 

SANKB in mM: KCl 70, MgCl2 5, K+ glutamine 5, taurine 20, EGTA 0.04, succinic acid 5, 

KH2PO4 20, HEPES 5, glucose 10; pH to 7.2 with KOH 

Extracellular solution (E1) in mM: NaCl 140, KCl 3, MgCl2 2, CaCl2 2, glucose 15, HEPES 

10, pH 7.2 with NaOH  
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3 Chapter 3: Lysosomal signalling in response to beta-adrenergic 

stimulation in atrial and sino-atrial node myocytes  
 

3.1 Summary of contribution:  

This chapter presents a paper investigating the role of lysosomal calcium signalling in atrial 

and for the first time in SAN myocytes in response to -AR stimulation. I am joint first author 

with Dr Rebecca Capel. I carried out atrial preparations, FRET work (on NRAMs and hiPSCs), 

hiPSC-CMs calcium transient analysis and conducted human lysosomal analysis on EM. 

Additionally, I did conceptualisation, methodology, and writing of the paper. Figures 

reproduced from the paper were my own work. 
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3.2 Introduction  

Calcium is a universal intracellular signal, implicated in diverse roles. Extracellular agonist 

such as hormones and neurotransmitters trigger complex calcium signals through entry of 

extracellular calcium or calcium release from organelles acting as intracellular calcium stores. 

To ensure a tight regulation of such a process, cells have significant concentration gradients 

between the cytoplasm, the different cellular compartments, and the extracellular environment 

(Berridge, Lipp, and Bootman 2000). The main intracellular calcium reservoir in 

cardiomyocytes is the SR but other organelles have shown to participate in calcium handling.  

NAADP is a potent calcium releasing second messenger releasing calcium from acidic stores 

first discovered in sea urchin eggs (Lee and Aarhus 1995). The same group proposed later that 

lysosomes are the targeted calcium store by NAADP. They ran experiments demonstrating the 

presence of calcium stores in sea urchin eggs mobilised by NAADP and is dependent on a 

proton gradient maintained by an ATP-dependent vacuolar-type proton pump (V-ATPase) 

(Churchill et al. 2002). This discovery opened a field of research in cellular physiology for 

calcium release from intracellular organelles such as lysosome in many different cell types. In 

the early 2000s, NAADP binding sites were reported in the brain (Patel et al. 2000) and 

administered NAADP in cultured neocortical neurons caused a release of calcium from acidic 

stores and potentiates neurite extension (Brailoiu et al. 2005) revealing not only the presence 

of functional NAADP receptors but also a role for NAADP calcium release in the brain.  

NAADP action in ventricular myocytes in guinea pig were first described by (Macgregor et al. 

2007). Cytosolic application of “caged” NAADP which is released by a pulse of ultraviolet 

light caused an increase in resting (diastolic) calcium concentrations and an increased 

stimulated calcium transient amplitude. This effect was inhibited by bafilomycin A1 (V-ATPase 

inhibitor), desensitising concentrations of NAADP or by inhibiting SR function by ryanodine 

and thapsigargin (SERCA pump inhibitor). Evidence later showed that in Langendorff-

perfused whole hearts, -AR stimulation also increased NAADP levels but also increased heart 

rate and force that was mediated by NAADP (Lewis et al. 2012).  

Alongside these studies, NAADP receptors were shown to be distinct from the other calcium 

second messengers such as IP3 and cADPR, by removal of functional ER calcium stores 

(Churchill et al. 2002; Churchill and Galione 2001). TPCs first emerged as a novel intracellular 

calcium release channel in plants (Peiter et al. 2005). This discovery led (Brailoiu et al. 2009) 
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to locate TPCs on endosomal and lysosomal membranes by significant colocalisation of TPC1 

with endo-GFP and LAMP1 and colocalisation of TPC2 only with LAMP1. Moreover, 

NAADP-mediated calcium signals were enhanced by overexpression of TPC1 and attenuated 

after knockdown of TPC1 in human breast cancer cell line (SKBR3) (Brailoiu et al. 2009). 

TPC2 then became the specific target for NAADP as it also was shown to be specifically 

expressed on lysosomal membranes and form calcium permeable channels that can bind 

NAADP with a high affinity (Calcraft et al. 2009). Experiments also showed that responses to 

NAADP were abolished by disrupting the lysosomal proton gradient and by ablating TPC2 

expression, but only attenuated responses by depleting ER calcium stores or blocking IP3R 

(Calcraft et al. 2009). The lines above present evidence of TPC2 forming NAADP receptors 

that release calcium from acidic organelles, lysosomes, which can trigger additional calcium 

signals from the SR or ER. Around the same time (Zong et al. 2009) also demonstrated TPC2 

to display lysosomal NAADP mediated calcium release and was almost completely abolished 

when the capacity of lysosomes for storing calcium is pharmacologically blocked by 

bafilomycin A1. 

Similar work to Macgregor et al. was conducted in atrial myocytes by Collins et al. (Collins et 

al. 2011). Photorelease of “caged” NAADP also increased the amplitude of calcium transients 

without affecting the L-type calcium current and this increase in calcium transients amplitude 

was accompanied by an increase in the amount of calcium stored in the SR (Collins et al. 2011). 

NAADP response was eliminated in the presence of bafilomycin A1, confirming the role for 

lysosomes as important calcium stores the relevancy of NAADP pathway in atrial myocytes.  

So far, research has reported a functional role for NAADP in heart physiology, no findings have 

been made on the potential implication in heart pathophysiology. In 2013, (Nebel et al. 2013) 

published first reporting of NAADP implications in arrhythmias evoked by -adrenergic 

stimulation. They investigated NAADP effects on spontaneous diastolic calcium transients in 

cardiac myocytes and arrhythmias in awake mice. Results indicated that BZ-194 (a small 

molecule inhibitor of NAADP action that inhibits NAADP-mediated calcium signalling) 

blocked spontaneous diastolic calcium transients caused by high concentrations of the β-

adrenergic agonist isoproterenol in electrically paced primary cardiomyocytes, as seen with 

bafilomycin A1 in previous reporting. BZ-194 also reduced isoproterenol-induced arrhythmic 

events in awake mice. Providing evidence that NAADP modulation plays a role for triggering 

arrhythmias. Additionally, (Capel et al. 2015) by investigating the importance of TPC2 proteins 
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in heart physiology discovered in Tpcn2−/− mice, NAADP-AM, cell-permeant analogue of 

NAADP, failed to enhance calcium transients in single myocytes and were also reduced in 

response to β-adrenergic stimulation contrary to WT mice. They also investigated the physio-

pathological implications of NAADP, isolated whole hearts from Tpcn2−/− mice showed to be 

less prone to arrhythmias induced by isoproterenol exposure compared to WT mice. Providing 

further evidence that ablation of NAADP signalling shows protective properties against 

isoprenaline exposure induced arrhythmias. More recent studies showed endolysosomes-

specific proteins to be upregulated in biopsies from AF goat model and structural anomalies, 

were also observed from electron tomograms such as autophagic-vacuole formation suggesting 

that endolysosomes may play a role AF development (Ayagama et al. 2024). Work has shown 

NAADP pathway to be a modulator of β-adrenergic stimulation and implicated in arrhythmias, 

raising questions that it could play a role in initiation and even maintenance of atrial 

arrhythmias effects from adrenergic stimulation.  

Arrhythmias are a major health problem; AF is the most common form of arrhythmias 

worldwide. Current treatments for AF are for rhythm, rate control and anticoagulation to reduce 

the risk of stroke and restore normal heart rhythm ('Global, regional, and national age-sex-

specific mortality for 282 causes of death in 195 countries and territories, 1980-2017: a 

systematic analysis for the Global Burden of Disease Study 2017'  2018). Unfortunately, these 

treatment options are insufficient due to the ability of fibrillation itself to sustain AF (re-entrant 

drivers, fibrosis), named “AF begets AF” (Wijffels et al. 1995) or have major significant 

undesirable effects on the ventricles due to a lack in specific targets to the atria. A need for 

novel AF treatments or therapy options is critical due to significant limitations of existing 

treatments. A role for NAADP signalling as a contribution to SAN pacemaker rate has not 

previously been studied. 
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3.3 Aim of Chapter 3 

Observations regarding the importance of NAADP in atrial signalling have, thus far, focused 

solely on the effects of a single dose of isoprenaline in isolated myocytes, and studies in intact 

tissue are lacking. The aim of this chapter is to further investigate the role of lysosomal calcium 

signalling in atrial and for the first time in SAN myocytes in response to -AR stimulation. 

Additionally, this chapter will present first evidence of the relevance NAADP pathway in 

humans, in functional work and in cellular structural remodelling analysis as part of AF. 
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3.4 Methods  

The methods used in this chapter have been detailed in Chapter 2. In brief, For the study of 

intact atrial tissue, CD-1 mice were sacrificed. Left and right atrium were dissected and 

separated to be mounted on to a force transducer in an organ bath at 37C in PSS (Chapter 2, 

2.11 Recipe for solutions, page 59). Atria were mounted separately to study SAN activity in 

spontaneously beating right atrium and to study the force of contraction in left atrium paced at 

5 hertz. Chronotropic and inotropic responses were measured in real time using LabChart5 

software. After stabilisation of each atrium, cumulatively increasing doses of isoprenaline at a 

concentration range of 0.1 nM to 1000 nM were administered every 3 minutes into the organ 

bath and 0.001 % DMSO, 500 nM bafilomycin A1 or 3 µM trans-Ned-19 were added 45 

minutes before first addition of isoprenaline.  

Neonatal Sprague-Dawley rat pups were culled between 3-5 days old, ventricles were dissected 

and discarded. The atria were cut into small pieces and subjected to enzymatic digestion in 

trypsin (2 hours at 4C on a shaker, 1 mg/mL), followed by series of collagenase digestion 

(type II, 2 minutes, 1 mg/mL). NRAMs were plated 30,000 cells per well (35 mm Petri dish) 

and cultured for 3 days before infection of FRET biosensor.  

The development of FRET-based reporters has made it possible to directly monitor 

concentration changes in cAMP in live cells. FRET technique is a non-radiative energy transfer 

from a donor to a suitable acceptor fluorophore and occurs only when the donor and acceptor 

fluorophores are in proximity (less than 10 nm). The untargeted FRET reporter EPAC-Sh187 

was used to measure bulk cytosolic cAMP signals in response to 1 nM isoprenaline in NRAMs 

and in human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CMs) and in 

human induced pluripotent stem cell derived atrial cardiomyocytes (hiPSC-aCMs). FRET 

imaging was performed 24 h after infection of adenovirus carrying EPAC-Sh187 and cells were 

maintained at room temperature during experimental protocol. For recording, myocytes were 

left to settle for 4 min and inhibitor, or saline control were then added, bafilomycin A1 at 100 

nM or 0.1 % of DMSO for control. A concentration of 1 nM isoprenaline was administered, 

this concentration induced global cAMP response without saturation. Isoprenaline was added 

after 5 mins and left for 10 mins. After the 10 mins, 10 μM of forskolin that activates adenylyl 

cyclases (ACs) and increases intracellular levels of cAMP and 100 μM of IBMX (3-isobutyl-

1-methylxanthine) a competitive non-selective phosphodiesterase inhibitor which raises 
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intracellular cAMP to ensure saturation of the FRET signal. These FRET changes imply an 

increase in cAMP, results are given as a percentage of the saturating FSK/IBMX response. 

Human calcium transient work in this chapter was conducted on 3 different differentiations of 

healthy cardiomyocyte hiPSC-CMs line (Winbo et al. 2020) reprogrammed from peripheral 

blood mononuclear cells from a healthy adult male, described in methods (Chapter 2, hiPSC-

CMs culture and cardiomyocyte differentiation (Winbo protocol), page 55). Dr Winbo ran 

calcium transient experiments from my protocol in New Zealand and sent me raw data for me 

to analyse and generate presented Figures. Human FRET work was conducted on 3 hiPSC-

CMs lines, 1 from (Winbo et al. 2020) described above and from 2 atrial specific hiPSC-CMs 

lines derived from healthy donors, one from a female donor (Calamaio et al. 2023) the other, 

from a 62-year-old male not affected by AF or other cardiac pathologies (Benzoni et al. 2020). 

Statistical analyses in this Chapter were performed using Prism 10 (Graphpad). Differences 

were considered statistically significant at values of non-significant (ns)P>0.05, *P<0.05, ** 

P<0.01, *** P<0.001, **** P<0.0001. Statistical methods used are given in the legend of each 

figure.  
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3.5 Results  

3.5.1 Lysosomal calcium forms part of the -adrenergic response in intact SAN pacemaker 

tissue 

To evaluate the impact of NAADP pathway in atrial function I recorded intact, spontaneously 

beating right atrial preparations to measure SAN activity through the measurement of beating 

rate. Figure 3.1A shows dose response curves of spontaneous beating rate in right atria 

generated in response to cumulative doses from 0.1 to 1000 nM of isoprenaline to measure the 

effect of NAADP in response to -stimulation.  

Intact SAN preparations responded to isoprenaline with an increase in rate in the expected 

sigmoidal pattern. In the presence of 0.001 % DMSO as a solvent control, the maximum 

response to isoprenaline was 80 (79 – 82) % with an EC50 of 2.2 (1.9 – 2.5) nM (n=6, Figure 

3.1). In the presence of 500 nM bafilomycin A1, as a method to abrogate acidic store calcium 

loading, the maximum beating rate increase during cumulative isoprenaline additions was not 

changed (85 [83 – 89] %) however there was a significant rightward shift in EC50, to 9.5 (7.9 

– 11.6) nM (n=7, P<0.01, Figure 3.1). NAADP binding site antagonist trans-Ned-19 (3 µM) 

led to both a significant rightward shift in the EC50 for isoprenaline (P<0.05), to 3.7 (3.2 – 4.4) 

nM and a significant reduction in maximum beating rate increase, to 63 (61 – 65) % (n=8, 

P<0.05, Figure 3.1). 

No significant differences were seen in starting beating rate before inhibitor additions, starting 

rate in solvent control with DSMO condition started with 374 ± 10.9 BPM (n=6), preparations 

with bafilomycin A1 or trans-Ned-19 started at 372 ± 16.8 BPM (n=7) and 366 ± 7.9 BPM 

(n=8) respectively (Figure 3.2A). Addition of either inhibitor showed no significant affect to 

spontaneous beating rate in the absence of stimulation with isoprenaline, DMSO (0.1 %) 

condition showed a decrease of 4.5 ± 2.7 % (n=6) and conditions with bafilomycin A1 or trans-

Ned-19 showed a decrease of 5.3 ± 3.1 % (n=7) and 4.5 ± 3.1 % (n=8) respectively (Figure 

3.2B). 

1.1.1 Lysosomal calcium forms part of the -adrenergic response in intact cardiac left atrial 

tissue 

Intact left atria were dissected from CD1 outbred mice to investigate the effect of lysosomal 

signalling inhibitors on the dose-response curve to isoprenaline (Figure 3.3). In the presence of 

0.001 % DMSO as a solvent control, application of cumulative doses of isoprenaline led to a 



 68 

maximum 170 (154 – 186) % increase in contractile force with an EC50 of 4.2 (2.4 – 7) nM 

(n=7, Figure 3.3). After incubation with 500 nM bafilomycin A1, the maximum contractile 

response to isoprenaline was significantly reduced to 99 (88 – 110) % (n= 9, P<0.001) without 

change in the EC50 (Figure 3.3). In the presence of trans-Ned-19 at 3 µM presented a 

significant reduction in the maximum response to isoprenaline, to 142 (129 – 154) % (P<0.05) 

and a significant right-shift in the EC50, to 8.8 (5.5-14) nM (n= 6, P<0.01, Figure 3.3). No 

significant differences were seen in starting beating force before inhibitor additions, tension in 

solvent control with DSMO condition started with 0.074 ± 0.014 g (n=7), preparations with 

bafilomycin A1 or trans-Ned-19 started at 0.127 ± 0.017 g (n=9) and 0.097 ± 0.013 g (n=6 

respectively (Figure 3.4A). Addition of either inhibitor showed no significant affect to tension 

in the absence of stimulation with isoprenaline, DMSO condition showed a decrease of 17.5 ± 

4.6 % (n=7) and conditions with bafilomycin A1 or trans-Ned-19 showed a decrease of 21.4 ± 

3.8 % (n=9) and 15.6 ± 4.1 % (n=6) respectively (Figure 3.4B). 

3.5.2 Lysosomal calcium makes significant contribution to cellular cAMP levels in response 

to -adrenergic stimulation in NRAMs 

We measured cellular cAMP in cultured NRAMs expressing the cytosolic Fluorescence 

resonance energy transfer (FRET)- based reporter EPAC-SH187. In the presence of 0.1 % DMSO 

as a solvent control, 1 nM isoprenaline led to a FRET change of 30.05 ± 3.6 % (n=11, N=5). 

This increase in cellular cAMP in response to β-adrenergic stimulation was significantly 

reduced if carried out in the presence of 100 nM bafilomycin A1 (8.5 ± 2.3 %, n=4, N=4, 

P<0.01, Figure3.5A). Application of 1 nM isoprenaline to NRAMs in a 0-calcium solution 

caused a FRET change of 11.39 ± 0.9 % (n=4, N=4). This was significantly reduced if 

isoprenaline was added in the presence of 100 nM bafilomycin A1 (4.34 ± 0.6 %, n=4, N=4, 

P<0.001, Figure3.5B). These observations suggest that lysosomes make a significant 

contribution to the cellular cAMP increase but whether calcium from the SR could still be 

contributing to this response is investigated below. 

A lysosomal contribution to cellular cAMP could feasibly occur downstream of changes in SR 

and cytosolic calcium levels or in the vicinity of the lysosome itself. After 45 min incubation 

with ryanodine and thapsigargin (both 2 µM) to empty SR stores, and in the absence of 

extracellular calcium, 1 nM isoprenaline caused a 17.47 ± 1.2 % (n=6, N=5) FRET change. 

The presence of 100 nM bafilomycin A1 continued to significantly inhibit (3.7 ± 1 %, n=7, 

N=5, P<0.0001, Figure 3.5C) the cellular cAMP response to isoprenaline. Taken together these 
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observations suggest that lysosomal signalling, stimulated following β-adrenergic stimulation, 

can modulate cellular cAMP levels by a mechanism which does not require calcium arising 

from the SR. 

3.5.3 Lysosomal calcium makes significant contribution to cellular cAMP levels in response 

to -adrenergic stimulation in hiPSC-CMs 

FRET experiments were carried out on hiPSC-CMs and hiPSC-aCMs to investigate cAMP 

levels in response to isoprenaline in the presence or absence of bafilomycin A1. I conducted 

experiments on multiple differentiation replicates on hiPSC-CMs and hiPSC-aCMs to ensure 

reliability and statistical validity of the results to provide stronger evidence for validating the 

NAADP pathway in a human cardiomyocyte model. Live cell imaging with LysotrackerTM was 

conducted to confirm presence of lysosomes in hiPSC-CMs (i) and hiPSC-aCMs (ii) are 

presented in Figure 3.6A). Peak in cAMP levels were significantly lower in the presence of 

bafilomycin A1 with a FRET change of 19.42 ± 2.2 % (n=8, N=4) in response to isoprenaline 

compared to the control condition (42.51 ± 4.5 %, n=7, N=4, P<0.01, Figure 3.6B).  

3.5.4 Bafilomycin A1 inhibits the beating rate response to -adrenergic stimulation in hiPSC-

CMs 

The observations presented previously are the first to suggest a role for lysosomal calcium 

signalling in pacemaker physiology. Here, experiments were conducted at single cell level in 

cultured spontaneously beating hiPSC-CMs myocytes to confirm the effect of bafilomycin A1 

in response to isoprenaline. A concentration of 3 µM Fluo-5F-AM was used to monitor the 

generation of spontaneous calcium transients in control conditions (Figure 3.7A) and in the 

presence of 100 nM bafilomycin A1 (Figure 3.7B) and Snapshots of hiPSC-CMs loaded with 

Fluo-5F-AM are presented in Figure 3.7C. Addition of DMSO or bafilomycin A1 did not differ 

the beating rate between the 2 conditions with a baseline rate in the presence of DMSO of 47 

BPM (n=14, N=4) and 50 BPM (n=11, N=3) in the presence of bafilomycin A1 (Figure 3.8A). 

A wider spread of baseline calcium transient amplitude was observed in DMSO control 

conditions compared to the bafilomycin A1 conditions, datapoints were collected from 4 

different cell differentiations all scattered throughout the graph not forming a separate group. 

Cells exhibited an adequate baseline rate with no morphological or anatomical reasons to 

exclude and survived throughout the duration of the protocol, therefore they were not excluded 

from the dataset. 
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Superfusion of 3 nM isoprenaline had an increase in beating rate over 4 minutes with a 

maximum of 35.4 ± 7.1 % (n=14, N=4, Figure 3.8B). Whereas the presence of bafilomycin A1 

showed a maximum increase of 8.7 ± 5.3 % after 1 minute of exposure to 3 nM of isoprenaline 

to then decreased over the rest of the 4 min of exposure to isoprenaline with a -3.5 ± 3.2 % at 

the 4-minute mark (n=11, N=3, P<0.0001, Figure 3.8B). Calcium transient amplitude showed 

no significance between DMSO and bafilomycin A1 prior any stimulation with isoprenaline 

(Figure 3.9A), amplitude decreased over 3 nM isoprenaline exposure in both conditions. In the 

presence of bafilomycin A1 amplitude decreased faster over the 4 minutes of isoprenaline 

exposure presenting a significant difference at 4 minutes with a decrease of 47.75 ± 5.3 % 

(n=11, N=3) compared to 24.92 ± 6 % (n=14, N=4) to control (P<0.001, Figure 3.9B). 
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Figure 3.1: Lysosomal calcium contributes to the isoprenaline chronotropic response in 

intact right atria.  

A, Dose-response curves show change in beating rate on cumulative addition of isoprenaline 

(0.1 nM – 1000 nM) to spontaneously beating murine right atria preparations under control 

conditions (circles, n=6) and in the presence of either 100 nM bafilomycin A1 (squares, n=7) 

or 3 µM trans-Ned-19 (triangles, n=8). 

B, Table indicating EC50 and maximum rate increase measure from dose-response curve in A.  

Dose-response curves were fitted using log(agonist) vs. response (three-parameter model). 

Asterisks indicate significance level for effect of bafilomycin A1 and trans-Ned-19 compared 

to control at individual concentrations, determined using 2-way repeated measures ANOVA 

followed by Dunnett’s multiple comparisons test. Data on graph are represented as mean ± 

SEM; *, p<0.05; **, p<0.01. 
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Figure 3.2: Baseline beating rates show no significant changes before addition of 

isoprenaline. 

A, Comparison of spontaneously beating rate in intact murine right atrial preparations in PSS 

prior to addition of DMSO (n=7, circles), 100 nM bafilomycin A1 (n=6, diamonds) or 3 µM 

trans-Ned-19 (n=8, triangles) before stimulation with isoprenaline.  

B, Comparison of change in spontaneously beating rate (in %) in murine right atrial 

preparations in PSS on addition of DMSO (n=7, circles), 100 nM bafilomycin A1 (n=6, 

diamonds) or 3 µM trans-Ned-19 (n=8, triangles), prior to stimulation with isoprenaline.  

No significance for effect of bafilomycin A1 and trans-Ned-19 compared to control at 

individual concentrations was observed, determined using 2-way repeated measures ANOVA 

followed by Dunnett’s multiple comparisons test. Data are represented as mean ± SEM. 
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Figure 3.3: Lysosomal calcium contributes to the isoprenaline inotropic response in intact 

left atria.  

Dose-response curves to show change in tension on cumulative addition of isoprenaline to 

spontaneously beating murine right atria preparations under control conditions (circles, n=7) 

and in the presence of either 100 nM bafilomycin A1 (diamonds, n=9) or 3 µM trans-Ned-19 

(triangles, n=6).  

Dose-response curves were fitted using log(agonist) vs. response (three-parameter model). 

Asterisks indicate significance level for effect of bafilomycin A1 and trans-Ned-19 compared 

to control at individual concentrations, determined using 2-way repeated measures ANOVA 

followed by Dunnett’s multiple comparisons test. Data on graph are represented as mean ± 

SEM; *P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. 
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Figure 3.4: Baseline tensions show no significant changes before addition of isoprenaline. 

A, Comparison of tension in intact murine stimulated (5 hertz) left atrial preparations in PSS 

prior to addition of DMSO (n=7), bafilomycin A1 (n=9) or trans-Ned-19 (n=6) or stimulation 

with isoprenaline.  

B, Comparison of change in tension (in %) in intact murine stimulated (5 hertz) left atrial 

preparations in PSS on addition of DMSO (n=7), 100 nM bafilomycin A1 (squares, n=9) or 3 

µM trans-Ned-19 (n=6) prior to stimulation with isoprenaline. 

No significance for effect of bafilomycin A1 and trans-Ned-19 compared to control at 

individual concentrations was observed, determined using 2-way repeated measures ANOVA 

followed by Dunnett’s multiple comparisons test. Data are represented as mean ± SEM. 
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Figure 3.5: Lysosomal signalling contributes to FRET response to isoprenaline in 

NRAMs. 

A, Quantification of the peak FRET change in response to 1 nM isoprenaline in NRAMs in the 

presence of either DMSO (n=11, N=5) or 100 nM bafilomycin A1 (n=4, N=4) in E1 buffer.  

B, Quantification of the peak FRET change in response to 1 nM isoprenaline in NRAMs in the 

presence of either DMSO (n=4, N=4) or 100 nM bafilomycin A1 (n=4, N=4) in 0 calcium (0Ca) 

E1 buffer.  

C, Quantification of the peak FRET change in response to 1 nM isoprenaline in NRAMs pre-

incubated for 45 minutes with 2 µM ryanodine (Ry) and 2 µM thapsigargin (Thap) in the 

presence of either DMSO (n=6, N=5) or 100 nM bafilomycin A1 (n=7, N=5) in 0 calcium (0Ca) 

E1 buffer.  

Data are represented as mean ± SEM and were analysed using non-parametric Mann-Whitney 

U test. n=experiments; N=neonatal isolations. *P<0.05, **P<0.01. 
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Figure 3.6: Lysosomal signalling contributes to FRET response to isoprenaline in hiPSC-

CMs and hiPSC-aCMs. 

A, Representative live image of hiPSC-CMs (i) and hiPSC-aCMs (ii) loaded with 

LysotrackerTM.  

B, Quantification of the peak FRET change in response to 1 nM isoprenaline in hiPSC-CMs 

(grey, Winbo differentiation protocol) and hiPSC-aCMs (black, Calamaio differentiation 

protocol) in the presence of either DMSO (n=7, N=4) or 100 nM bafilomycin A1 (n=8, N=4).  

Data are represented as mean ± SEM and were analysed using non-parametric Wilcoxon 

signed-rank test. n=experiments; N=neonatal isolations. *P<0.05. A nested t-test indicated no 

significant difference in means between the subgroups, hiPSC-CMs and hiPSC-aCMs (P= 

0,6547). 
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Figure 3.7: Representative traces of calcium transients in hiPSC-CMs.  

A, Representative traces to show spontaneously generated calcium transients in hiPSC-CMs in 

the presence of a solvent control DMSO and after exposure to 3 nM isoprenaline.  

B, Representative traces to show spontaneously generated calcium transients in isolated hiPSC-

CMs in the presence of 100 nM bafilomycin A1 and after exposure to 3 nM isoprenaline.  

C, Snapshots (i, ii) of hiPSC-CMs loaded with Fluo-5F-AM. 
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Figure 3.8: Bafilomycin A1 inhibits beating rate response to 3 nM isoprenaline in hiPSC-

CMs.  

A, Beating rate of hiPSC-CMs in the presence of either DMSO (n=14, N=4) or 100 nM 

bafilomycin A1 (n=11, N=3) in PSS before exposure of isoprenaline.  

B, Beating rate response (in %) of human iPSC myocytes in the presence of either DMSO 

(n=14, N=4) or 100 nM bafilomycin A1 (n=11, N=3) after exposure of 3 nM isoprenaline over 

4 minutes.  

Data are represented as mean ± SEM. Asterisks indicate significance level for effect of 100 nM 

bafilomycin A1 compared to DMSO control determined using 2-way repeated measures 

ANOVA followed by Šídák’s multiple comparisons test.; not significant (ns); ****P< 0.0001. 
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Figure 3.9: Bafilomycin A1 inhibits calcium transient amplitude in response to 3 nM 

isoprenaline in hiPSC-CMs. 

A, Calcium transient amplitude of hiPSC-CMs in the presence of either DMSO (n=14, N=4) 

or 100 nM bafilomycin A1 (n=11, N=3) in PSS.  

B, Calcium transient amplitude response (in %) of hiPSC-CMs in the presence of either DMSO 

(n=14, N=4) or 100 nM bafilomycin A1 (n=11, N=3) after exposure of 3 nM isoprenaline over 

4 minutes. 

Data are represented as mean ± SEM. Asterisks indicate significance level for effect of 100 nM 

bafilomycin A1 compared to DMSO control determined using 2-way repeated measures 

ANOVA followed by Šídák’s multiple comparisons test.; not significant (ns); **p< 0.01, ***p< 

0.001. 
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Figure 3.10: Immuno-fluorescent labelling of isolated guinea pig SAN myocytes with 

LAMP2 and AC1. 

Isolated, fixed and stained representative guinea pig SAN myocyte LAMP2 (A, green), AC1 

(B, red) and overlap of both signals in C. 

Pixel-by-pixel analysis, Pearson’s overlap coefficient is R=0.8095 ± 0.04565 (n=5). Data are 

represented as mean ± SEM. 
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3.6 Discussions  

NAADP is the most potent calcium signalling second messenger present in a large range of cell 

types across species acting by releasing calcium from acidic stores via TPC2 channels. NAADP 

mediated acidic store calcium signalling has been shown to play a role in cellular physiology.  

The observations presented in this chapter confirm NAADP action in atrial cardiomyocytes in 

response to -adrenergic stimulation at the intact tissue and single cell level in animal and 

hiPSC-CMs. Experiments demonstrate for the first time NAADP-mediated calcium release 

from lysosomes, makes significant contribution to physiological changes of beating rate to the 

SAN pacemaker and force of contraction in intact left atria tissue. Additionally, to this, FRET 

experiments show NAADP pathway modulates cytosolic cAMP levels in NRAMs and hiPSC-

CMs.  

The first part of this chapter investigates the intrinsic activity of NAADP pathway in 

spontaneously beating right intact atrial preparations. Abolition of lysosomal calcium 

signalling pharmacologically by bafilomycin A1, and trans-Ned-19 led to a rightward shift in 

EC50 in the presence of bafilomycin A1 and in the presence of trans-Ned-19 led to a rightward 

shift in EC50 and a reduction in maximal response in spontaneous beating rate in intact SAN. 

Bafilomycin A1 and trans-Ned-19 significantly inhibited the contractile response of the intact, 

paced left atrium to β-adrenergic stimulation with isoprenaline. This inhibition manifests as a 

reduction in maximal response in all conditions. These data suggest the downstream effects of 

-adrenergic signalling is dependent upon NAADP mediated calcium signalling from 

lysosomes in atrial myocytes and represent a novel finding and avenue for future research. 

Bafilomycin A1 or trans-Ned-19 alone did not have a significant effect on cellular beating rate 

or force of contraction, this may suggest that lysosomal calcium signalling is not constitutively 

active in the SAN and in atrial myocytes. These experiments are in alignment with previous 

published data (Capel et al. 2015; Collins et al. 2011), strengthens the dependence of NAADP 

in SAN pacemaking -adrenergic responses and to our knowledge provide first findings 

demonstrating lysosomal calcium signalling contributing to physiological control of beating 

rate in intact tissue.  

One mechanism that could explain chronotropic and inotropic in responses to -adrenergic 

stimulation seen in tissue preparations after inhibition of lysosomal calcium signalling, could 

be from lysosomal-mediated calcium release activating cytosolic cAMP. Indeed, FRET work 



 82 

showed a decrease in synthesis of cAMP in response to isoprenaline following addition of the 

NAADP inhibitor, bafilomycin A1. These results do provide a strong indication that cAMP 

synthesis is reduced by the NAADP pathway inhibitors, indicating a role for calcium stores in 

atrial function. In our FRET studies, perturbation of NAADP-mediated calcium signalling led 

to around a 50 % reduction in cellular cAMP accumulation in response to isoprenaline, whether 

in normal extracellular solution, 0 calcium conditions or after depletion of SR calcium. Gul 

and co-workers, also using quiescent myocytes, reported that NAADP pathway inhibition 

completely abolished the cardiac ventricular myocyte response to isoprenaline (Gul et al. 

2016). NAADP mediated calcium release from lysosomes could play a greater role in neonatal 

or quiescent myocytes, as -adrenergic stimulation is known to lead to cellular responses 

independent of NAADP pathway.  

Human work presented in this chapter have been collected from 3 different hiPSC-CMs lines 

(Winbo et al. 2020; Benzoni et al. 2020; Calamaio et al. 2023) to ensure reproducibility, 

confirm effects of NAADP and further enhance the translational value of this research and 

provide evidence of the importance of this pathway in humans. 

It is important to note, in the FRET experiments presented in this chapter, levels of cAMP were 

measured as a whole/in bulk in the cytosol. cAMP is a ubiquitous second messenger capable 

of modulating multiple cellular functions by a complex system of local mechanisms that result 

in compartmentation (Chao et al. 2019). cAMP signals are found to be dependent on the activity 

of PDEs, ACs and signal heterogeneity such as having distinct subcellular responses. Another 

way other than depletion of the SR and 0 calcium conditions to specifically measure cAMP 

response to lysosomal calcium release would be to measure cAMP levels with a FRET-based 

reporter fused with a lysosomal membrane protein such as LAMP2. This method would enable 

us to observe in intact living cells cAMP production in direct response to calcium release from 

lysosomes in physiological conditions in response to -adrenergic stimulation. FRET 

percentage change was measured in direct response to TPC2 activator (TPC2-A1-N), and 

results are presented in Chapter 5.  

The investigation of L-type calcium channels was previously conducted as a possible effector 

of NAADP response to -adrenergic stimulation, as increase observed in calcium transient 

amplitude could be due to the increase in cytosolic calcium from extracellular calcium entering 

the cells through these channels. However, work confirmed NAADP has no effect on calcium 

influx through sarcolemma L-type channels in ventricle myocytes measured under voltage 
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clamp conditions (Macgregor et al. 2007). Collins et al., confirmed this finding by showing 

that increase in calcium transient amplitude induced by photorelease of “caged” NAADP also 

occurred in the absence of any change in the L-type calcium current in atrial myocytes (Collins 

et al. 2011). The change in L-type calcium current amplitude upon β-AR stimulation was also 

investigated Tpcn2-/- mice and found there to be no statistically significant difference in WT 

mice (Capel et al. 2015). Therefore, responses observed in these papers are not due to an 

increase in the entry of calcium from outside the cell through this pathway. 

FRET experiments in this chapter present perturbations in NAADP calcium signalling led to 

around a 50% reduction in cellular cAMP levels in response to isoprenaline, whether in normal 

extracellular solution, 0 calcium solution or after depletion of SR calcium. FRET experiments 

were carried out on quiescent myocytes. Gul and co-workers, also using quiescent myocytes, 

reported that NAADP pathway inhibition completely abolished the cardiac ventricular myocyte 

response to isoprenaline (Gul et al. 2016). It would seem unlikely, however, that the sole 

gatekeeper to β-adrenergic signalling in the heart is the lysosome. As, β-adrenergic stimulation 

has been shown to lead to cellular effects known to be independent of the NAADP pathway 

such as exogenous NAADP has no effect on L-type calcium current (Collins et al. 2011; 

Macgregor et al. 2007), nor did NAADP pathway inhibition alter the increase in L-type calcium 

current stimulated by isoprenaline (Capel et al. 2015). FRET work in this chapter and those of 

Gul et al, support that in the absence of continuous calcium cycling, the proportion of the 

isoprenaline response attributable to NAADP calcium signalling is relatively high. 

Stimulation of AC1 activity by calcium release from the lysosomes could be a possible calcium 

handling mechanism in response to isoprenaline in this chapter, as it has been reported to be 

significantly augmented in the presence of Gs activation such as by isoprenaline signalling 

(Wayman et al. 1994); leaving open the potential that the contribution of this mechanism could 

be augmented under these physiological conditions. Immunolocalisation studies of AC1 and 

LAMP2 on isolated SAN guinea pig myocytes, pixel by pixel analysis presented a Pearson’s 

colocalization overlap coefficient of R=0.8095 ± 0.04565 (Figure 3.12), This pattern of 

expression highlights that calcium release via lysosomes may directly lead to activation of 

calcium sensitive AC1 in SAN myocytes. 

Autophagy is a major intracellular degradation system and lysosomes are a main driver in this 

process by their degradative abilities. Autophagic flux is activated in atria of patients with 

persistent AF with significant increase of LAMP2 expression compared to patients with sinus 
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rhythm and is shown to promote atrial electrical remodelling in AF (Yuan et al. 2018), a known 

promoter the disease (Iwasaki et al. 2011). Biopsies from AF goat tissue highlighted structural 

anomalies, such as autophago-vacuole formation (Ayagama et al.). Here, I report that 

lysosomes are further apart to the SR and larger in diameter in patients with AF than in patient 

with a sinus rhythm. TPC1 and TPC2 studies have shown to be involved in regulating 

autophagy and are essential for basal and induced autophagy in cardiomyocytes (García-Rúa 

et al. 2016). These structural and expression changes reported in rhythm dysfunctions could be 

the underlying disruption in compartmentation and strict calcium handling and could be 

playing a major role in initiation and/or maintenance or AF. Even with all this evidence, the 

position of lysosome has not previously been reported with respect to AF. Further functional 

studies to investigate the structural-functional remodelling, that could be affecting calcium 

handling between the SR and lysosomes, observed in human samples are needed. Autophagic 

flux was assessed whether it was activated or impaired during AF, reports showed that 

autophagic flux was increased in atria of persistent AF patients and rabbit model of atrial rapid 

pacing and autophagy-related gene 7 (atg7), a key protein for degradation in autophagy, was 

significantly upregulated in AF patients as well as tachypacing rabbits. Lentivirus-mediated 

ATG7 knockdown restored the shortened atrial effective refractory period and demonstrated 

that inhibition of autophagy could attenuate atrial electrical remodelling and reduce AF 

susceptibility. In contrast, ATG7 overexpression significantly promoted the incidence and 

persistence of AF and decreased L-type calcium channel along with abbreviated action 

potential duration and diminished L-type calcium current (Yuan et al. 2018). 

3.7 Conclusions  

The observations presented in this chapter in rodents and human derived iPSC cardiomyocytes 

both strengthen the literature on NAADP calcium signalling in the heart and contribute new 

knowledge in the field. For the first time, a role for NAADP mediated calcium release in 

pacemaking activity is reported in the SAN and is functionally important for β-adrenergic 

responses. A contribution of NAADP mediated calcium release in atrial contractile force has 

been confirmed at the tissue level as contributing to β-adrenergic responses. A novel pathway 

in cardiomyocytes signalling, in which NAADP mediated calcium release contributes directly 

to cellular cAMP is put forward and a model of the proposed mechanism is illustrated in Figure 

3.11. Further, I have added structural observations in human AF tissue and present the first 

evidence that structural remodelling in this disease extends to lysosomal positioning. Taken 

together, data presented in this chapter brings forward the NAADP calcium pathway as a major 
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calcium handling actor in the heart but the precise mechanism of NAADP pathway and its 

physiological and pathophysiological importance in the atria warrant further investigation. 

 

 

Figure 3.11: Representative scheme of proposed mechanisms from Chapter 3. Activation 

of β-AR by isoprenaline lead to ACs activation leading to activation of PKA by cAMP and 

synthesis of NAADP by CD38 enhancing lysosomal calcium release by the action of NAADP 

on lysosomal TPC2 channels. Ca2+, calcium.  
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4 Chapter 4: Elucidating the interactions between IP3-dependent calcium 

release and calcium-stimulated ACs in controlling atrial function. 

4.1 Summary of contribution:  

This Chapter presents a paper investigating the lysosomal calcium signalling contribution to 

the acute α-adrenergic response. I am first author, I carried out experiments, conceptualisation, 

methodology, and writing of the project. Figures reproduced from the paper were my own 

work. Additionally, this Chapter contains data that was published in Bose, Read, Akerman et 

al 2022. Front Pharmacol 2022 Aug 29:13:951897 (Bose et al. 2022). 
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4.2 Introduction  

Intracellular calcium release for intracellular organelles is a driving force for normal cardiac 

pacemaker cell automaticity (Maltsev, Vinogradova, and Lakatta 2006). In 1983, calcium 

release induced by IP3 from the ER was demonstrated in pancreatic acinar cells for the first 

time (Streb et al. 1983). Since then, this mechanism has been shown in many other cell types 

(Berridge 2009); as well as in non-excitable cells such as proliferation in lymphocytes (Feske 

2007) and excitable cells including cardiac myocyte (Kockskämper, Zima, et al. 2008). IP3 is 

a calcium-mobilising second messenger (Berridge 1984) and is synthesised upon stimulation 

of phospholipase C that acts to open IP3R located on the SR in cardiac myocytes and leads to 

calcium release in to the cytosol. This mechanism enhances calcium-induced force oscillations 

(Zhu and Nosek 1991) but compared to the role played by RyR in CICR, the involvement of 

IP3 signalling in cardiac cellular calcium handling is poorly known.  

The importance of highly regulated calcium signalling in the heart has been shown to be vital 

for normal physiological function and rhythm mechanisms. Even if little data is published 

regarding IP3 signalling pathway in the atria (compared to RyR), IP3R expression in atrial tissue 

has been shown to be of great importance in regulating calcium handling. IP3R2 is the highest 

subtype of IP3R expressed in the atria making it a possible modulator of the heartbeat (Lipp et 

al. 2000). Evidence has shown IP3R modulates ECC as exposure to endothelin 1, a Gq protein 

coupled agonist increases calcium transients in rabbit atrial myocytes and was abolished in the 

presence of a IP3R inhibitors, 2-Aminoethyl diphenylborinate (2-APB) and xestospongin C 

(Kockskämper, Seidlmayer, et al. 2008). Previous work from the lab has shown that direct 

application of IP3, by photorelease, in guinea pig isolated atrial myocytes led to an increase in 

stimulated calcium transient amplitude and this response was abolished in the presence of either 

AC inhibitor MDL-12,330A or PKA inhibitor H89 (Capel et al. 2021).  

Kapoor et al, used atrial specific sodium-calcium exchanger (NCX) KO SAN cells (Kapoor et 

al. 2015). Calcium flux across the sarcolemma membrane is demolished because of no 

expression of NCX and insignificant calcium flux through L-type calcium channels due to no 

depolarisation events but intracellular calcium release still occurs. The results show SAN 

myocytes to have a chronotropic change in response to stimulation (PE) and inhibition of IP3R 

(2-APB) and NCX KO SAN cells were still able to respond to heart rate and calcium waves 

demonstrating the independent of NCX, demonstrating a crucial role for IP3R-mediated SR 

calcium release (Kapoor et al. 2015). Additionally, maximum beating rate in right atrial 
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preparations on addition of PE was significantly reduced in the presence of these 2 inhibitors 

compared to control (Capel et al. 2021). Confirming that IP3-mediated calcium release 

regulates atrial calcium transients and pacemaker function by stimulation of AC1 and AC8.  

Studies in healthy atrial myocytes have shown that stimulation of IP3 pathway causes 

arrhythmogenicity. Indeed, single paced atrial myocytes showed generation of spontaneous 

calcium transients between action potential upon addition of membrane permeant IP3 (Lipp et 

al. 2000), highlighting the pro-arrhythmogenic action of IP3. Inhibition of IP3R using 2-APB 

suppressed the arrhythmogenic action of Endothelin 1 and membrane permeant IP3 in isolated 

rat atrial myocytes (Mackenzie et al. 2002). 

Investigation of IP3R expression in right atrial myocardium in AF patients and control patient 

with normal sinus rhythm showed expression levels of non-specific subtypes of IP3R were 

greater in AF patients (Yamda et al. 2001), linking IP3R expression to heart rhythm in humans 

and it’s possible implications in calcium homeostasis. Similar studies on IP3R2 expression have 

been conducted in a chronic AF dog model; IP3R2 expression increased in chronic AF group 

compared to control while RyR2 expression downregulated (Zhao et al. 2007), highlighting a 

role for IP3R in initiation or perpetuation of AF. Although the functional consequences of the 

increase of IP3R remain to be investigated. Later, calcium activated AC1 and AC8 are expressed 

in SAN myocytes and were shown to contribute to the generation of rhythmic action potentials 

by regulating the L-type calcium current (Younes et al. 2008).  

Georget et al. (Georget et al. 2002)specifically explored the functional consequences of AC8 

expression. In transgenic mouse line AC8TG, mice expressing human AC8 expression, the 

perfused heart had an increase in contractility and single cells demonstrated an increase in 

calcium transients with no change in L-type calcium current. It is important to note that this 

expression of AC8 led to an increase in cAMP that activates specifically calcium handling with 

the SR but not with the sarcolemma, suggesting a strong compartmentation of the cAMP signal 

(Georget et al. 2002). Additionally, (Moen et al. 2019) conducted similar work, where 

overexpression of AC8 in mice increased heart rate in vivo. Work form (Mattick et al. 2007) 

also demonstrated the importance of AC1 and AC8 activity in SAN myocytes by localising 

then on the plasma membrane of SAN myocytes and by monitoring activation of funny current. 

Inhibition of AC activity with MDL-12,330A shifted activation the hyperpolarizing direction, 

adding a role for basal activity of AC in isolated SAN myocytes whereas inhibition of 
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phosphodiesterases with IBMX shifted the funny current activation in the depolarizing 

direction in guinea pig SAN myocytes (Mattick et al. 2007). 

ACs are enzymes that catalyse the conversion of ATP into cAMP, cAMP in involved in multiple 

physiological function, it is not a surprise that cardiac function is also controlled by pathways 

involving production of cAMP (Chao et al. 2019). How cardiac myocytes respond differently 

to cAMP signals remains to be determined, a suggestion that has been put forward these past 

years, is the compartmentation of cAMP at the nanoscale level (Zaccolo, Zerio, and Lobo 

2021). The possibility of calcium release via IP3R stimulating AC1 and or AC8 and changing 

cAMP levels in specific micro/nano domains will be explored in this Chapter. 

Previous work by Vinogradova et al. (Vinogradova et al. 2006) has shown cAMP production 

shows greater importance in pacemaking activity in SAN myocytes. High basal cAMP levels 

in isolated rabbit SAN myocytes are required for subsarcolemmal calcium release (important 

mechanism in SAN spontaneous beating (Vinogradova et al. 2006). Additionally, as explained 

above (Younes et al. 2008) show SAN express AC1 and AC8 and high basal AC activity 

produces a high level of cAMP that is further elevated by phosphodiesterase inhibition. 

Suggesting that, spontaneous rhythmic subsarcolemmal local calcium releases driven by cAMP 

are crucial for pacemaker function of SAN myocytes.  

Findings highlighted above put forward the involvement of cAMP in IP3 signalling pathway 

but the direct effect of IP3 on cellular cAMP levels has not yet been investigated. The cAMP 

signalling regulates major heart functions involving chronotropy and inotropy via ECC process 

(Bers 2002). I have presented previous work demonstrating that IP3 and calcium-stimulated 

AC play major role in the normal function of atrial muscle, these pathways have the potential 

to play a major role in arrhythmias. Understanding and linking the direct interactions with 

cAMP (and PKA) makes the IP3 signalling pathway a potential target for the treatment of AF. 
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4.3 Aim of Chapter 4 

This Chapter focuses on elucidating the interactions between IP3-dependent calcium release 

and calcium-stimulated ACs specifically AC1 and AC8 in controlling atrial function. The link 

between the IP3 mediated calcium release from the SR and downstream activation of calcium 

stimulated ACs has been relatively understudied. The possible interactions between IP3 

signalling and calcium stimulated ACs and downstream activation of cAMP will be 

investigated in this Chapter using a double knock-out of AC1 and AC8 (DKO) mouse colony 

obtained from our collaborators lab Prof. Alana Conti (USA). Understating these key calcium 

handling mechanisms and downstream activators in the atrium has the potential to provide 

important insights concerning acute mechanisms for initiation of atrial arrhythmias and may 

provide a novel atrial specific therapeutic approach for arrhythmias. 

  



 91 

4.4 Methods 

Methods used in this Chapter are presented in more detail in Chapter 2. Briefly, this Chapter 

uses immunocytochemistry, atrial preparations, and FRET methods to study the IP3 signalling 

pathway in cardiac activity.  

Standard immunocytochemical techniques were used to determine the localisation of 

intracellular IP3R2 and AC1 in atrial myocytes and SAN myocytes. To compare the localisation 

of various proteins, secondary antibodies conjugated to different fluorophores were used and 

pixel by pixel analysis using ImageJ was conducted.  

PE was administered to isolated single myocytes and heart tissue, PE stimulates is an α1-AR 

agonists in myocytes, α1-AR are coupled to the Gq-protein that activates the effector PLC 

causing the release of IP3 through IP3R. PE has been shown to have off target effects at high 

concentrations. A concentration of 100 µM PE increases the activity of the cAMP-dependent 

protein kinase, protein kinase A (PKA) through the β-AR (Valks et al. 2002). For this reason, I 

have run PE dose response curves 0.1 µM up to 30 µM in the presence of 1 µM metoprolol (a 

non-selective β-adrenergic inhibitor) and conducted single cell FRET experiments at 3 µM PE, 

a suitable concentration of PE to ensure no confounding effect β-adrenergic activity throughout 

my experiments (Figure 4.1). This Chapter uses 2 pharmacological agents to inhibit IP3R 

activity: 2-APB and xestospongin-C. 2-APB is a IP3R inhibitor but has been shown to have 

blocker effects of store-operated calcium entry channel TRP channels (Lievremont, Bird, and 

Putney 2005), to overcome this we have repeated experiments with an alternative IP3R inhibitor 

xestospongin-C. ST034307 (Brust et al. 2017) was administered to inhibit AC1. 
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Figure 4.1: PE concentrations (1, 3 and 10 µM) tested for FRET, experiments conducted 

by Dr Bose (former post-doctoral scientist in the lab). 

A: Representative example single well trace of the effect of 1 μM PE on cAMP levels in 

NRAMs loaded with EPAC-SH187. 

B: Representative example single well trace of the effect of 3 μM PE on cAMP levels in 

NRAMs loaded with EPAC-SH187. 

C: Representative example single well trace of the effect of 10 μM PE on cAMP levels in 

NRAMs loaded with EPAC-SH187. 

D: Comparison of the peak response to 1 (n=3, N=3), 3 (n=4, N=3) and 10 (n=1, N=1) μM PE 

on cAMP levels in NRAMs loaded with EPAC-SH187. 

Solid line = mean ratio of all viable cells in well. Dotted line = standard deviation of ratio of 

all viable cells in well. Data in panel D presented as mean ± SEM. 

Conserved sequence homology of intracellular C1 and C2 cytoplasmic loops between ACs 

family (Cooper 2003) has made it difficult to create specific inhibitors for AC subtypes. To 

overcome this, I used a DKO of AC1/8 mouse colony (DKO, described in Chapter 2). The 

phenotype of the heart in DKO mice was first investigated with High Resolution Episcopic 

Microscopy (HREM) technique. A robust method for processing and visualising organic 
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materials, by generating stacks of aligned digital images captured from histological sections. 

Whole hearts of WT and DKO mice were fixed and embedded in methacrylate resin and 

sectioned on a microtome. Each section of the heart embedded in the block is captured as a 

digital image to create series of aligned images to allow visualisation of the heart in 3D. 

Analysis was then carried out to measure volumes of each chamber of the heart using a 3D 

optical HREM imaging system (Indigo Scientific). HREM data were evaluated using Horos 

3.3.6 and Amira for Life & Biomedical Sciences version 2019.4 (Thermo Fisher Scientific). 

After investigating the phenotypic differences between WT and DKO hearts, functional studies 

were conducted such as force transducer experiments in intact paced (5 hertz) left and in 

spontaneously beating right atria in response to 1-AR, PE. Intact atria were attached to a force 

transducer in an organ bath at 37C containing oxygenated physiological saline solution (PSS). 

After stabilisation, cumulative concentrations of PE were added to the bath (range 0.1–30 µM) 

in the presence of 1 µM of metoprolol was applied 30 min before PE was added to ensure 

specificity to α-adrenergic effects. In collaboration with Zaccolo group, the direct effect of 

DKO upon stimulation of IP3R via PE on cellular cAMP concentration has been investigated 

using a FRET cytosolic biosensor EPAC-sH187, expressed in neonatal mouse atrial myocytes 

(NMAMs) through viral infection 24 h before conducting experiments. This method permitted 

me to monitor cytosolic cAMP levels in real time in atrial myocytes. 

For whole single cell fluorescence calcium transient experiments, cells were incubated with 

Fluo-5F-AM (3 µM) for 10 min then plated on to a glass cover slip for imaging. Cells were 

incubated for a further 10 min in the organ bath to allow time for cells to adhere to the glass 

cover slip before perfusion with Tyrode. Carbon fibre electrodes were used to field-stimulate 

calcium transients at a rate of 1 hertz. All experiments were carried out at 37°C. To avoid dye 

bleaching, the cells were not continually exposed to 488 nm light. Instead, a video of 8–10 s of 

calcium transients was recorded at several timepoints: at baseline levels before addition of 10 

µM of PE and immediately after addition of PE, 1 minute and 2 minutes after PE exposure. 

Normalised calcium transient amplitude is expressed as change in mean cell fluorescence (F-

F0)/F0 in the cell where F is the fluorescent value at a given time and F0 is the resting 

fluorescence value. 

Statistical analyses in this Chapter were performed using Prism 10 (Graphpad). Differences 

were considered statistically significant at values of non-significant (ns)P>0.05, *P<0.05, ** 
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P<0.01, *** P<0.001, **** P<0.0001. Statistical methods used are given in the legend of each 

figure. 

 

.  
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4.5 Results  

4.5.1 Inhibition of AC1 using ST034307 reduces chronotropy but not inotropy upon -

adrenergic stimulation in intact atria 

Figure 4.2 shows representative confocal images of a right atria (Figure 4.2A) and SAN (Figure 

4.2B) isolated adult guinea pig myocytes stained with primary antibodies raised against the 

IP3R2 (magenta) and AC1 (cyan) proteins. AC1 puncta are in close proximity to IP3R2 in both 

myocytes, suggesting calcium release from IP3R can contribute to calcium-sensitive AC1 

activation. ImageJ intensity analysis revealed, pixel by pixel by line intensity plots (Figure 

4.2C-D), levels of colocalisation between AC1 and IP3R2 in isolated guinea pig SAN myocytes 

were higher (R=0.82 ± 0.02, n=7) than in atrial myocytes (R=0.69 ± 0.02, n=11, p<0.001). 

As described in Chapter 3 in response to isoprenaline, I measured beating rate and contractile 

force in atrial preparations of intact right and left tissue in response to PE. Previous work 

presented in the introduction by (Capel et al. 2021) showed nonspecific inhibition of ACs, using 

MDL-12.330A, reduces the response of intact right atria to PE stimulation. Figure 4.3 therefore 

shows the effect of ST034307, a specific AC1 inhibitor, on the positive chronotropic and 

inotropic response to PE. In the absence of ST034307 but in the presence of 1 µM metoprolol, 

the spontaneous beating rate of the right atria increased by a maximum of 14.5 (12.2–17.1) % 

at 30 μM of PE and an EC50 of 0.9 (0.4–2.2) µM (n=15, Figure 4.3A). 1 µM ST034307 

significantly reduced the response of beating rate to PE at all concentrations tested (n=12, 

P<0.0001, Figure 4.3A), with a maximum increase of 8.2 (6.1–12.6) % at 30 μM PE and a 

significant rightward shift of the EC50 to 3.9 (1.1–17.6) µM. The basal heart rate of right atria 

after stabilisation and before addition of 1 µM metoprolol was 364 ± 15.5 BPM. No change in 

the right atrial basal heart rate was observed on addition of either metoprolol (362 ± 16.3 BPM) 

or metoprolol plus ST034307 (359 ± 16.8 BPM) before addition of PE (Figure 4.4). In left 

atrial preparations (Figure 4.3B), PE increased the tension generated in response to electrical 

stimulation at 5 hertz. The maximum increase was 14.2 (11.2–18.5) % (n=5) at 30 μM PE, with 

an EC50 of 4.4 (1.92–18.5) µM (n=5). In the presence of ST034307, no difference was 

observed in the response to PE compared with vehicle control (DMSO). The maximum change 

in tension generated in the presence of ST034307 was 16.3 (11.7–23.3) % (n=7) at 30 μM PE, 

with a non-significant left shift of EC50 to 0.9 (0.8–10.8) µM (n=7).  



 96 

4.5.2 IP3 signalling pathway activation using phenylephrine induced cAMP levels in neonatal 

cardiomyocytes 

To determine whether the changes in cytosolic cAMP recorded in response to PE occurs 

downstream of IP3R activation, we ran FRET experiments using IP3R inhibitors 2-APB and 

xestospongin-C (Figure 4.5) in NRAMs expressing EPAC-SH187. Prior application of any IP3R 

inhibitors, the peak change in FRET following addition of 3 μM of PE was 21.20 ± 7.43 % 

(n=9, N=4), in the presence of 2.5 μM of 2-APB the peak change decreased to 5.88 ± 5.66 % 

(n=6, N=4, p<0.05), whilst 0.3 μM of xestospongin-C reduced peak to 8.76 ± 6.43 % (n=6, 

N=4, p<0.01). 

As IP3R expression has been shown to be greater in atrial myocytes compared to ventricular 

myocytes (Lipp et al. 2000). We were interested in determining whether cAMP changes in 

response to α-adrenergic stimulation would differ in NRVMs compared to NRAM (Figure 4.6). 

A rise in cytosolic cAMP was observed in NRVMs expressing EPAC-SH187 in response to PE, 

with an amplitude of 14.07 ± 0.9 % (n=10, N=6) and the rise in cAMP observed in response to 

PE in NRAMs (20.61 ± 2.9 %, n=9, N=4) did not differ from the peak observed in response to 

PE in NRVMs (Figure 4.6A).  

In addition to PE, experiments using isoprenaline were also performed. The rise in cAMP 

observed in response to 1 nM isoprenaline was 1.5-fold greater in response to PE. No 

significant difference in response to isoprenaline was observed in NRAMs (53.97 ± 5.2 %, n=8, 

N=3) compared to NRVMs (72.26 ± 3.4 %, n=8, N=6) (Figure 4.6A). In contrast to NRAMs 

(Figure 4.5), rises in cAMP in response to PE (14.07 ± 0.9 %, n=10, N=6) measured in NRVMs 

were not found to undergo inhibition by neither 2-APB (14.12 ± 1.7 %, n=7, N=5) or 

xestospongin-C (13.38 ± 1.7 %, n=6, N=4, Figure 4.6B). Additionally, same observations were 

observed in response to isoprenaline (72.26 ± 3.4 %, n=8, N=6) in NRVMs and showed no 

inhibition by neither 2-APB (62.49 ± 3.8 %, n=8, N=) or xestospongin-C (57.8 ± 5.6 %, n=7, 

N=Figure 4.6C).  

4.5.3 Phenotype of DKO hearts is not altered compared to WT in mice using HREM  

AC1/AC8 DKO animals have been previously used to study AC1 and AC8 expression in the 

brain and role hippocampus dependant in long-term memory (Wong et al. 1999). Phenotype of 

these mice have not been investigated outside of the brain previously. The lab established this 

colony in Oxford to study the heart. To ensure differences observed from WT and DKO mice 
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weren’t caused by structural changes in the heart, 3D modelling of WT and DKO heart were 

conducted. Results showed no significant structural/size changes in right (Figure 4.7A) and left 

(Figure 4.7B) atria and in both ventricles (Figure 4.7C). 

4.5.4 DKO of AC1 and AC8 expression decreases chronotropic effect induced by PE in intact 

right atria 

Previous published work has used pharmacological tools (MDL-12,330A) to inhibit AC 

activity (Capel et al. 2021) but these methods, are non-specific for ACs subtypes and may have 

some potential off-target effects. To overcome this, I used a double knockout of AC1 and AC8 

(DKO) transgenic mouse line, described in Chapter 2 (Methods, 2.1.1 Mice, page 46). Figure 

4.8 shows dose-response curves to PE in the concentration range 0.1–30 μM carried out on 

spontaneously beating isolated murine right atria in the presence of 1 μM metoprolol to ensure 

no confounding action of β-AR. In WT mice, the positive chronotropic response to PE fits a 

standard agonist dose-response curve with an EC50 of 1.5 (0.5–4.2) μM with a maximum rate 

increase of 17.78 ± 2 % (n=8) and DKO mice show an EC50 of 0.3 (0–1.8) μM with a 

maximum rate increase of 10.13 ± 1.7 % (n=14).  

Starting baseline beating rates, before addition of PE or metoprolol, of WT and DKO mice 

were compared; and no significant differences were observed between the two groups (Figure 

4.9A). The mean starting heart rate of WT mice was 509.4 ± 21 BPM (n=8) while DKO mice 

had a mean heart rate of 466.5 ± 15 BPM (n=14). Rates were also measured after addition of 1 

µM of metoprolol (to ensure no β-adrenergic responses during addition of PE) and showed no 

significant differences between the two groups (Figure 4.9B). The mean baseline heart rate of 

WT mice was 334.7 ± 12 BPM (n=8) while DKO mice had a mean heart rate of 354.3 ± 8 BPM 

(n=14). Percentage decrease rate of atria after addition of 1 µM metoprolol and stabilisation of 

the preparation of WT and DKO mice were compared; a higher decrease percentage was 

observed in WT mice compared to DKO mice (Figure 4.10). Even if non-significant, DKO 

atria had a lower starting beating rate and a higher basal beating rate, explaining the higher 

decrease percentage observed in WT mice overtime, WT had a mean decrease of 31.95 ± 3.5 

% (n=8) while DKO mice had a mean decrease of 23.41 ± 2 % (n=14). Metoprolol was added 

at the 40-minute mark of the protocol, after the preparation had stabilised, and the baseline was 

measured before addition of PE, after the preparation had stabilised from addition of 

metoprolol. The time period between the mean starting heart rate and mean baseline heart rate 
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was 70 min. The beating rate of the preparation naturally reduced, and addition of metoprolol 

reduced the rate further explaining such a reduction. 

In the process of backcrossing mice to generate the DKO genotype, 3 groups of animals 

heterozygous (Het) and homozygous (Hom) for AC1 and AC8 were also generated: [1] Het for 

both AC1 and AC8 (HetAC1/8), [2] Het for AC1/Hom for AC8 and [3] Hom for AC1/Het for 

AC8 mice. Rate studies were conducted on these animals to study the impact separately of 

either AC1 or AC8. Figure 4.11 shows dose-response curves to PE in the concentration range 

0.1–30 μM carried out on spontaneously beating isolated murine right atria also in the presence 

of metoprolol. Data for WT and DKO are the same as presented above in Figure 4.8. Het AC1/8 

show an EC50 of 0.8 (0.13–3.47) μM and a maximum rate increase of 16.5 ± 2.8 % (n=9), Het 

AC1/Hom AC8 show an EC50 of 1.7 (0.11–25.65) μM and a maximum rate increase of 16.3 ± 

5.2 % (n=3) and Hom AC1/Het AC8 show an EC50 of 3.7 (3.2–9.2) μM and a maximum rate 

increase of 10.9 ± 2.7 % (n=5), the only genotype with a significant decrease in maximum rate 

response to PE compared to WT. Percentage decrease rate of atria after addition of 1 µM 

metoprolol and stabilisation of the preparation of WT, Het AC1/8, Het AC1/HomAC8, 

HomAC1/HetAC8 and DKO mice were compared; no significant differences were observed in 

decrease rate between all Het groups (Figure 4.12C). WT mice had a mean decrease of -31.9 ± 

3.5 % (n=8), Het AC1/8 mice had a mean decrease of -25.6 ± 3 % (n=9), Het AC1/HomAC8 

mice had a mean decrease of 37.1 ± 3.1 % (n=3), HomAC1/HetAC8 mice had a mean decrease 

of 27.5 ± 5.1 % (n=5) and DKO mice had a mean decrease of 23.4 ± 2 % (n=14). 

4.5.5 DKO of AC1 and AC8 expression decreases inotropic effect of PE in intact paced left 

atria  

Intact left atria were also dissected in WT and DKO mice to investigate the effect of AC1 and 

AC8 on the dose-response curve to PE. Contractile force was measured in Figure 4.13 in 

response to PE in the concentration range of 0.1–30 μM in paced left atria at 5 hertz in the 

presence of 1 μM metoprolol. In WT mice, the positive inotropic response to PE fits a standard 

agonist dose-response curve with an EC50 of 6 (1–106.2) μM and a maximum rate increase of 

11.94 ± 1.7 % (n=8). DKO data show a leftward shift in the EC50 of 1.1 (0.15–8.1) μM with a 

significant decrease in maximum rate of 5.89 ± 0.8 % (n=9). Starting tension of WT and DKO 

mice were compared; and no significant differences were observed between the two groups 

(Figure 4.14C). The tension of WT mice was 0.1119 ± 0.02 g (n=8) while DKO mice had a 

mean tension of 0.1047 ± 0.09 g (n=9). Baseline tension after addition of metoprolol in WT 
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and DKO mice were compared; and no significant differences were observed between the two 

groups (Figure 4.14B). The tension of WT mice was 0.1031 ± 0.01 g (n=8) while DKO mice 

had a mean tension of 0.0957 ± 0.01 g (n=9). Percentage decrease in tension of left atria at 

starting tension and after addition of 1 µM metoprolol and stabilisation of the preparation of 

wildtype and DKO mice were compared; a higher decrease rate in WT mice was observed 

between the two groups (P=0.7419, Figure 4.14C). WT mice had a mean decrease of -4.173 ± 

5.2 % (n=8) while DKO mice had a mean decrease of -6.279 ± 3.7 % (n=9). The effect of Het 

AC1/8 of inotropy was also investigated and showed no significant change in response to PE 

but had a significant decrease in the presence of 1 µM metoprolol.  

4.5.6 DKO of AC1 and AC8 expression reduces amplitude in stimulated calcium transients 

in atrial myocytes in response to phenylephrine 

Adult WT and DKO isolated atrial myocytes were loaded with the cell-permeant calcium 

sensitive dye Fluo-5F-AM to measure changes in cytosolic calcium in response to PE. When 

stimulated at 1 hertz in Tyrode at 37°C, atrial myocytes exhibited the classical pattern of 

calcium transient (Figure 4.16A and B). Basal calcium showed no significant differences 

between both groups. As shown in Figure 4.17C, DKO of AC1 and AC8 did not alter the basal 

calcium compared to WT atrial myocytes. Normalised calcium transient amplitude is expressed 

as change in mean cell fluorescence (F-F0)/F0 in the cell (F is the fluorescent value at a given 

time and F0 is the resting fluorescence value, Figure 4.17C). Addition of 10 µM of PE to the 

perfusion solution resulted in a maximum percentage increase in calcium transient amplitude 

of 26.6 ± 3.9 % in WT atrial myocytes (n=10, N=3) while DKO atrial cells resulted in an 

increase of 1.1 ± 4.4 % (n=10, N=3), a significant decrease in response to PE (Figure 4.18B). I 

conducted a calcium transient time-control experiment to verify that the baseline calcium 

handling in the WT atrial cardiomyocyte remains stable over the total time course of the 

experiment (2 min) without intervention (Figure 4.19). After 1 min, calcium transient 

amplitude reduced by 20.5 ± 2.8 % and reduced by 18.1 ± 1 % after 2 min, this reduction could 

be due to photobleaching or signal degradation over time.  

4.5.7 DKO of AC1 and AC8 expression reduces cAMP levels in response to phenylephrine 

in NMAMs  

FRET-based sensors enable real-time measurement of intracellular cAMP signalling and can 

be used to demonstrate compartmentation of cAMP/PKA signalling. Cytosolic sensors (EPAC-



 100 

SH187) enable global changes in cytosolic cAMP to be measured from intact cells in real-time 

using fluorescent imaging. FRET response changes in the background-subtracted 480 nm/545 

nm fluorescence emission intensity on excitation at 430 nm (Figure 4.20A) and expressed as 

R/R0 where R is the ratio (Figure 4.20B), results are presented as changes measured as 

percentage change from saturating FSK (10 µM) and IBMX (100 µM).  

FRET pipetting time control experiments was conducted and expression of biosensor was 

stable throughout the duration of the protocol and pipetting E1 buffer did not affect results 

(Figure 4.21). Extracellular application of 3 µM PE to NMAMs expressing EPAC-SH187 

resulted in an increase in the mean ratio (cyan/yellow) in all conditions (Figure 4.22). In WT 

NMAMs, in solvent control conditions, in the presence of 0.1 % DMSO, FRET change in 

response to PE represented 13.05 ± 1.5 % of the saturating FSK/IBMX response (Figure 

4.22A). The addition of ST034307 to the cells did not cause a significant reduction in response 

to 3 µM PE (11.32 ± 2.4 %, Figure 4.22A). Activation of α-ARs using PE resulted in a FRET 

change of 7.65 ± 0.3 % in DKO NMAMs, a significant decrease compared to WT NMAMs 

(Figure 4.22B). 
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Figure 4.2: Immunohistochemistry show higher colocalisation of IP3R2 and AC1 in 

isolated adult guinea pig SAN myocytes. 

A: Representative confocal image of a fixed, isolated guinea pig atrial myocyte 

immunolabelled for IP3R2 (magenta), AC1 (cyan) and merge.  

B: Representative confocal image of a fixed, isolated guinea pig SAN myocyte 

immunolabelled for IP3R2 (magenta), AC1 (cyan) and merge.  

C: Intensity plot to show staining intensity along the line shown in A.  

D: Intensity plot to show staining intensity along the line shown in B. 

R=Pearson’s overlap coefficient, scale bar represents 20 µM.  
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Figure 4.3: Inhibition of AC1 by ST034307 reduces the positive chronotropic effect of PE 

in the intact sino-atrial node. 

A, Dose response curves to show the change in beating rate on cumulative addition of PE to 

spontaneously beating mouse right atria preparations under control conditions (n=15) and in 

the presence of 1 µM ST034307 (n=12). 

B, Dose response curves to show the change in tension on cumulative addition of PE to 

spontaneously beating mouse right atria preparations under control conditions (n=5) and in the 

presence of 1 µM ST034307 (n=7). 

Asterisks indicate significance level for effect of ST034307 compared to control at individual 

concentrations as determined using 2-way repeated measures ANOVA followed by Šídák’s 

multiple comparisons test. ****P<0.0001. Data are represented as mean ± SEM. 
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Figure 4.4: No change in beating rate before addition of PE.  

Effect of different combinations of metoprolol (1 μM), ST034307 (1 μM) and PE (10 μM) on 

mouse right atrial beating rate.  

Bars represent mean heart rate (BPM) under different conditions as indicated below the x-axis.) 

(n=11–14). *P<0.05; **P<0.01. Data are represented as mean ± SEM. 
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Figure 4.5: IP3R inhibitors reduce FRET change in response to 3 µM PE. 

Quantification of peak for PE (3 μM; n=9, N=4) alone, or in the presence of 2.5 μM 2-APB 

(n=6, N=4) or 0.3 μM xestospongin-C (n=6, N=4), expressed as a fraction of the saturating 

response in the presence of 10 μM FSK + 100 μM IBMX.  

Data represented as mean ± SEM. Asterisks indicate significance level compared to control 

using Kruskal-Wallis followed by Dunn’s multiple comparison test. *P<0.05; **P<0.01. 
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Figure 4.6: PE and isoprenaline stimulation on cytosolic cAMP levels recorded in 

ventricular myocytes show that responses are not affected by IP3R inhibition.  

A, Comparison of peak response to 3 μM PE or 1 nM isoprenaline in NRAMs and NRVMs 

(n=8-10, N=6), shown as % FRET change from baseline as normalised to saturating 

FSK/IBMX. 

B, Quantification of the peak FRET change in response to 3 μM PE in NRVMs in the presence 

of 1 μl/ml DMSO, 2.5 μM 2-APB or 0.3 μM xestospongin-C in NRVMs (n=6-10, N=4-6). 

C, Quantification of the peak FRET change in response to 1 nM isoprenaline in NRVMs in the 

presence of 1 μl/ml DMSO, 2.5 μM 2-APB or 0.3 μM xestospongin-C in NRVMs (n=7-8, N=4-

6).  

Data shown as mean ± SEM, Asterisks indicate significance level using Kruskal Wallis 

followed by Dunn’s multiple comparison, non-significant (ns)=P>0.05. 
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Figure 4.7: 3D modeling using HREM of WT and DKO whole hearts show no significant 

differences. 

A, Comparison of right atrium size relative to average ventricle volume in WT (n=3) and DKO 

(n=3) mice hearts. 

B, Comparison of left atrium size relative to average ventricle volume in WT(n=4) and DKO 

(n=3) mice hearts. 

C, Comparison of ventricle size relative to average ventricle volume in WT (n=4) and DKO 

(n=3) mice hearts. 

D, Representative image of WT heart  

E, Representative image of DKO heart  

Data are represented as mean ± SEM and were analysed using paired t-test; non-significant 

(ns)=P>0.05. 
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Figure 4.8: Knockout of AC1 and AC8 reduces the positive chronotropic effect of PE in 

the intact sino-atrial node of DKO mice. 

Dose response curves to show the change in beating rate on cumulative addition of PE (0.1 μM 

- 30 μM) to spontaneously beating mouse right atria preparations in WT mice (black, n=8) and 

DKO mice (blue, n=14). 

Data are represented as mean ± SEM. Asterisks indicate significance level for effect of DKO 

compared to WT at individual concentrations as determined using 2-way repeated measures 

ANOVA followed by Šídák’s multiple comparisons test; **P<0.01. 
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Figure 4.9: No significant changes in beating rate before addition of PE in WT and DKO 

mice.  

A, Comparison of spontaneously starting beating rate of WT (n=8) and DKO (n=14) C57s 

murine right atrial preparations in PSS prior to addition of drug or stimulation with PE.  

B, Comparison of spontaneously baseline beating rate of WT(n=8) and DKO (n=14) C57s 

murine right atrial preparations in PSS after addition of 1 µM metoprolol.  

Data are represented as mean and were analysed using paired t-test; non-significant 

(ns)=P>0.05. 
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Figure 4.10: DKO showed less beating rate reduction after metoprolol.  

A, Comparison of spontaneously starting and basal beating rate of WT (n=8) C57s murine right 

atrial preparations in PSS. 

B, Comparison of spontaneously starting and basal beating rate of DKO (n=14) C57s murine 

right atrial preparations in PSS. 

C, Comparison of percentage decrease rate between starting rate and basal rate of WT (n=8) 

and DKO (n=14) C57s murine right atrial preparations. 

Data in panel C are represented as mean ± SEM and were analysed using paired t-test; *P<0.05.  

 

  

*
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Figure 4.11: HomAC1/HetAC8 shows reduced rate response to PE similar to DKO. 

Rate responses to PE (0.1 µM - 30 µM) in spontaneously beating murine right atrial 

preparations in WT (n=8, black), Het AC1/8 (n=5, red), Het AC1/HomAC8 (n=3, green), 

HomAC1/HetAC8 (n=6, orange) and DKO AC1/8 (n=14, blue). 

Data are represented as mean ± SEM. Asterisks indicate significance level for effect of Het 

AC1/8, Het AC1/HomAC8, HomAC1/HetAC8 and DKO compared to WT at individual 

concentrations as determined using 2-way repeated measures ANOVA followed by Šídák’s 

multiple comparisons test; *P<0.05; **P<0.01. 
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Figure 4.12: Baseline rate comparison shows no significant difference in WT, Het AC1/8, 

Het AC1/HomAC8, HomAC1/HetAC8 and DKO before addition of PE. 

A, Comparison of spontaneously starting beating rate of WT (n=8), Het AC1/8 (n=5), Het 

AC1/HomAC8 (n=3) and HomAC1/HetAC8 (n=5) and DKO AC1/8 (n=14) C57s murine right 

atrial preparations in PSS prior to addition of drug or stimulation with PE.  

B, Comparison of spontaneously baseline tension WT (n=8), Het AC1/8 (n=9), Het 

AC1/HomAC8 (n=3) and HomAC1/HetAC8 (n=5) and DKO AC1/8 (n=14) C57s murine right 

atrial preparations in PSS after addition of 1 µM metoprolol.  

C, Comparison of percentage decrease rate between starting rate and basal rate of WT (n=8), 

Het AC1/8 (n=9), Het AC1/HomAC8 (n=3) and HomAC1/HetAC8 (n=5) and DKO AC1/8 

(n=14) C57s murine right atrial preparations. 

No significance for effect of Het AC1/8, Het AC1/HomAC8, HomAC1/HetAC8 and DKO 

compared to control at individual concentrations was observed, determined using 2-way 

repeated measures ANOVA followed by Dunnett’s multiple comparisons test. Data are 

represented as mean ± SEM. 
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Figure 4.13: Knockout of AC1 and AC8 reduces tension change to PE in stimulated 

beating murine left atrial preparations in DKO mice. 

Dose response curves to show the force of contraction on cumulative addition of PE (0.1 μM - 

30 μM) to spontaneously beating mouse right atria preparations in WT mice (black, n=8) and 

DKO mice (blue, n=9). 

Asterisks indicate significance level for effect of DKO compared to WT at individual 

concentrations as determined using 2-way repeated measures ANOVA followed by Šídák’s 

multiple comparisons test; **P<0.01. Data are represented as mean ± SEM. 
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Figure 4.14: No significant changes observed in baseline tension between WT and DKO 

left atrial preparation before addition of PE. 

A, Comparison of starting tension of WT (n=8) and DKO (n=10) C57s murine right atrial 

preparations in PSS prior to addition of drug or stimulation with PE.  

B, Comparison of baseline tension of WT (n=8) and DKO (n=10) C57s murine right atrial 

preparations in PSS after addition of 1 µM metoprolol.  

C, Comparison of percentage decrease rate between starting rate and basal rate of WT (n=8) 

and DKO (n=9) C57s murine right atrial preparations. 

Data are represented as mean ± SEM and were analysed using paired t-test; non-significant 

(ns)=P>0.05. 
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Figure 4.15: Tension change show no change in Het AC1/8 upon PE stimulated on 

stimulated left atria.  

A, Tension change to PE (0.1µM - 30 µM) in stimulated beating murine left atrial preparations 

in WT (n=8), HetAC1/8 (n=10) and DKO AC1/8 (n=9). 

B, Comparison of percentage decrease contractile force between starting rate and basal rate of 

WT (n=8) Het AC1/8 (n=7) and DKO (n=9) C57s murine right atrial preparations.  

Asterisks indicate significance level for effect of Het AC1/8 and DKO compared to WT at 

individual concentrations as determined using 2-way repeated measures ANOVA followed by 

Šídák’s multiple comparisons test in panel A. Data are represented as mean ± SEM, using 2-

way repeated measures ANOVA followed by Dunnett’s multiple comparisons test in panel B; 

non-significant (ns)=P>0.05; **P<0.01. 
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Figure 4.16: Representative calcium transient traces in response to PE in WT and DKO 

isolated atrial myocytes. 

A, Representative traces to show spontaneously generated calcium transients in isolated atrial 

myocytes WT C57s in control condition (black) and after exposure to 10 µM PE (blue).  

B, Representative traces to show spontaneously generated calcium transients in isolated atrial 

myocytes DKO C57s in control condition (black) and after exposure to 10 µM PE (blue).  
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Figure 4.17: Baseline measures show no change in atrial myocytes loaded with 3 µM Fluo-

5F.  

A, Representative image of a WT atrial myocyte loaded with 3 µM Fluo-5F. 

B, Representative image of a DKO atrial myocyte loaded with 3 µM Fluo-5F. 

C, Baseline calcium transient amplitude in isolated WT (n=10, N=3) and DKO (n=10, N=3) 

C57s atrial myocytes in control conditions in Tyrode. 

Scale bar represents 20 µm in panel A and B. Data are represented as mean ± SEM and were 

analysed using paired t-test in panel C. n=experiments; N=animals; non-significant 

(ns)=P>0.05. 
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Figure 4.18: Knockout of AC1 and AC8 reduces calcium transient amplitude response to 

PE in DKO isolated atrial myocyte. 

A, Maximum increase (in %) recorded over 2 minutes of exposure to 10 µM PE in isolated WT 

(n=10, N=3) and DKO (n=10, N=3) C57s murine atrial myocytes.  

B, Calcium transient amplitude response (in %) in isolated WT (n=10, N=3) and DKO (n=10, 

N=3) C57s murine atrial myocytes after exposure of 10 µM PE over 2 minutes. 

Data are represented as mean ± SEM and were analysed using paired t-test in panel A and using 

2-way repeated measures ANOVA followed by Šídák’s multiple comparisons test in panel B. 

n=experiments; N=animals; **P<0.01, ***P<0.001 
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Figure 4.19: Time control in isolated WT atrial myocytes.  

A, Representative 10 second trace to show amplitude of stimulated (1 hertz) calcium transients 

in WT C57s over at 0 second (black), 1 minute (red) and 2 minutes (orange).  

B, Calcium transient amplitude at 0 second (baseline, grey), at 1 minute (red) and at 2 minutes 

(orange).  

C, Calcium transient amplitude at 0 second (baseline), at 1 min and at 2 mins as a percentage 

change compared to baseline. 
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Figure 4.20: Protocol for FRET experiments.  

A, CFP/YFP changes in FRET signal in response to 3 µM PE in the presence of DMSO in 

NMAMs.  

B, Representative example single well trace of the effect of 1 μM PE on cAMP levels in 

NMAMs loaded with EPAC-SH187.  

  

A B
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Figure 4.21: FRET pipetting control and expression of biosensor.  

A, Trace showing FRET change of DKO NMAM over time course of protocol.  

B, Representative image of NMAMs expressing EPAC-SH187. 
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Figure 4.22: FRET response comparison in WT and DKO in response to PE in WT 

NMAMs. 

A, Comparison of peak response to 3 µM PE in single WT NMAMs expressing EPAC-SH187, 

normalised to maximum response under control conditions (n=11, N=6) and following addition 

of 30 µM ST034307 (n=6, N=5). 

B, Comparison of control condition between WT (n=11, N=6) and DKO (n=11, N=6) in 

NMAMs. 

Data are represented as mean ± SEM and were analysed using non-parametric Mann-Whitney 

U test; non-significant (ns)=P>0.05, ***P<0.001. 
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4.6 Discussions  

The IP3/calcium signalling pathway is very versatile, highlighting it’s adaptiveness to control 

diverse processes in many organisms (Berridge 2009). The first part of this Chapter 

demonstrates that activation of the IP3 pathway using PE, an α1-AR agonist, leads in NRAMs 

to a downstream increase in cAMP as shown using lice imaging FRET technique. These 

changes were inhibited using pharmacological inhibition of IP3R2. In contrast, the cAMP rise 

observed in ventricular neonatal myocytes was not inhibited by the presence of either 2-APB 

or xestospongin-C, indicating that this cAMP rise in ventricular myocytes is independent of 

IP3R calcium release in NRVMs. The second part investigates knockout of AC1 and AC8 in 

mice as a possible explanation to these observations. DKO showed a decrease in positive 

chronotropic and inotropic observed in response to PE in intact atrial tissue, inhibited amplitude 

of calcium transient in response to PE in adult isolated atrial myocytes and presented a 

decreased response to cAMP levels in response to PE in neonatal atrial myocytes.  

The increased cAMP levels seen in response to PE saw a decrease with inhibition of IP3R with 

2-APB or xestospongin-C, one mechanism to explain this could be calcium released via IP3R 

upon α-adrenergic stimulation may directly lead to the activation of calcium-sensitive ACs: 

AC1 and/or AC8 in cardiac cells. This hypothesis will be discussed below.  

Addition of 1 µM ST034307 resulted in a significant inhibition of the increase in spontaneous 

beating rate of intact right atrial preparations but did not have a significant effect on the positive 

inotropic response to PE in paced murine left atria. Immunocytochemistry work in SAN 

myocytes suggests that AC1 and IP3R2 are located within close proximity with higher 

colocalisation index than in atrial myocytes. The simplest explanation for this observation 

could be that AC1 is not involved or minimally contributes to the downstream effect of IP3 

signalling in non-SAN atrial myocytes in basal activity and is activated upon α-stimulation. 

However, AC1 could play a more dominant role in the regulation of SAN pacemaker cells in 

baseline activity (Bose et al. 2022). Data presented in this chapter are consistent with previous 

work by (Mattick et al. 2007), confocal microscopy also showed AC1 to be present in SAN 

myocytes but no in ventricular muscle and is able to regulated of funny current. ST034307 data 

presented from this study is published in (Bose et al. 2022). 

Evidence presented in the first part of this chapter raises the possibility that calcium released 

via IP3R2 may influence the activity of AC1 in the SAN. Activation of the IP3 signalling 
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pathway in atrial cells leads to the downstream activation of membrane bound calcium sensitive 

AC1 and AC8. 

Pacemaker activity in mouse SAN myocytes have been previously studied by looking at IP3 

signalling (Ju et al. 2011). SAN function undergoes modulation by IP3 agonists and antagonists, 

and these changes are abolished in IP3R2 KO mice. Investigation of the requirement of AC1 

and AC8 expression for downstream actions of IP3R in atrial myocytes was next described in 

this Chapter. Further chronotropic and inotropic work conducted on DKO mice revealed that 

AC1 and AC8 play an important role in α-adrenergic stimulation with PE. Pacemaker activity 

was measured in spontaneously beating right atrial preparations and showed that KO of AC1 

and AC8 impaired the SAN to respond to PE contributing additional evidence of the functional 

interaction of IP3R and cAMP signalling via AC1/8. 

Specific inhibition of AC1 was investigated via pharmacological tools with ST034307 or 

genetically with Hom AC1 and Het AC8 mice. Hom AC1 and Het AC8 mice showed a greater 

decrease compared to Het AC1/8 and Het AC1 and Hom AC8, suggesting AC1 could be 

playing a greater role. The lack of pharmacological inhibitors to target AC8 subtypes hindered 

our research in specific implications of AC8 but studies of AC8 have shown that overexpression 

of AC8 increased heart rate and decreases heart rate variability (Moen et al. 2019). Given 

expression levels of AC1 and AC8 in the SAN (Mattick et al. 2007; Moen et al. 2019) and both 

are shown to be implicated Pacemaker physiology, both are likely to play crucial roles in heart 

function and rhythm control.  

This was the first time investigating the cardiovascular system in the DKO mouse colony. KO 

of AC1 and AC8 were only previously used to study long term memory in the brain (Moulder 

et al. 2008). HREM is a highly robust microscopic imaging method for visualising whole tissue 

or organs (Kalisch-Smith et al. 2021). I used this method for visualisation of DKO hearts and 

compared them to WT to perform an analysis on tissue architecture and morphology of the 

hearts. No structural changes were observed in any chambers of the WT and DKO hearts as 

potential compensatory mechanisms. 

No significant changes were observed in beating rate or contractile force in basal conditions 

either before or after metoprolol (1 µM) but the difference in decrease after addition of 

metoprolol in WT and DKO did show a significant difference, with WT right atria resulting in 

a larger decrease compared to DKO, 31.9 ± 3.5 % (n=8) in WT and 23.41 ± 2 % (n=14) in 
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DKO (Figure 4.10C and 4.11). These findings raise questions on how compensatory 

mechanisms adapted to AC1/AC8 DKO, as DKO results in a smaller response to non-specific 

β-blocker (metoprolol). This could indicate altered signalling calcium pathways that affect 

downstream responses, resulting reduced functionality despite the presence of the drug. 

Alternatively, compensatory mechanisms might be activated, such as modulation of calcium 

signalling within the cell through regulation of SR channels expression (IP3R or RyR). 

Reducing reliance on β-adrenergic signalling by either reduced β1-adrenergic receptor 

expression or increases β2-adrenergic receptor expression leading to diminished 

responsiveness to the blocker. Changes in catecholamine levels such as adrenaline and 

noradrenaline could also influence the effectiveness of β-blockade. 3D modelling did not show 

structural changes to the atria but fibroses or conductivity have not been investigated so far.  

Whole tissue experiments offer several benefits in research such as physiological relevance, 

they allow to study functional work in a physiological environment while keeping complex 

interactions at a whole organ level and spatial organisations: providing a comprehensive view 

of tissue function, interactions, and responses. But in this case, it can also make it quite difficult 

to tease out what compensation mechanisms might be involved to the DKO. The next 

experiments described in this Chapter were experiments conducted on single cells to study 

calcium transients and cAMP through FRET on atrial myocytes to investigate, at an 

intracellular level, mechanisms involved in the interaction between calcium released via IP3R2 

and activity of AC1/AC8.  

Calcium transient experiments were next investigated to monitor changes in intracellular 

calcium in isolated adult atrial myocytes of WT and DKO mice. Stimulation of IP3R2 with 10 

µM of PE caused an increase in amplitude in WT myocytes and this increase was abolished in 

KO of AC1 and AC8 myocytes from DKO mice. In contrast, previous calcium transient work 

(Bose et al. 2022) with inhibition of only AC1 with ST034307 did not have a significant 

decrease on the positive inotropic response to PE in paced murine atria (Figure 4.2B). In 

contrast, ST034307 did inhibit beating rate in isolated SAN myocytes without causing an 

inhibition of amplitude in calcium transients (Bose et al. 2022). This result could suggest 

possible compensation mechanisms of AC8 in atrial cells and/or AC1 activation by IP3R 

calcium release may be enhanced or specific in SAN by funny current and modulate both basal 

and stimulated pacemaker mechanisms. These calcium transient experiments provide support 

that activation of AC1 and AC8 from IP3R mediated calcium release are valuable in regulation 
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of heart rate and calcium signalling. In SAN myocytes, cAMP has been shown to activate funny 

current by shifting it’s activation curve to more positive voltage (DiFrancesco and Tortora 

1991). In parallel, cAMP levels were also measured in response to PE and caused an increase 

in % change of FRET, which was non significantly inhibited by ST034307 in both WT 

NMAMs (Figure 4.20A) but caused a significant decrease in cAMP level in DKO (7.65 ± 0.3 

%, n=11, N=6) compared to WT (13.05 ± 1.5 %, n=11, N=6, Figure 4.20B) in NMAMs, 

suggesting a possible compensation mechanism by AC8. Expression of Adcy8 could by higher 

in atrial cells and/or quiescent neonatal cells, causing a stronger effect.  

As well as structural and expression differences observed in atrial and SAN myocytes discussed 

above, differences in atrial and ventricular myocytes also have been reported (Blatter 2017). 

As the atrial and ventricular chambers of the heart serve different functions, they also present 

different morphology and markers expression to respond to different needs in ECC and in 

calcium handling by different intracellular compartment. IP3R are found in significantly higher 

density in atrial cells compared with ventricular myocytes (Lipp et al. 2000). FRET 

experiments in this Chapter presented no inhibition of IP3 signalling in the presence of IP3R 

inhibitors in NRVMs compared to NRAMs (Figure 4.5 and Figure 4.6B). Opening an avenue 

of research into tissue specific treatment options for arrhythmias.  

 
Figure 4.23: Immunohistochemistry of hiPSC-aCMs show IPR3R2 expression. 

Representative confocal image of a fixed, hiPSC-aCMs stained with DAPI (blue) 

immunolabelled for IP3R2 (Chandler et al.). 

IP3R (Berridge 2009) and AC1 and AC8 (Mattick et al. 2007) being linked to pacemaking and 

unravelling the interaction between IP3R pathways and ACs in this Chapter provides important 

insights mechanisms for initiation of atrial arrhythmias, Figure 4.23 shows expression of IP3R2 
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expression in atrial cardiomyocytes derived from human-induced pluripotent stem cells 

(hiPSC-aCMs, fixed and stained with IP3R2 antibody), highlighting functional relevance of 

this pathway in hiPSC-aCMs. Abnormal calcium signalling leads to pathological conditions 

especially rhythm disorders and we currently have limited medication and treatment for rhythm 

disorders. Using human cell models such as hiPSC-CMs will help investigate IP3 signalling 

pathway and possibly link this pathway to rhythm disorders and AF (Brown et al. 2024). 

A possible mechanism explaining cAMP production in response to IP3R stimulation could be 

from another calcium intracellular store. Experiments from (Kockskämper, Seidlmayer, et al. 

2008) showed activation of IP3R induced calcium transient amplitude increase with an 

unchanged SR load. Could Lysosomes be contributing as a calcium store to this mechanism? 

Work has shown lysosomes to influence cardiac calcium handling (Capel et al. 2015; Collins 

et al. 2011). In addition, very recent work has shown crosstalk between IP3-NAADP (Capel et 

al. 2024). This will be discussed in next Chapter. 

4.7 Conclusions 

Findings in this Chapter link direct cellular stimulation with IP3 in atrial myocytes to 

downstream actions via the generation of cAMP, illustrated in Figure 4.24. Overall, the results 

presented in this Chapter provide support for the hypothesis that atrial myocytes express IP3R 

and that IP3 has a signalling role in the atrium. The results also provide novel insights on 

downstream cAMP levels in response to activation of IP3R. Using a transgenic mouse line, I 

have demonstrated AC1 and AC8 to be key modulators in the response to α-adrenergic 

stimulation in pacemaking in the SAN and in inotropy, these observations strengthen previous 

work that a functional interaction between IP3 and cAMP signalling involving calcium 

stimulation of ACs in the SAN pacemaker and provides precious insight concerning potential 

mechanisms for initiation of AF and a target treatment. Higher resolution imaging studies 

would be required to pinpoint affecters in these microdomains. 
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Figure 4.24: Representative scheme of proposed mechanisms from Chapter 4. Activation 

of α1-AR by PE lead to increased atrial cytoplasmic calcium transients and cAMP production. 

Activation of α1-AR leads to elevated IP3 resulting from cleavage of PIP2 to DAG and IP3 by 

PLC. IP3 activation of IP3R2 results in release of calcium from the SR, which subsequently 

leads to activation of AC8 or AC1, activation of PKA by cAMP. Ca2+, calcium.  
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5 Chapter 5: Crosstalk between IP3-dependent calcium release from the 

SR and lysosomal NAADP signalling in response to α-adrenergic 

stimulation in atrial function. 
 

5.1 Summary of contribution:  

This Chapter presents a paper into investigating lysosomal calcium signalling contribution to 

the acute α-adrenergic response. I am first author, I carried out experiments, conceptualisation, 

methodology, and writing of the project. Figures reproduced from the paper were my own 

work. Additionally, this Chapter contains FRET data and immunostaining that was published 

in (Capel et al. 2024).  
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5.2 Introduction  

As described in previous Chapters, NAADP is a highly potent calcium releasing second 

messenger and acts by releasing calcium from acidic calcium stores such as lysosomes 

(Churchill et al. 2002; Zhang et al. 2006). These studies provided evidence that these acidic 

stores, are lysosomal organelles that function as calcium stores to mobilise calcium in response 

to NAADP. NAADP signalling regulates a large range of cell types across species and a broad 

range of cellular signalling processes from osteoclastogenesis in osteoclasts to neurotransmitter 

release and neurosecretion in neuroses (Galione 2015). Mutations in genes encoding for 

lysosomal enzymes can lead to a wide range of disease associated lysosomal dysfunctions 

(Galione et al. 2009). Niemann-Pick disease type 1, is a genetic disorder characterised by the 

accumulation of sphingomyelin in cells due to a deficiency in the enzyme acid 

sphingomyelinase and is associated with abolition of NAADP-induced calcium release (Lloyd-

Evans et al. 2008). It leads to severe neurological impairment and has secondary complications, 

including cardiomyopathy due to lipid accumulation and heart failure as the disease progresses. 

Anderson-Fabry disease is a genetic disorder caused by the deficiency of the enzyme alpha-

galactosidase A, leading to the accumulation of glycosphingolipids (Bernardes, Foresto, and 

Kirsztajn 2020).. Anderson-Fabry disease can lead to hypertrophic cardiomyopathy, 

arrhythmias, and heart failure due to the deposition of lipids in the heart tissue (Azevedo et al. 

2021).  

NAADP receptors were reported to been present and functionally active in the heart (Bak et al. 

2001). NAADP mediated calcium release was abolished in TPC-deficient mouse embryonic 

fibroblasts compared to WT. (Ruas et al. 2015). Inhibition of NAADP signalling on reperfusion 

protects the heart by preventing lethal calcium oscillations via TPC1 (Davidson et al. 2015). 

TPC2 demonstrates a key role in contractile responses, TPC2 is necessary for β-adrenergic 

stimulation to induce NAADP-evoked calcium across endo-lysosomal membranes and this 

action depends on lysosomal voltage-gated calcium-permeable TPC2 (Calcraft et al. 2009) and 

are located on vacuolar or lysosomal membranes (Patel 2015). 

Research groups have demonstrated lysosomes to participate in calcium homeostasis, acting as 

calcium stores (Burgoyne, Patel, and Eden 2015; Ogunbayo et al. 2018). NAADP is synthesised 

in the heart in response to -adrenergic stimulation, through the ADP ribosyl cyclase enzyme 

CD38 (Aarhus et al. 1995). Stimulation of -adrenergic pathway has been shown to increase 

NAADP levels in cardiac muscles, and direct addition of NAADP by photorelease has been 
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showed to increases calcium transient amplitude in atrial myocytes (Collins et al. 2011) and in 

ventricular myocytes (Macgregor et al. 2007). Evidence later showed that Tpcn2-/- cardiac 

myocytes show a reduced response to -AR stimulation and chronically reduced cardiac 

hypertrophy and arrhythmogenesis compared to WT (Capel et al. 2015); demonstrating a role 

for NAADP/TPC2 signalling in ECC process and response to cardiac -AR stimulation. 

NAADP is synthesised in the heart in response to -adrenergic stimulation, it is hypothesised 

that enzyme CD38 is responsible for the production by catalysing NAADP in vitro. CD38-/- 

myocytes showed a decrease in isoproterenol-induced calcium transients compared to WT (Lin 

et al. 2017), targeting SAN4824, an ADP-ribosyl cyclase inhibitor that reduces NAADP 

synthesis as a potential therapeutic target (Kannt et al. 2012). High resolution structural studies 

presented lysosomes forming contact sites with the SR in ventricular myocytes possibly 

enhancing calcium release from the SR (Aston et al. 2017). 

Work presented in the previous Chapter showed IP3-dependent calcium release to activate 

calcium-stimulated ACs and play a major role in response to -adrenergic stimulation and in 

controlling atrial physiology. There is a large body of evidence that supports the hypothesis 

that NAADP mobilises calcium from an acidic organelle in response to -adrenergic 

stimulation (Capel et al. 2015; Collins et al. 2011) but no work has been conducted or described 

in response to -adrenergic stimulation. Moreover, work has shown that lysosomes associate 

with ER by staying located at regions populated by IP3R clusters in Human Embryonic Kidney 

(HEK) cells and lysosomes sequester the calcium released by IP3R in HeLa cells (Atakpa et al. 

2018). More recently, a study in HeLa and HEK cells revealed TPC2 opening and signals to be 

coupled to IP3R and calcium signals evoked NAADP-sensitive channels on lysosomes 

comprise exhibit a major dependence on ER calcium despite their lysosomal origin (Yuan et 

al. 2024). A novel mouse ventricular cardiomyocyte mathematical model including a lysosomal 

calcium pool presented lysosomal calcium handling to directly influences RyR spontaneous 

release by regulating RyR open probability (Meng et al. 2023). Taken together, these results 

open the possibility of involvement of IP3 in a crosstalk in regulating calcium exchange 

between the SR and lysosomes in the heart. First evidence of a novel interaction opening new 

regulation mechanism and adding to the complexity of calcium signalling in the heart  

The interaction between IP3 and ACs investigated in Chapter 4 represents a novel mechanism 

and explains how IP3 influences calcium signals and present downstream signalling through 

cAMP, here, I sought out to investigate the cytosolic cAMP levels in response to TPC2 
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stimulation, to discover how NAADP signalling can modulate calcium handling in regard to 

the SR.  



 132 

5.3 Aim of Chapter 5 

Evidence relating to the involvement of NAADP signalling in the heart have mainly been 

related to -adrenergic responses. The role of α-adrenergic signalling in the atria is not only 

less studied but involvement of NAADP pathway in α-adrenergic response has not been 

investigated so far. In the first part of this Chapter I investigate the physiological role of 

NAADP specifically in response to -adrenergic stimulation. In the second part of this Chapter 

investigates the downstream effects lysosomal calcium release into the cytosol in α-adrenergic 

signalling in atrial function. I will investigate how acidic calcium stores trigger signalling 

cascades in the atria by running FRET experiments in DKO and WT neonatal murine myocytes. 

This Chapter will focus on investigating the physiological role of the NAADP pathway in 

myocytes to bring insight on a novel mechanism of NAADP signalling pathway impacting α-

adrenergic response that influence calcium dynamics in the atria. 
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5.4 Methods 

I have used multiple pharmacological agents that inhibit the NAADP pathway at different steps, 

as seen below in Figure 5.1, is a schematic of the different agents and cites of action.  

 

Figure 5.1: Illustration of pharmacological agents used in the Chapter 5 to study α-

adrenergic stimulation of the NAADP pathway. Image creating using Biorender.  

Inhibitors presented are 100 nM bafilomycin A1, used in previous Chapters that acts as a 

vacuolar H+-ATPase inhibitor, 1 µM trans-Ned-19, a TPC blocker and inhibits the calcium 

signal, 10 µM SG-094, a specific TPC2 blocker to inhibits the calcium release, 10 µM 

SAN4825 an ADP-ribosyl cyclase inhibitor that reduces NAADP synthesis and 500 µM BZ-

194 a small molecule that inhibits NAADP-mediated calcium signalling. SAN4825 (1:1000; 

vehicle) was added under control conditions to replicate addition of drugs that are diluted in 

SAN4825. 

Left and right atrial force transducer experiments were conducted in mice in response to PE in 

the presence of NAADP inhibitors to access chronotropic and inotropic effect of NAADP 

pathway in -adrenergic signalling in the atria. These experiments were conducted in the 

presence of 1 µM metoprolol to ensure no confounding -adrenergic responses. The effects of 

PE were investigated over a cumulatively increasing concentration range of 0.1 μM to 30 μM 

added every 4 minutes to ensure maximum response was achieved and stable between 

increasing dosage. Inhibitors were administered 30 minutes prior to the first dose of PE, 
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allowing sufficient time for these pharmacological agents to penetrate the multicellular 

preparations. 

Neonatal rat atrial myocytes (NRAMs), Neonatal rat ventricular myocytes (NRVMs) and 

Neonatal mouse atrial myocytes (NMAMs) isolations were used in FRET experiments, details 

of each protocol are presented in Chapter 2 (2.5 Neonatal isolations, page 50). Pups (P3-P5) 

were culled, and neonatal myocytes underwent 2 separate enzymatic digestions in trypsin (1 

mg/mL) followed by collagenase type IV (1 mg/mL). Myocytes were then centrifuged and 

strained to wash out digestive enzymes and separate myocytes. Myocytes were then counted 

and plated at 30,000 per 24 mm laminin coated glass coverslips in 35 mm 6-well plates and 

cultured for 4 days before FRET experiments or confocal imaging.  

FRET experiments were conducted 24 h after infection with adenovirus carrying EPAC-SH187, 

a cytosolic biosensor in NRAMs, NRVMs and NMAMs to measure cAMP levels in response 

to 3 µM PE and 10 µM TPC2-A1-N (Gerndt et al. 2020). During experiments, cells were 

maintained at room temperature in a modified Ringer solution. Data from individual cells were 

averaged per plate to give n=1 and data are represented as n=number of biological replicates 

and N=number of litters used for neonatal isolations (10-14 pups per litter). 

Calcium transients were conducted in response to TPC2-A1-N in WT and DKO AC1 and AC8 

(details of mouse line described in Chapter 2, 2.1.1 Mice, page 46) murine atrial myocytes. 

Single cells were incubated with 3 μM Fluo-5F-AM in SAN KB (Chapter 2, 2.11 Recipe for 

solutions, page 59) for 10 min at 37oC in the dark. Cells were then plated to a glass coverslip 

for an additional 10 mins to adhere to the coverslip before imaging with flow-through. Carbon 

fibre electrodes were used to field-stimulate calcium transients at 1 hertz. All recordings were 

made at 37oC under gravity-fed superfusion of Tyrode (Chapter 2, 2.11 Recipe for solutions, 

page 59). 

Standard immunocytochemical techniques and LysoTrackerTM probes were used to determine 

the localisation of intracellular calcium channels and lysosomes. To compare the localisation 

of various proteins, secondary antibodies conjugated to different fluorophores were used. 

LysoTrackerTM probes are fluorescent acidotrophic probes for labelling and tracking acidic 

organelles in live cells, they label sub-cellular compartments. 

FRET experiments were conducted in healthy hiPSC-CMs to investigate NAADP pathway in 

humans. To enhance reliability and ensure translation value, all FRET experiments were 
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conducted using 3 different hiPSC-CMs derived lines described in detail in Chapter 2, 2.8 

Human IPSC culture, from page 55.  

Statistical analyses in this Chapter were performed using Prism 10 (Graphpad). Differences 

were considered statistically significant at values of non-significant (ns)P>0.05, *P<0.05, ** 

P<0.01, *** P<0.001, **** P<0.0001. Statistical methods used are given in the legend of each 

figure.  
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5.5 Results  

5.5.1 Inhibition of lysosomal calcium reduces chronotropic effect of phenylephrine in intact 

right atria 

To evaluate the impact of NAADP pathway in atrial function I recorded intact, spontaneously 

beating right atrial preparations to measure SAN activity through the measurement of beating 

rate. Figure 5.2 shows dose response curves for spontaneous beating rate in the right atria were 

generated in response to 0.1 to 30 μM PE to measure effect of NAADP in α-stimulation. Under 

control conditions, in the presence of vehicle (SAN4825), the spontaneous beating rate of right 

atria increased by a maximum of 23.69 (18.97-30.13) % at 30 μM PE, with an EC50 of 1.4 

(0.3-5.8) μM (n=7). NAADP inhibitors and bafilomycin A1 reduced the response of beating 

rate to PE at all concentrations tested and caused a significant rightward shift in the EC50 

(Figure 5.2). The presence of 500 μM of BZ-194, a small molecule that inhibits NAADP-

mediated calcium signalling, significantly reduced the response at all concentration of PE 

(P=0.037), with a maximum increase of 11.01 (8.6-15.6) % at 30 μM (P<0.0001) of PE with 

an EC50 of 3 (0.7-14.4) μM (n=4, P<0.001, Figure 5.2). In agreement, the presence of 10 μM 

of SAN4825, an ADP-ribosyl cyclase inhibitor that reduces NAADP synthesis, also 

significantly reduced the response of beating rate at all concentration of PE (P<0.0001), with 

an increase of 7.02 (4.8-12) % at 30 μM PE (P<0.0001) with an EC50 of 2.9 (0.4-24.4) μM 

(n=6, P<0.0001, Figure 5.2). Incubation with 100 nM bafilomycin A1 caused an increase of 

9.42 (6.4-22.7) % at 30 μM PE (P<0.0001), a significant decrease compared to control, with a 

rightward shift of EC50 to 3.1 (0.4-50.5) μM (n=5, P<0.0002, Figure 5.2). 

No significant differences were seen in beating rate before addition of PE (Figure 5.3). Beating 

rate at the start of the experiment and after stabilisation of addition of inhibitor was measured 

and showed a non-significant de change in decrease percentage (figure 5.3A), stabilisation took 

around 40 minutes in all conditions. Control (-7.7 ± 3.2 %, n=7), incubation with BZ-194 (-8.6 

± 0.8 %, n=7) and SAN4825 (-3.2 ± 2.5 %, n=6) showed a decrease and bafilomycin A1 had a 

small increase of 0.7± 3.6 % (n=5) (Figure 5.3A). Metoprolol was added to each condition to 

ensure no confounding effects of -adrenergic response during PE cumulative doses. Beating 

rate stabilisation after addition of inhibitors and stabilisation after metoprolol was compared 

and also showed a non-significant decrease in beating rate percentage (Figure 5.3B), 

stabilisation took around 30 minutes in all conditions, control (-4.3 ± 1.1 %, n=7), incubation 

with BZ-194 (-6 ± 1.9 %, n=7), SAN4825 (-3.3 ± 1.8 %, n=6) and bafilomycin A1 (-4.7 ± 2.3 

%, n=5) (Figure 5.3B). Beating baseline was measured before first 0.1 µM PE was added to 
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the bath, baseline beating rate showed no significant changes in BZ-194 (340 ± 9 BPM, n=7), 

SAN4825 (350 ± 15 BPM, n=6) and bafilomycin A1 (343 ± 5 BPM, n=5) compared to control 

condition (342 ± 8 BPM, n=7) (Figure 5.3C). 

5.5.2 Inhibition of lysosomal calcium reduces inotropic effect of phenylephrine in intact left 

atria  

Intact left atria were used to record changes in contractile force generated when stimulated at 

a constant rate and voltage in response to PE to see whether NAADP pathway had inotropic 

effects with NAADP inhibitors and bafilomycin A1 (V-ATPase inhibitor, to disrupt lysosomal 

signalling) (Figure 5.4). Under control conditions, in the presence of SAN4825, the maximum 

change in tension of left atria increased was 19.05 (14.9-25.5) % at 30 μM PE, with an EC50 

of 2 (0.3-10.5) μM (n=6). Bafilomycin A1 reduced the maximum tension generated by PE at 

all concentrations tested. The presence of 500 μM of BZ-194 (inhibits NAADP-mediated 

calcium signalling) significantly reduced the response to PE in the last 3 concentrations added, 

with a maximum increase of 8.8 (6.6-13.3) % at 30 μM of PE (P<0.01) with a non-significant 

change of EC50 (2.3 (0.2-14) μM (n=4) Figure 5.4). Incubation of SAN4824 (reduces NAADP 

synthesis) or bafilomycin A1 showed a trend to decrease PE responses compared to control and 

only showed a significant decrease at 10 µM PE (P<0.05). 10 μM of SAN4825, had a maximum 

increase of 10.91 (8.1-14.6) % at 30 μM PE with an EC50 of (1.1 (0.2-5.5) μM (n=5)). 

Incubation with 100 nM bafilomycin A1 caused a maximum increase of 11.75 (8.3-16.9) % at 

30 μM PE, with an EC50 of 0.6 (0-9.1) μM (n=5, Figure 5.4). 

No significant differences were seen in the maximum force of contraction generated before 

addition of PE (Figure 5.5) in left atrial preparations. Tension at the start of the experiment and 

after stabilisation with addition of inhibitor was measured and showed a non-significant change 

in beating percentage (Figure 5.3A), stabilisation took around 40 minutes in all conditions. 

Control (-5.5 ± 1.2 %, n=6), incubation with SAN4825 (-16.3 ± 5.7 %, n=5) and bafilomycin 

A1 (-11.6 ± 4 %, n=4) showed a decrease and BZ-194 had a small increase of 2.9 ± 3.1 % (n=4) 

(Figure 5.5A). Similar to right atrial preparations, 1 µM metoprolol was added to the bath of 

each condition. Tension after stabilisation following addition of inhibitor and stabilisation after 

metoprolol was compared and also showed a non-significant decrease in tension percentage in 

all conditions compared to control (Figure 5.5B), stabilisation took around 30 minutes in all 

conditions; Control (-20.8 ± 7.3 %, n=6), incubation with BZ-194 (-613.8 ± 4.3 %, n=4), 

SAN4825 (-5.9 ± 7.8 %, n=5) and bafilomycin A1 (-17.14 ± 4.6 %, n=4) (Figure 5.5B). Tension 
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(in g) baseline was measured before first addition of 0.1 µM PE to the bath. Baseline tension 

only showed a significant increase with bafilomycin A1 (0.1 ± 0.02 g, n=5), not with BZ-194 

(0.08 ± 0.01 g, n=4) or SAN4825 (0.05 ± 0.02 g, n=5) compared to control condition (0.06 ± 

0.01 g, n=6) (Figure 5.5C). 

5.5.3 Lysosomal signalling contributes to the increase in cellular cAMP in response to 

phenylephrine in NRAMs  

Chapter 4 describes novel observations that activation of IP3R in atrial cardiomyocytes leads 

to generation of cytosolic cAMP. This section of the chapter aims to determine the dynamic 

interactions between α-adrenergic signalling and NAADP signalling in cAMP production. 

cAMP-sensitive FRET experiments in the presence of PE and NAADP inhibitors were 

conducted in NRAMs (Figure 5.6). Figure 5.7 shows representative FRET traces of 3 μM PE 

under control conditions and in the presence of 10 µM SAN4825, 100 nM bafilomycin A1, 1 

µM trans-Ned-19, 10 µM SG-094 and 500 µM BZ-194 in NRAMs. Results are percentage 

FRET change of peak-like response of the saturation response with 10 μM FSK and 100 μM 

IBMX (Figure 5.7). Control conditions (SAN4825) resulted in a FRET change response 27.07 

± 2.8 % (n=9, N=6) in response to 3 µM PE (Figure 5.8). Addition of PE (3 µM) in the presence 

of inhibitors caused a significant decrease in all conditions compared to control, I see an 

increase of 14.86 ± 2.2 % in the presence of SAN4825 (n=8, N=3, P<0.001), an increase of 

12.17 ± 2.4 % in the presence of bafilomycin A1 (n=6, N=4, P<0.001), an increase of 10.7 ± 

1.5 % in the presence of trans-Ned-19 (n=9, N=3, P<0.0001) and an increase of 10.01 ± 0.8 % 

in the presence of SG-094 (n=3, N=1, P<0.001) (Figure 5.8). Figure 5.9 shows representative 

confocal microscopy of NRAMs stained with LAMP2 on lysosomes and confirm the presence 

of lysosomes in the neonatal atrial myocytes.  

Previous data in Chapter 3 and published work has put forward the specificity of this pathway 

in atrial myocytes, these experiments were repeated in NRVMs to investigate the specificity of 

cAMP response to NAADP pathway in response to PE. NRVMs representative FRET traces of 

3 μM PE in control conditions and in the presence of 100 nM bafilomycin A1, 10 µM trans-

Ned-19, 500 µM BZ-194 and 10 µM SAN4825 are presented in Figure 5.10. In contrast to 

NRAMs, addition of these inhibitors showed no significant changes compared to control in 

NRVMs. Control conditions resulted in a FRET change response 12.62 ± 0.8 % (n=9, N=4) 

(Figure 5.11A), significantly lower than control responses observed in NRAMs (P<0.001, 

Figure 5.11B). Addition of bafilomycin A1 caused an increase of 9.64 ± 1.9 % (n=3, N=1, 
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P=2852), trans-Ned-19 caused an increase of 7.55 ± 0.2 % (n=2, N=1, P=0.0686), BZ-194 

caused an increase of 8.8 ± 1.1 % (n=3, N=1, P=0.1285) and SAN4825 resulted in an increase 

of 9.55 ± 2.2 % (n=2, N=1, P=0.3953), (Figure 5.11A). 

5.5.4 Combined Adcy1 and Adcy8 gene knock out resulted in reduced calcium transient 

amplitude in response to TPC2 stimulation in atrial myocytes  

Investigations were next carried on NAADP pathway activation in WT and DKO mice (DKO 

colony described in Chapter 4. Adult WT and DKO isolated right atrial myocytes were loaded 

with a cell-permeant calcium sensitive dye Fluo-5F-AM (3 µM) to measure changes in 

cytosolic calcium in response to TPC2-A1-N, a TPC2 activator (Gerndt et al. 2020). When 

stimulated at 1 hertz in Tyrode at 37°C, atrial myocytes exhibited the classical pattern of 

calcium transient as observed in Chapter 4 (Figure 4.16A-B and Figure 5.12A-B). As shown in 

Figure 5.13A-B, DKO of AC1 and AC8 (2.21 ± 0.8, n=13, N=4) did not alter the basal calcium 

compared to WT (3.68 ± 0.6, n=11, N=3) atrial myocytes, Statistical measurements of basal 

calcium showed no significant differences between both groups (Figure 5.13C), expressed as 

change in mean cell fluorescence (F-F0)/F0 in the cell. Addition of 10 µM of TPC2-A1-N to 

the perfusion solution resulted in an increase in calcium transients in WT and not in DKO 

(Figure 5.14). Maximum percentage increase in calcium transient amplitude was measured 

over 1 min exposure of TPC2-A1-N with WT presenting an increase in amplitude over the first 

30 s then decreased to 1 minute as DKO amplitude decrease over 1 min of exposure (Figure 

5.14B). WT resulted in a maximum increase of 22.71 ± 4.4 % (n=11, N=3) while DKO atrial 

cells resulted in a decrease of 11.69 ± 6.8 % (n=13, N=4), representing a significant change in 

response to TPC2-A1-N (P<0.001, Figure 5.14A-B). A Calcium transient time-control 

experiment was conducted in Figure 4.19, a 20 % reduction is observed over 1 min and could 

explain such a decrease overserved in these cells.  

5.5.5 cAMP levels do not increase in DKO AC1/AC8 neonatal mouse atrial myocytes upon 

-adrenergic stimulation  

Differences in cAMP levels in the presence of NAADP pathway inhibitors in response to PE 

were next compared in WT and DKO mice during FRET experiments. In WT NMAMs, in the 

presence of 0.1 % SAN4825 (solvent control), FRET change in response to PE represented 

13.05 ± 1.5 % (n=11, N=6) peak of the saturating 10 µM FSK and 100 µM IBMX response 

(Figure 4.20A). The addition of ST034307, an AC1 inhibitor, did not cause a significant 

reduction in response to 3 µM PE (11.32 ± 2.4 %, P=0.8583, Figure 4.20A). Addition of 
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NAADP pathway inhibitors caused a decrease in all conditions compared to control. 

Bafilomycin A1 caused an increase of 4.58 ± 0.8 % (n=7, N=4, P<0.001) and SG-094 caused 

an significant increase of 5.08 ± 0.8 % (n=4, N=3, P<0.05), whereas trans-Ned-19 caused an 

increase of 7.29 ± 1.2 % (n=6, N=5) but represented a non-significant decrease in FRET change 

when compared to control condition (Figure 5.15) 

In contrast, activation of α-ARs using PE resulted in a FRET change of 13.05 ± 1.5 % (n=11, 

N=6) in WT and of 7.65 ± 0.3 % (n=11, N=6) in DKO NMAMs, a significant decrease 

compared to WT NMAMs (P<0.01, Figure 5.16A). Addition of bafilomycin A1 or trans-Ned-

19 to DKO NMAMs did not cause small non-significant reduction in response to 3 µM PE. 

Addition of 100 nM bafilomycin A1 resulted in a peak of 6.7 ± 1.2 % (n=6, N=3, P=0.6813) 

and addition of trans-Ned-19 resulted in a FRET change of 6.2 ± 1.6 % (n=3, N=3, P=0.5815) 

in response to 3 µM of PE. Inhibition of TPC2 by 10 µM SG-094 prior to addition of PE caused 

a reduction of peak resulting in an increase of only 4.5 ± 0.5 % (n=8, N=4, P<0.01) (Figure 

5.16B). 

5.5.6 Inhibition of AC1 and CaMKII reduces cAMP levels in response to TPC2 stimulation 

in neonatal rat atrial myocytes 

Direct stimulation of NAADP dependent lysosomal calcium release by 10 µM TPC2-A1-N 

resulted in a FRET change of 26.28 ± 2.7 % (n=7, N=5). The protocol was repeated in 0 calcium 

condition and after a 45 min incubation with ryanodine and thapsigargin (both 2 µM) to empty 

SR stores and a FRET change of 19.85 ± 1.9 % (P=0.1662, Figure 5.17) was observed. The 

presence of 100 nM bafilomycin A1 resulted in a peak of 13.64 ± 2.1 % (n=6, N=6, P<0.05) 

and the presence of trans-Ned-19 resulted in a FRET change of 10.83 ± 1.4 % (n=6, N=4, 

P<0.01, Figure 5.17), both addition of bafilomycin A1 or trans-Ned-19 caused a significant 

reduction in response to 10 µM TPC2-A1-N. ST034307 (1 µM), an AC1 inhibitor, resulted in 

a peak of 13.18 ± 2.7 % (n=4, N=4) and caused a significant FRET change compared to 

SAN4825 control (26.28 ± 2.7 %, P<0.01, Figure 5.18). KN-93, a CaMKII inhibitor, was also 

tested as CaMKII has been reported to be required for ventricular cardiomyocyte responses to 

NAADP (Capel et al. 2015) and the presence of KN-93 resulted in a FRET change of 11.57 ± 

2.7 % (n=4, N=4) also a significant reduction compared to control (26.28 ± 2.7 %, P<0.01), 

dataset reported in Figure 5.18. 
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5.5.7 NAADP signalling in hiPSC-CMs and hiPSC-aCMs  

FRET experiments were carried out on hiPSC-aCM to build on the FRET data collected in 

Figure 5.8 on NRAMs and to demonstrate the relevance of NAADP pathway in human 

myocytes. Figure 5.19A presents cAMP levels in response to 10 µM TPC2-A1-N in the 

presence or absence of 10 µM SG-096. Peak in cAMP levels were significantly lower in the 

presence of SG-096 with a FRET change of 22.59 ± 6.2 % (n=6, N=3) in response to 10 µM 

TPC2-A1-N compared to the control condition (34.5 ± 4.1 %, n=4, N=3, P<0.05, Figure. 

5.19A). Live cell imaging with LysotrackerTM was conducted to confirm presence of lysosomes 

in hiPSC-CMs (Figure. 5.19B).   
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Figure 5.2: Rate responses are reduced in the presence of NAADP inhibitors in response 

to PE in spontaneously beating murine right atrial preparations. 

Rate responses to PE (0.1 µM – 30 µM) in spontaneously beating murine atrial preparations 

under control conditions (n=7, black) and in the presence of 500 μM BZ-194 (n=7, blue), 10 

μM SAN4825 (n=6, green) and 100 nM of bafilomycin A1 (n=4, grey). 

Dose-response curves were fitted using log(agonist) vs. response (three-parameter model). 

Asterisks indicate significance level for effect of BZ-194, SAN4825 and bafilomycin A1 

compared to control at individual concentrations, determined using 2-way repeated measures 

ANOVA followed by Dunnett’s multiple comparisons test. Data on graph are represented as 

mean ± SEM; ****p<0.0001. 
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Figure 5.3: Baseline beating rates comparison show no significant differences in right 

atrial preparations.  

A, Comparison of percentage decrease rate after addition of 0.001 % DMSO (n=7), 500 μM 

BZ-194 (n=7), 10 μM SAN4825 (n=6) or 100 nM bafilomycin A1 (n=5). 

B, Comparison of percentage decrease rate after addition of 1 µM metoprolol, under control 

conditions (0.001 % DMSO, n=7) or in the presence of 500 μM BZ-194 (n=7), 10 μM 

SAN4825 (n=6) and 100 nM bafilomycin A1 (n=5). 

C, Baseline beating rate after 1 μM metoprolol before cumulative addition of PE under control 

conditions (0.001 % DMSO, n=7) or in the presence of 500 μM BZ-194 (n=7), 10 μM 

SAN4825 (n=6) and 100 nM bafilomycin A1 (n=5). 

No significance for effect of BZ-194, SAN4825 and bafilomycin A1 compared to control at 

individual concentrations was observed, determined using 2-way repeated measures ANOVA 

followed by Dunnett’s multiple comparisons test. Data are represented as mean ± SEM. 
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Figure 5.4: Tension reduces in the presence of NAADP inhibitors in response to PE in 

stimulated beating murine left atrial preparations. 

Force of contraction responses to PE (0.1 µM – 30 µM) in paced (5 hertz) left murine atrial 

preparations under control conditions (n=5, black) and in the presence of 500 μM BZ-194 (n=3, 

blue), 10 μM SAN4825 (n=5, green) and 100 nM of bafilomycin A1 (n=4, grey). 

Dose-response curves were fitted using log(agonist) vs. response (three-parameter model). 

Asterisks indicate significance level for effect of BZ-194, SAN4825 and bafilomycin A1 

compared to control at individual concentrations, determined using 2-way repeated measures 

ANOVA followed by Dunnett’s multiple comparisons test. Data on graph are represented as 

mean ± SEM; *p<0.05; **p<0.01. 
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Figure 5.5: Baseline tensions comparison show no significant change in left atrial 

preparations. 

A, Comparison of percentage decrease in tension after addition of 0.001 % DMSO (n=6), 500 

μM BZ-194 (n=4), 10 μM SAN4825 (n=5) or 100 nM bafilomycin A1 (n=5). 

B, Comparison of percentage decrease in tension after addition of 1 µM metoprolol, under 

control conditions (0.001 % DMSO, n=6) or in the presence of 500 μM BZ-194 (n=4), 10 μM 

SAN4825 (n=5) and 100 nM bafilomycin A1 (n=5). 

C, Baseline tension after 1μM metoprolol before cumulative addition of PE, under control 

conditions (0.001 % DMSO, n=6) or in the presence of 500 μM BZ-194 (n=4), 10 μM 

SAN4825 (n=5) and 100 nM bafilomycin A1 (n=5). 

No significance for effect of BZ-194, SAN4825 and bafilomycin A1 compared to control at 

individual concentrations was observed, determined using 2-way repeated measures ANOVA 

followed by Dunnett’s multiple comparisons test. Data are represented as mean ± SEM. 
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Figure 5.6: FRET Protocol in neonatal myocytes.  

After 240s of baseline 0.1 % DMSO, 10 µM SAN4825, 100 nM bafilomycin A1, 10 µM trans-

Ned-19, 10 µM SG-094 and 500 µM BZ-194.were added. At 480s 3 µM PE and at 980s 

saturation response with 10 µM FSK and 100 µM IBMX. 
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Figure 5.7: NRAMs Representative FRET traces in response to PE in the presence of 

NAADP inhibitors. 

Representative traces showing FRET change in single NRAMs expressing EPAC-SH187 in 

response to 3 µM PE under control conditions and following addition of 0.1 % DMSO (A), 

100 nM bafilomycin A1 (B), 10 µM SAN4825 (C), 10 µM trans-Ned-19 (D) and 10 µM SG-

094 (E).  
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Figure 5.8: cAMP levels are reduced in the presence of NAADP inhibitors and 

bafilomycin A1 in NRAMs FRET experiments. 

Comparison of peak response to PE, in FRET change (normalised to maximum response) in 

single NRAMs expressing EPAC-SH187 in response to 3 µM PE under control conditions (n=9, 

N=6) and following addition of 10 µM SAN4825 (n=8, N=3), 100 nM bafilomycin A1 (n=6, 

N=4), 10 µM trans-Ned-19 (n=9, N=3) and 10 µM SG-094 (n=3, N=1).  

Data are represented as mean ± SEM. Normality was assessed using the Shapiro-Wilk test. 

Data were analysed using 2-way repeated measures ANOVA followed by Dunnett’s multiple 

comparisons test; n=experiments; N=isolations; ***P<0.001, ****P<0.0001. 
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Figure 5.9: Representative confocal images of lysosomes in NRAMs. 

Representative confocal images of fixed cultured NRAMs stained with DAPI (blue) for the 

nucleus and immunolabelled with LAMP2 (red).  

Scale bar in A and B represents 10 µM and scale bar in C represents 20 µM. 

  

A B 

C 



 150 

 

Figure 5.10: NRVMs Representative FRET traces in response to PE in the presence of 

NAADP inhibitors. 

Representative traces showing FRET change in single NRVMs expressing EPAC-SH187 in 

response to 3 µM PE under control conditions (A) and following addition of 100 nM 

bafilomycin A1 (B), 1 µM trans-Ned-19 (C), 10 µM SAN4825 (D) and 500 µM BZ-194 (E). 
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Figure 5.11: NAADP inhibitors prevented FRET change in response to PE in NRVMs. 

A: Comparison of peak response to PE, in FRET change (normalised to maximum response) 

in single NRVMs expressing EPAC-SH187 in response to 3 µM PE under control conditions 

(n=9, N=4) and following addition of 100 nM bafilomycin A1 (n=3, N=1), 1 µM trans-Ned-19 

(n=2, N=1), 500 µM BZ-194 (n=3, N=1), 10 µM SAN4825 (n=2, N=1).  

B: Comparison of peak response to PE, in FRET change (normalised to maximum response) 

in single NRAMs (n=9, N=6) and in NRVMs (n=9, N=4) expressing EPAC-SH187 in response 

to 3 µM PE under control conditions. 

Data are represented as mean ± SEM and were analysed using Kruskal Wallis followed by 

Dunn’s multiple comparison in panel A and non-parametric Mann-Whitney U test in panel B. 

n=experiments; N=neonatal isolations. Non-significant (ns), ****P<0.0001. 
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Figure 5.12: Representative calcium transient in response to TPC2-A1-N in WT and DKO 

atrial myocytes. 

A, Representative traces to show spontaneously generated calcium transients in isolated atrial 

myocyte WT C57s in control condition (black) and after exposure to 10 µM TPC2-A1-N (blue).  

B, Representative traces to show spontaneously generated calcium transients in isolated atrial 

myocyte DKO C57s in control condition (black) and after exposure to 10 µM TPC2-A1-N 

(blue).  
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Figure 5.13: Baseline calcium transient amplitude show no differences between WT and 

DKO cells.  

A, Representative image of a WT atrial myocyte loaded with 3 µM Fluo-5F. 

B, Representative image of a DKO atrial myocyte loaded with 3 µM Fluo-5F. 

C, Baseline calcium transient amplitude in isolated WT (n=10, N=3) and DKO (n=10, N=3) 

C57s atrial myocytes in control conditions in Tyrode. 

Scale bar represents 20 µm in panel A and B. Data are represented as mean ± SEM and were 

analysed using paired t-test in panel C. n=experiments; N=animals; non-significant 

(ns)=P>0.05. 
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Figure 5.14: Reduction of calcium transient in response to TPC2-A1-N in isolated DKO 

atrial myocytes. 

A, Maximum increase (in %) recorded over 2 minutes of exposure to 10 µM TPC2-A1-N in 

isolated WT (n=10, N=3) and DKO (n=10, N=3) C57s murine atrial myocytes.  

B, Calcium transient amplitude response (in %) in isolated WT (n=10, N=3) and DKO (n=10, 

N=3) C57s murine atrial myocytes after exposure of 10 µM TPC2-A1-N over 1 minute. 

Data are represented as mean ± SEM and were analysed using paired t-test in panel A and using 

2-way repeated measures ANOVA followed by Šídák’s multiple comparisons test in panel B; 

n=experiments; N=animals; **P<0.01, ***P<0.001, ****P<0.0001. 
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Figure 5.15: NAADP inhibitors and bafilomycin A1 reduces cAMP levels in WT NMAMs 

in response to PE.  

A, Quantification of the peak FRET change in response to 3 µM PE in NRAMs in the presence 

of DMSO (n=9, N=6) and in WT NMAMs in the presence of DMSO (n=11, N=6) in E1 buffer. 

B, Quantification of the peak FRET change in response to 3 µM PE in WT NMAMs in the 

presence of either 0.1 % DMSO (n=11, N=6), 1 µM ST034307 (n=6, N=5), 100 nM 

bafilomycin A1 (n=7, N=4), 1 µM trans-Ned-19 (n=6, N=5) or 10 µM SG-096 (n=4, N=3) in 

E1 buffer. 

Data are represented as mean ± SEM and were analysed using non-parametric Mann-Whitney 

U test in panel A and Kruskal Wallis followed by Dunn’s multiple comparison in panel B; 

n=experiments; N=isolations; non-significant (ns)=P>0.05, *P<0.05, **P<0.01, ***P<0.001.  
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Figure 5.16: Knockout of AC1 and AC8 shows little to no reduction in cAMP in response 

to PE in DKO NMAM.  

A, Quantification of the peak FRET change in response to 3 µM PE in WT NMAMs in the 

presence of DMSO (n=11, N=6) and in DKO NMAMs in the presence of DMSO (n=11, N=6) 

in E1 buffer. 

B, Quantification of the peak FRET change in response to 3 µM PE in DKO NMAMs in the 

presence of either 0.1 % DMSO (n=11, N=6), 100 nM bafilomycin A1 (n=6, N=3), 1 µM trans-

Ned-19 (n=3, N=3) or 10 µM SG-096 (n=8, N=4) in E1 buffer. 

Data are represented as mean ± SEM and were analysed using non-parametric Mann-Whitney 

U test in panel A and Kruskal Wallis followed by Dunn’s multiple comparison in panel B; 

n=experiments; N=isolations; non-significant (ns)=P>0.05, **P<0.01, ***P<0.01.  
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Figure 5.17: NAADP inhibitor (trans-Ned-19) and bafilomycin A1 reduces cAMP levels in 

response to TPC2-A1-N in NRAM.  

Quantification of the peak FRET change in response to 10 µM TPC2-A1-N in NRAMs in the 

presence of either DMSO in E1 (n=7, N=5, blue) or in NRAMs myocytes pre-incubated for 45 

minutes with 2 µM ryanodine (Ry) and 2 µM thapsigargin (Thap) in 0 calcium (0Ca) E1 buffer 

(n=5, N=5, off-white), 100 nM bafilomycin A1 (n=6, N=4, red) and trans-Ned-19 (n=6, N=4, 

orange) in E1 buffer. 

Data are represented as mean ± SEM and were analysed using Kruskal Wallis followed by 

Dunn’s multiple comparison; n=experiments; N=isolations; non-significant (ns)=P>0.05, 

*P<0.05, **P<0.01.  
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Figure 5.18: AC1 (ST034307) and CaMKII (KN-93) inhibitors reduces cAMP levels in 

response to TPC2-A1-N in NRAM.  

Quantification of the peak FRET change in response to 10 µM TPC2-A1-N in NRAMs in the 

presence of either DMSO in E1 (n=7, N=5, blue) or in NRAMs myocytes pre-incubated for 45 

minutes with 2 µM thapsigargin and 2 µM ryanodine in 0 calcium E1 buffer (n=5, N=5, off-

white), 30 µM ST034307 (n=4, N=4, green) or KN-93 (n=4, N=4, purple) in E1 buffer.  

Data are represented as mean ± SEM and were analysed using Kruskal Wallis followed by 

Dunn’s multiple comparison; n=experiments; N=isolations; non-significant (ns)=P>0.05, ** 

P<0.01.  
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Figure 5.19: TPC2 inhibitor SG-094 reduces cAMP levels in response to TPC2-A1-N in 

hiPSC-aCMs. 

A, Representative live image of hiPSC-aCMs loaded with LysotrackerTM.  

B, Quantification of the peak FRET change in response to 10 µM TPC2-A1-N in hiPSC-aCMs 

in the presence of either DMSO in E1 (n=6, N=3, grey) or 10 µM SG-094 (n=4, N=3, blue) in 

E1 buffer.  

Data are represented as mean ± SEM and were analysed using paired t-test comparison. To 

assess normality, I performed the Shapiro-Wilk test on the dataset. The test indicated that the 

data followed a normal distribution (p > 0.05), justifying the use of parametric analyses. 

n=experiments; N=isolations; * P<0.05. 
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5.6 Discussions  

This chapter focusses on NAADP signalling in response to -adrenergic stimulation and 

presents evidence for novel crosstalk between NAADP-mediated calcium release and IP3 

mediated calcium release. As summarised previously, NAADP is known to be synthesised in 

the heart in response to -adrenergic stimulation through the ADP ribosyl cyclase enzyme 

CD38. Acidic stores and the NAADP pathway have been shown to contribute the positive 

inotropic effects of -adrenergic stimulation in the heart. Here, I present the involvement of 

NAADP signalling in response to -adrenergic stimulation using PE. 

Pharmacological inhibition of the NAADP pathway reduces contractile response to PE in intact 

atrial tissue. The functional work showed that inhibition of NAADP signalling by addition of 

500 μM BZ- 194, 1 µM trans-Ned-19 or 100 nM bafilomycin A1 significantly reduced the 

positive chronotropic and inotropic effect of PE (Figure 5.2 and 5.4). These datasets provide 

evidence that the downstream effects of α-adrenergic signalling are dependent upon NAADP 

mediated calcium signalling from lysosomes in chronotropy and inotropy atrial myocytes. As 

far as I am aware, this represents a novel finding and avenue for future research. Furthermore, 

FRET work shows a decrease in synthesis of cAMP in response to 3 µM PE following addition 

of several NAADP inhibitors. These results do provide strong indications that cAMP synthesis 

is reduced by the NAADP pathway inhibitors, indicating a role for calcium stores in atrial 

function. Lysosomal signalling is seen to present a significant contribution to cellular cAMP 

level in response to α-adrenergic signalling in neonatal atrial myocytes but not in neonatal 

ventricular myocytes. NRVMs did not show inhibition in the presence of NAADP pathway 

inhibitors and presented a much lower decrease in NRVMs compared to NRAMs, previous 

work has shown IP3R expression to be greater in atrial cells compared to ventricular cells (Lipp 

et al. 2000), indicating IP3R dependent pathway and NAADP pathway crosstalk of cAMP 

activation is present in atrial myocytes but less important or reduced in ventricular myocytes.  

Calcium transient investigations using direct stimulation of TPC2 channel opening (ligand 

biased towards TPC2 calcium flux, 10 μM TPC2-A1-N caused a calcium transient amplitude 

increase in WT atrial myocytes, similar to previous work by Collins et al, using caged NAADP 

(Collins et al. 2011). Experiments repeated in DKO atrial myocytes did not respond to 10 µM 

TPC2-A1-N and showed a decrease over the exposure time. Calcium transient work presented 

in this Chapter present a first link that lysosomal calcium release could be directly stimulating 

AC1 and or AC8, highlighting such a mechanism. Calcium plays a pivotal role in regulating 
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cardiac muscle contraction and relaxation. The stimulation of the NAADP pathway in DKO 

completely abolished the increase in calcium transient and even presented a decrease of 

amplitude for the total duration of the protocol, underlining a crucial role for NAADP 

signalling.  

PE caused a significant increase in cellular cAMP. This increase was drastically reduced when 

NAADP agonists (trans-Ned-19 and SG096) and bafilomycin A1 were applied to NMAMs as 

observed in NRAMs with NMAMs. In contrast, DKO NMAMs showed no FRET change in 

the presence of 100 nM bafilomycin A1 or 1 µM trans-Ned-19 but showed a small but 

significant decrease with 10 µM SG-094. SG-094 is a specific TPC2 inhibitor (Du, Guan, and 

Yan 2022) and TPC2 are the main channels for lysosomal calcium via NAADP pathway in 

response to -adrenergic stimulation (Capel et al. 2015; Calcraft et al. 2009; Patel 2015). Taken 

together, results confirm activation of AC1 and or AC8 in response to calcium release via 

NAADP in lysosomes. Using ST034307 (Brust et al. 2017), a specific AC1 inhibitor 

pharmacological agent, made possible to investigate whether AC1 or AC8 where crucial cAMP 

response to TPC2-A1-N, dataset presented in Figure 5.18 showed prior addition of ST034307 

cut the FRET change into half, suggesting AC1 and AC8 to be both equally responsible to 

cAMP production to TPC2-A1-N. A possible explanation to this would be the location of AC1 

and AC8 to the lysosomes (distance between them) and more importantly to TPC2, further 

research in exploration of intracellular locations of AC1, AC8 and TPC2 are lacking in cAMP 

compartmentation. KN-93, a CaMKII inhibitor, shows a significant decrease in FRET change 

to 11.57 ± 2.7 % in response to TPC2-A1-N when incubated with 1 µM KN-93 compared to 

control (26.28 ± 2.7 %). Given these results, it is not implausible that calcium release from 

lysosomes could also lead to CaMKII activation via Calcium/CaM and enhance cAMP through 

a yet to be identified interaction leading either to stimulation of an AC or inhibition of a PDE. 

The observations presented in this Chapter confirm a role for NAADP signalling in response 

to -adrenergic stimulation (using PE) in the study of chronotropy and inotropy and for cAMP 

production in FRET experiments. Abolition of lysosomal calcium signalling at multiple stages 

of the NAADP signalling pathway was studied in this Chapter enhancing robustness of these 

datasets. Measurements of calcium concentration in acidic organelles such as lysosomes are 

not trivial. One way around was an indirect measurement through FRET studies, and my FRET-

based study measured total intracellular cAMP. Developing a FRET biosensor that targets 
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cAMP production around the lysosomes would be of great interest in order to directly visualise 

in real time cAMP synthesis directly from calcium release from lysosomes. 

Autophagy is an evolutionarily conserved mechanism across species of plants and animals. It 

is the primary pathway for degradation and recycling of obsolete and potentially harmful 

cytoplasmic materials, including proteins, lipids and entire organelles through lysosomes. 

NAADP, TPCs and CD38 have been implicated in the regulation of autophagy, and autophagy-

related genes were upregulated in atria of patients with persistent AF and that autophagy 

induced atrial electrical remodelling (Yuan et al. 2018). Could autophagy be a main driver for 

positioning lysosomes near calcium-sensitive AC1 and AC8 and contributing to physio-

pathologies in the heart? The functional consequences of these structural changes in terms of 

lysosomal calcium signalling in AF will be important to determine in future work. 

FRET work on hiPSC-CMs in Figure 5.19, confirmed presence and provided firm evidence of 

the importance NAADP pathway. Given the influence of NAADP pathway on calcium 

handling presented in this Chapter in small mammals and human myocytes, an investigation 

of NAADP signalling in atrial physiopathology is warranted and may shed light on the 

underlying mechanisms of AF.  

5.7 Conclusions 

In summary, this Chapter brings together two major aspects of calcium handling, IP3-mediated 

calcium release from the SR and calcium release from lysosomes via NAADP signalling, 

illustration of proposed model is presented in Figure 5.20. I have demonstrated that NAADP 

pathway is involved in the α-adrenergic response, highlighting that lysosomal calcium is an 

important component of α-adrenergic stimulation in the cardiac atria. Lysosomal calcium 

signalling contributes to cellular cAMP generation in the cardiac atria and presents an 

important pathway for the control of SAN activity and atrial inotropy and may contribute to 

cardiac pathologies. The observations I present in this study strengthens the relevancy of these 

mechanisms in human physiology. 
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Figure 5.20: Representative scheme of proposed mechanisms from Chapter 5. The release 

of calcium from lysosomes leads to activation of AC1 or AC8. The mechanism demonstrates 

the importance of lysosomal calcium in the α-adrenergic response.  
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6 Chapter 6: Discussions and conclusions  

6.1 Summary 

Calcium homeostasis is a vital signalling mechanism in the heart and alterations in the 

intracellular concentration of calcium lead to cardiovascular related diseases (Nattel et al. 

2014). The release of calcium from intracellular stores is a major component of this signalling 

cascade (Berridge, Lipp, and Bootman 2000). I investigated calcium handling pathways in the 

atria through adrenoceptor stimulation triggers, using isoprenaline for β-adrenergic stimulation 

and PE for α-adrenergic stimulation. The work presented here brings together two major aspect 

of calcium handling: NAADP signalling and IP3 signalling and for the first-time studies these 

pathways in human cells. The experiments conducted in this thesis were designed to investigate 

how IP3 mediated calcium release from the SR and NAADP mediated calcium release from the 

lysosomes impacted atrial function. In addition, calcium stimulated isoforms of ACs, AC1 and 

AC8, the enzymes that catalyse the synthesis of ATP into cAMP, were identified in the atria 

and their role in regulating pacemaking and force of contraction was explored. 

The experiments presented in Chapter 3 investigate the very potent lysosomal calcium 

releasing molecule NAADP in response to isoprenaline. I present, to my knowledge, the first 

evidence that lysosomal calcium, acting through NAADP-mediated stimulation of TPC2 

channels, makes a significant contribution to physiological modulation of heart rate at the SAN 

pacemaker by monitoring changes in spontaneous beating rate during cumulative dose-

response additions of isoprenaline. I also conducted on intact left atrial studies to investigate 

the change in contractile force (inotropy) in response to isoprenaline. This data provided further 

evidence that abrogation of lysosomal calcium signalling reduces atrial response to β-

adrenergic stimulation. I introduce a previously unknown contribution to cardiac cellular 

signalling in which lysosomal calcium release directly modulates cAMP independently of the 

previously reported effects of SR calcium content in NRAMs and in hiPSC-CMs. Therefore, 

reporting the relevance of this mechanism in an in vitro human cardiomyocyte model, 

strengthening the relevancy of this pathway in humans. The involvement of lysosomal calcium 

in the response to isoprenaline in atrial myocytes provides evidence for a physiological role for 

NAADP dependent calcium signalling. 

Chapter 4 first investigated the involvement of calcium-sensitive AC1 in the response of intact 

mouse atrial tissue to the α-adrenoceptor agonist PE using the selective AC1 inhibitor 

ST034307. The maximum rate change of spontaneously beating mouse right atrial tissue 
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exposed to PE was reduced from in the presence of 1 μM ST034307 (AC1 inhibitor), from 14.5 

(12.2–17.1) % to 8.2 (6.1–12.6) %. I next presented, for the first time, using a FRET-based 

sensor (EPAC-SH187), that cytosolic cAMP levels are increased in atrial myocytes following α-

adrenergic stimulation. This cAMP increase in response to PE was inhibited by 

pharmacological inhibition of IP3R using 2-APB (2.5 µM) or xestospongin-C (0.3 µM). Prior 

application of any IP3R inhibitors, the peak change in FRET following addition of 3 μM of PE 

was 21.20 ± 7.43 %, in the presence of 2-APB the peak change decreased to 5.88 ± 5.66 %, 

whilst 0.3 μM of xestospongin-C reduced peak to 8.76 ± 6.43 % (Figure 4.5). This experiment 

was repeated on NRVMs, and cAMP rise observed in NRVMs was not inhibited by the presence 

of either 2-APB or xestospongin-C in response to either PE or isoprenaline (Figure 4.6), 

indicating that this cAMP rise in ventricular myocytes is independent of IP3R calcium release, 

unlike in NRAMs, revealing the specificity of this response in neonatal atrial myocytes. The 

second part of this Chapter investigates implication of knocking out calcium-sensitive Adcy1 

and Adcy8 genes to α-adrenergic response the atria. I used a double knockout AC1 and AC8 

(DKO) transgenic mouse line for these experiments. The sub-sarcolemmal localisation of 

IP3R2 means that they are ideally placed to influence the activity of calcium stimulated AC1 

and 8. DKO mice showed a decrease in positive chronotropic and inotropic response observed 

to cumulative concentrations to PE in intact right and left atria, inhibited amplitude of calcium 

transient in response to PE in adult isolated atrial myocytes and presented a smaller cAMP level 

in response to PE in NMAMs compared to WT mice.  

Chapter 5 focusses on NAADP signalling in response to -adrenergic stimulation. Back in 

2013, Nebel et al (Nebel et al. 2013) showed first evidence for involvement of NAADP in 

cardiac arrhythmias evoked by β-adrenergic stimulation. I conducted experiments presenting 

the involvement of NAADP signalling in response to -adrenergic stimulation using PE. 

Ectopic application of PE was shown to increase chronotropy to 23.69 (18.97-30.13) % and 

inotropy to 19.05 (14.9-25.5) % at 30 μM PE and this response was reduced in the presence of 

NAADP pathway inhibitors (BZ-194 and SAN4825) and bafilomycin A1 (abrogates acidic 

calcium store loading by inhibition of V-ATPase proton pump). Cytosolic cAMP levels were 

also increased in NRAMs following α-adrenergic stimulation using PE in NRAMs. This 

response was also inhibited using pharmacological agents to inhibit the NAADP pathway (BZ-

194, trans-Ned-19, SG-094 and SAN4825) and bafilomycin A1. I revealed the specificity of 

this response to atrial myocytes as the cAMP rise observed in NRVMs was lower (12.62 ± 0.8 

%) than in NRAMs (27.07 ± 2.8 %) and was not inhibited by these inhibitors (Figure 5.11). 
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The results presented here provide the first evidence for a role for NAADP in regulating 

calcium signalling in response to -adrenergic stimulation. I also present a novel mechanism 

highlighting the activation of AC1 and AC8 in response to NAADP-mediated calcium release 

stimulation from lysosomes. In DKO atrial myocytes, cAMP production and calcium transient 

amplitude is impaired/reduced in response to NAADP mediated calcium release stimulation 

from lysosomes. This mechanism maybe specific to atrial myocytes and could be a target for 

treating AF with minimal off targets to the ventricular myocytes, bypassing a major problem 

in treating AF patients.  

6.2 Limitations of techniques 

6.2.1 FRET work  

My FRET experiments were all conducted on neonatal mice or rat cardiomyocytes. Neonatal 

cardiomyocytes from animals are a valuable tool in cardiovascular research, they provide a 

reproducible in vitro culture model able to undergo infection with FRET adenovirus biosensor. 

However, neonatal cells are considered immature and significant differences (structural and in 

ECC) between neonatal cardiomyocytes and adult cardiomyocytes have been observed 

(Delcarpio, Claycomb, and Moses 1989). A study from (Korhonen, Hänninen, and Tavi 2009) 

have shown neonatal cardiomyocytes to have significantly longer repolarization phases in AP, 

a more heterogeneous cytosolic calcium signals with changes in calcium diffusion and SR 

calcium release, having a weaker SR calcium handling, and stronger sarcolemmal calcium 

handling by the sodium/calcium exchanger (Korhonen, Hänninen, and Tavi 2009). 

As well as using immature cardiomyocytes, these were also quiescent cardiomyocytes which 

have a few limitations. These cells did not beat or contract and limits insights into how these 

cells might behave when naturally beating. The physiology of quiescent cardiomyocytes differs 

from actively contracting cardiomyocytes as ion channel activity and calcium handling can 

vary significantly. As discussed throughout this manuscript, calcium handling is central to 

cardiac muscle contraction and heart function, but in quiescent cardiomyocytes, the 

physiological calcium fluxes are altered. Alternatives like spontaneously beating 

cardiomyocytes such as hiPSC-aCMs have been used in this project not only to overcome these 

limitations but provide a closer approximation to physiological heart function and response in 

a human cell model.  
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A major mechanism for the regulation of cardiac chronotropy and inotropy is the 

phosphorylation of key proteins that are involved in cardiac ECC (Bers 2002). PKA is activated 

by the second messenger cAMP and is an essential component of the adrenergic signalling 

cascade in the heart (Steinberg 1999). To measure live cAMP levels in atrial myocytes, I ran 

FRET experiments in neonatal mice or rat cardiomyocytes expressing EPAC-SH187, a cytosolic 

biosensor designed to detect and monitor in real time EPAC (exchange protein activated by 

cAMP) within the cytosol of a myocyte, EPAC proteins are activated by the binding of the 

signalling molecule cAMP. I measured global FRET ratio changes in the cytosol which 

translates to global/cytosolic cAMP levels in the cell. Experiments on NRAMs expressing 

AKAP79-CUTie were conducted by Dr Sam Bose (postdoc in the lab), a FRET-based cAMP 

sensor that targets the intracellular surface of the plasmalemma, AKAP79-CUTie (Musheshe 

et al. 2018). A-kinase anchor proteins (AKAPs) act by forming small signalling complexes in 

cells and bind to PKA. We wanted to test if cytosolic cAMP dependent response to IP3R 

activation in atrial cells were also observed at the plasma membrane, which could imply the 

involvement of membrane bound calcium-sensitive AC1 and/or AC8 (Capel et al. 2021). In 

Figure 6.1, NRAMs in response to PE led to FRET change corresponding to an increase in 

cAMP that was inhibited by 2-APB and xestospongin C. Figure 6.1A shows representative 

images comparing the distribution of cAMP signal of the cytosolic EPAC-SH187 FRET sensor 

and AKAP79-CUTie. NRAMs expressing AKAP79-CUTie showed a 14.64 ± 2.41% increase 

in global FRET signal on addition of PE (P<0.05, n=13, N=5, Figure 6.1B), indicating a rise in 

cAMP at the location of AKAP79/β-AR/AC/LTCC complex. 2-APB was found to cause a 

significant reduction in the change in FRET signal corresponding to 2.88 ± 15.2% (n=5, N=3) 

and xestospongin-C resulted in a reduction in the change of FRET corresponding to 7.31 ± 

3.24% (n=6, N=3) in response to PE, a significant reduction was still observed (P<0.05, Figure 

6.1B). Highlighting the possibility membrane bound calcium sensitive AC1 or AC8 implicated 

in this response. 
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Figure 6.1: FRET experiments conducted by Dr Sam Bose.  

A: Representative images comparing the distribution of cAMP signal of the cytosolic EPAC-

SH187 FRET sensor and AKAP79-CUTie.  

B: Quantification of peak response to PE (3 μM; n=13, N=5) alone, or in the presence of 2.5 

μM 2-APB (n=5, N=3) or 0.3 μM Xestospongin-C (n=6, N=3). 

I was present but did not conduct these experiments. 

6.2.2 Study of CaMKII 

The LTCC current has been shown to be regulated by cytosolic calcium in both atrial and 

ventricular myocytes (Collins and Terrar 2012). In ventricular myocytes, this regulation may 

be predominantly modulated via CaMKII, as the inhibition of LTCC current was observed in 

the presence of KN-93, a CAMKII inhibitor (Collins and Terrar 2012). However in atrial 

myocytes, the addition of the calcium selective chelator BAPTA, following KN-93, resulted in 

a further inhibition of LTCC current which was not observed in ventricular myocytes, 

suggesting the presence of a CaMKII-independent mechanism of calcium regulation in atrial 

myocytes (Collins and Terrar 2012). A group, (Mizunami et al. 2014) have also proposed that 

CaMKII serves as a key molecule for interplay between calcium signalling and cAMP 

signalling for long-term memory formation in crickets, by being upstream of cAMP 

accumulation and interacting with ACs. In regard to these findings, I sought out to investigate 

cAMP levels in response to TPC2-A1-N in the presence of KN-93 (CaMKII inhibitor). I 

observed in Figure 5.18 significant decrease in FRET change to 11.57 ± 2.7 % in response to 

TPC2-A1-N when incubated with 1 µM KN-93 as compared to control (26.28 ± 2.7 %). 
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However, pilot FRET experiments on DKO NMAMs, a dataset completed over 1 neonatal 

isolation, shows no inhibition in the presence of 10 µM SG-096 (TPC2 inhibitor) or 1 µM KN-

93 in response to 10 µM TPC2-A1-N (Figure 6.2), unlike observations made in NRAMs in 

Figure 5.18. This could be from the activation of calcium sensitive ACs, AC1 and AC8, 

downstream of IP3R calcium release (Capel et al. 2021; Collins and Terrar 2012). AC1 and 

AC8 both show expression in cardiomyocytes, including atrial cells and the SAN (Capel et al. 

2021; Collins et al. 2011; Mattick et al. 2007), Figure 4.1. CaMKII has not been fully studied 

during my thesis and further evidence is needed to confirm CaMKII as a downstream mediator 

of the NAADP pathway. I also ran FRET experiments in the presence of 3 µM of the AC1 

inhibitor ST034307 and observed a significantly smaller increase in cAMP levels in response 

to TPC2-A1-N (13.18±2.7%) compared to control (26.28±2.7%), as shown in Figure 5.18, 

raising the possibility that the contribution of this mechanism could be augmented under 

physiological conditions. Additionally, KN-92 is primarily used in research as a control 

compound for studying CaMKII inhibition. It is an inactive derivative of KN-93, which is the 

selective inhibitor of CaMKII, I used in this study to conduct pilot studies of implication of 

CaMKII in lysosomal calcium and NAADP pathway. While KN-93 actively blocks the binding 

of calcium/calmodulin to the kinase, KN-92 does not possess this inhibitory effect and serves 

as a negative control in experiments designed to explore the physiological and biochemical 

roles of CaMKII, KN-92 will be added as a negative control to complete the datasets presented 

in this manuscript. 
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Figure 6.2: Comparison of peak FRET response to 10 µM TPC2-A1-N and isoprenaline in DKO 

NMAM to NAADP inhibitors. 

Quantification of the peak FRET change in response to 10 µM TPC2-A1-N in NRAMs in the 

presence of either DMSO in E1 (n=4, N=1), 10 µM SG-094 (n=2, N=1) or KN-93 (n=3, N=1) 

in E1 buffer. Uncompleted datasets in DKO.  

6.2.3 Monitoring calcium signals 

The results from Chapter 4 show calcium stimulated ACs to be activated by α-adrenergic 

stimulation using PE and influences calcium transient amplitude (Figure 4.18). The close 

positioning between calcium stimulated ACs and the sub-sarcolemmal IP3R means that AC1 

and AC8 should be exposed to high levels of calcium release from the SR that will occur in the 

microdomain around IP3R2 opening. Lysosomes have been identified to be located in close 

proximity to the SR in guinea pig atrial myocytes (Figure 3.10) and in rabbit ventricular 

myocytes (Aston et al. 2017). Chapter 5 present data to support the hypothesis that calcium 

released from the lysosomes via TPC2 receptors, stimulates AC1 and AC8 and affects atrial 

function. In addition, these observations also explain how relatively few IP3R, by high 

colocalisation with AC1 and/or AC8 and proximity to lysosomes, can influence calcium 

signalling in the atria at a whole tissue level. Additionally, photorelease of NAADP on adult 

cardiomyocytes, shown in previous studies, had no effect on LTCC current (Collins et al. 2011) 

and FRET experiments conducted in a 0 calcium environment with depletion of SR calcium 
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presented an increase cAMP in response to TPC2 stimulation. Therefore, it can be concluded 

that the increase in calcium transient amplitude and cAMP are not due to an increase in the 

entry of calcium from outside the cell. As relaxation occurs in atrial myocytes, lysosomal 

calcium releases into the cytosol must be either pumped back into the organelles or out of the 

cell, this process is dependent on spatial organisation of the myocytes but has not been 

investigated in this project. Pumps involved in calcium uptake by lysosomes are unknown but 

this process could be dependent on the pH gradient established by VATP-as (Morgan et al. 

2011) and TPC2 could be located close to regions of the SR that express more SERCA2.  

It is widely known that pulmonary veins are surrounded by an external sleeve of 

cardiomyocytes that are widely recognised to play an important role in AF. Investigation of 

calcium signalling in an intact section of the rat pulmonary vein were conducted in these 

myocytes (Logantha et al. 2010). Under resting conditions cardiomyocytes displayed 

spontaneous calcium transients, removing extracellular calcium produced a slight reduction in 

the amplitude and frequency. However, ryanodine had a much greater effect on the amplitude 

and reduced the frequency and blocking IP3R also reduced the amplitude and frequency of the 

spontaneous calcium transients, indicating the importance of calcium release from the SR 

(Logantha et al. 2010). The pulmonary veins are known to act as a trigger of AF and has not 

been investigated throughout my work.  

6.2.4 Developing an in vitro model 

Over the past decades many pathophysiological mechanisms have been described to contribute 

to the initiation of AF such as focal ectopic/triggered activity and re-entry (Heijman et al. 

2014). There is a growing interest in generating in vitro models reflecting the properties of this 

disease (van Gorp et al. 2020). An ideal cell culture model of AF (animal or human) remains 

to be developed to study the fundamental mechanisms that underlie normal and pathological 

electrophysiology at tissue level. During my project, I have learned and established a cultured 

cardiac-monolayer and observed beating foci of myocytes. However, developing in vitro 

cultures can be challenging for several reasons such as the complexity of the cellular 

environment, purity of cells, reproducibility and standardisation. An in vitro atria arrhythmic 

model to test the role of NAADP and IP3 pathway would allow us to investigate the impact of 

these changes further, in either culturing primary atrial myocardial cells or culturing hiPSC-

CMs from healthy and diseased AF patients. Our aim would be to study IP3-mediated calcium 

release from the SR and calcium uptake and release from lysosomes. Figure 6.3 shows 
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recordings of beating monolayers of NRAMs loaded with FluoVoltTM dye to image membrane 

potential activity. So far, we have been able to locate spontaneously beating foci (Fig.4 Ai and 

B) and observe changes by stimulating them. In Figure 6.3A, the cells are able to respond to 

external stimuli at 1 (Fig.4 A.ii) and 2 hertz (Fig.4 A.iii) but lose rhythm at 4 hertz (Fig.4 A.iv) 

and stops rhythmic beating at 8 hertz (Fig.4 A.v). Preliminary results showed that monolayers 

of NRAMs were able to form spontaneously beating foci and that we were able to induce a 

change in atrial beating through external stimuli by pacing. The results presented are from 

preliminary findings and more experiments are planned with directions towards establishing 

an in vitro model to study NAADP and IP3 signalling in atria arrhythmias.  

 

Figure 6.3: Monolayers of NRAMs as a potential for AF model.  

A: Recording of dynamic activity of membrane potential in cultured neonatal rat atrial myocytes on day 

5 of culture, spontaneously beating foci was located and recorded (i) and was then stimulated at 1 hertz 

(ii), 2 hertz (iii), 4 hertz (iv) and 8 hertz (v) n=1.  

B: Monolayer of NRAMs load with FluoVoltTM dye observed at 20X.  

The activation of the IP3 pathway in atrial myocytes by administering increasing concentration 

of PE into the organ bath has led to positive chronotropy, inotropy and an increase in cAMP 

levels. These changes can be pharmacologically inhibited using IP3R inhibitors and NAADP 

inhibitors in NRAMs, but these observations were not seen in ventricular myocytes. 

Quantitative reverse transcription polymerase chain reaction (RT-PCR) was conducted in 

Figure 6.4 on NRAMs and NRVMs, this dataset is not complete, and analysis could not be run 

but result show lower expression of AC8 in NRVMs while AC1, AC6 and IP3R2 seem to show 

similar expression. RT-PCR showing Adcy1 to be expressed at a higher level to Adcy8 
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expression, a possible explanation to this would be the location of AC1 and AC8 to the 

lysosomes (distance between them) and more importantly to TPC2. These findings support 

further investigation into the pro-arrhythmic nature of IP3-induced cAMP signalling.  

 

Figure 6.4: Comparison of expression AC1, AC6, AC8 and IP3R2 in NRAMs and NRVMs 

using RT-qPCR (n=2, uncompleted dataset).  

6.2.5 hiPSC-CMs 

Development of differentiation of hiPSCs towards specific atrial or ventricular cardiomyocytes 

holds promise into studying the NAADP pathway within human cardiac physiology and 

pathology (Benzoni et al. 2020). FRET experiments in this thesis confirmed the activation of 

NAADP pathway in humans by decrease in cAMP upon β-adrenergic response with 

isoprenaline in the presence of bafilomycin A1 and cAMP increase in response to TPC2 

stimulation. This pathway was investigated under physiological conditions with healthy hiPSC-

CMs and hiPSC-aCMs in Figures 3.6 and 5.19 (FRET experiments) and in Figure 3.7 (calcium 

transient experiments). These hiPSC-CMs experiments were an important inclusion in my 

thesis as they demonstrate the translational relevance of this research in human cardiac models. 

All previous work I conducted in my Chapters or previous published work from the lab have 

shown the presence of the signalling pathways of IP3 and NAADP in intact mouse atria, isolated 

guinea pig atrial myocytes (Capel et al. 2021; Bose et al. 2022), neonatal mouse and rat 

myocytes but has not been previously demonstrated of the relevance of these data in human 
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cells. Pacing with electric fields have been employed to establish an in vitro rapid pacing model 

(Ji et al. 2013) to study the early electrical remodelling in AF. However, hiPSC-CMs used as a 

tool to create in vitro models to study AF lacks in the field and is likely due to the many 

drawbacks or difficulties encountered in culturing these cells. Differentiation protocols for 

hiPSCs can result in heterogeneous cell populations, with variability in cell maturity which can 

in turn complicate experimental interpretation and standardisation, as well as introduce 

variability between hiPSC lines between differentiation batches. Differentiated cell types 

derived from hiPSCs may exhibit immature phenotypes resembling foetal or embryonic stages 

rather than adult tissues. To overcome this and ensure reproducibility of my experiments, I have 

conducted experiments using >3 differentiations with different cardiomyocytes differentiation 

kits and purchased commercialised cell lines and grown the cell to 30 days. I have not been 

able to successfully culture conduct experiments in AF hiPSC-aCMs to investigate the NAADP 

and IP3 signalling. Additionally, I tried to isolate human cells on a few occasions at the 

University of Leicester with Prof Ng, but these experiments failed, and the logistics were very 

complicated.  

6.3 Atrial fibrillation as a disease of interest 

6.3.1 Atrial fibrillation and treatment drawbacks  

Atrial fibrillation (AF) is a heart rhythm disturbance (arrhythmia) and is defined by a rapid and 

irregular electrical activation of the atria, leading to chaotic and uncoordinated atrial 

contraction. AF is the most frequent cardiac arrhythmia worldwide, with 37.6 million cases 

worldwide. The pathophysiology of AF is still incompletely understood and therefore has major 

mortality rate with an attributable 287,200 deaths worldwide ('Global, regional, and national 

age-sex-specific mortality for 282 causes of death in 195 countries and territories, 1980-2017: 

a systematic analysis for the Global Burden of Disease Study 2017' 2018). Knowledge about 

initiation and maintenance of AF has evolved significantly over the past years, however, major 

calcium and molecular mechanisms underlying the disease are lacking in order to treat patients 

effectively (Nattel et al. 2020). Current treatments for AF are for rhythm, rate control and 

anticoagulation medication or catheter ablation to reduce the risk of stroke and restore normal 

heart rhythm (Verma and Wong 2019), but often have undesirable effects on the ventricles, 

underlining the need for atrial specific targets for AF therapy, making this disease a global 

epidemic and major public health issue. The initiation and progression of AF are highly 

complex and highlight the multifactorial nature of the disease progression where several factors 
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are involved (Nattel et al. 2014). The current therapeutic arsenal aimed at controlling the 

rhythm of patients in cases of AF has substantial limitations, not allowing the cure of the atrial 

disease. Recurrences of AF are frequent and the evolution from a paroxysmal form to a 

persistent form is unfortunately every hard to slow down, leading to modifications in the atrial 

tissue, atrial remodelling. The treatment of AF remains suboptimal mainly due to an uncertainty 

as to its precise pathophysiological mechanisms as exact reasons for why age and certain 

medical disorders increase the risk of AF are not yet fully understood (Schotten et al. 2011). 

The rate control treatments mainly consist of calcium-channel blockers and β-blockers. Rate 

control approach is the first-line treatment for AF (Alobaida and Alrumayh 2021). Rhythm 

control involves the use of electrical or pharmacological cardioversion with the aim to convert 

the arrhythmia associated with AF to normal sinus rhythm. However, patients who have been 

successfully cardioverted are generally given antiarrhythmic drugs for long term to help 

prevent the recurrence of AF (Sulke, Sayers, and Lip 2007). Different ablative techniques have 

significant limitations, it is an invasive strategy which has significant short and long-term non-

desirable effects and can require re-ablations (Kottkamp, Bender, and Berg 2015). The 

progressive nature of the disease creates a major problem in treatment and limits the long-term 

success of both pharmacological and ablation therapies (Nattel et al. 2014). 

6.3.2 Lysosomal function and contribution to atrial fibrillation 

Emerging research suggests that specific genetic variations related to lysosomal function and 

may contribute to AF pathology. Lysosomal storage diseases are not associated directly with 

AF. However certain genes linked to lysosomal function are beginning to show relevance, 

studies have implicated GLA (encoding α-galactosidase A), a gene involved in Fabry disease, 

a lysosomal storage disorder (Michaud et al. 2021; Ter Huurne et al. 2023). Fabry disease is 

associated with cardiac hypertrophy and arrhythmias, including AF, due to the build-up of 

glycolipids in the heart, which can disrupt electrical conduction and cellular function (Roy et 

al. 2024; Shah et al. 2005). Niemann-Pick type C disease and AF don’t have a direct causal 

link, but genome-Wide Association Studies might provide insight into why NPC disease could 

influence AF susceptibility. NPC disease is a rare genetic disorder caused by mutations in 

NPC1 or NPC2 genes, leading to abnormal cholesterol and lipid accumulation in lysosomes, 

primarily affecting the nervous system and liver (Lloyd-Evans et al. 2008). However, 

disruption of lysosomal storage impairs calcium channels and disrupts the balance of calcium 

within the cells, potentially affecting cardiac muscle cells excitability and increasing 

arrhythmogenic risk (Lloyd-Evans and Platt 2011). 
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Our lab recently published an omics study focused on endolysosomal organelle proteins that 

highlights possible changes in lysosome function in AF Results showed increased cellular 

stress, increased vesicle trafficking, changes in ATP demands, accumulation of glycogen, 

inflammation, and stimulation of cell death (Ayagama et al. 2024). We also to performed data-

independent acquisition parallel accumulation-serial fragmentation (DIA-PASEF) on human 

right atrial appendage tissue samples with label free protein quantification, proteins with roles 

in lysosomal function and membrane trafficking were significantly affected in AF patients 

(Capel et al. 2024). Direct links between lysosomal proteins, cAMP signalling genes, and AF 

markers are currently being investigated, genetic studies suggest that mutations affecting 

lysosomal function and cAMP signalling may influence AF onset and maintenance. Further 

research on how lysosomal dysfunction (via NAADP pathway) and altered cAMP pathways 

are linked with cardiac pacemaking is likely to provide new pathways on treating AF. 

6.3.3 NAADP and IP3 signalling as potential targets for atrial fibrillation  

Abnormal intracellular calcium homeostasis occurs in chronic AF (Nattel and Dobrev 2012). 

AF can be initiated and maintained by rapid focal ectopic activity or by re-entry, and calcium-

handling abnormalities have been reported to play a major role in this pathological mechanism 

(Iwasaki et al. 2011; Heijman et al. 2014). Data presented throughout this manuscript provide 

evidence that dysregulation of lysosomal calcium signalling affects atria function (chronotropy 

and inotropy) at a whole tissue level and affects downstream IP3 signalling and cAMP levels 

at intracellular level, an intracellular mechanism specific to the atria. This suggest that 

lysosomal-mediated calcium signalling cascade and may be arrhythmogenic. Data support the 

proposal that IP3 signalling in cardiac atria and sinoatrial node involves stimulation of calcium-

activated AC1 and AC8 by IP3-evoked calcium release from the SR and lysosomes and 

AC1/IP3R and AC1/LAMP2 are shown to be located close together. Additionally, Chapter 4 

provides novel findings on the signalling pathways responsible for IP3 pathway responses, 

demonstrating a crucial requirement for cAMP and PKA acting via calcium sensitive AC1 and 

AC8. adding levels of complexity to calcium modulation in the atria and SAN and raise 

questions concerning the importance of these interacting signalling pathways in atrial 

fibrillation and potentially other cardiac pathologies. NAADP and IP3 signalling in the SAN 

can be targeted acting on automaticity and rhythm. Lysosome-SR distance change and size of 

lysosomes in AF patients warrants future investigations as dysregulation of signalling 

microdomains and alternation in the SR channels, open a new avenue of questions to be 

answered relating to whether lysosomes contribute to abnormal calcium handling and therefore 
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a role in AF maintenance. Further investigation of cAMP production in relation to NAADP and 

IP3 signalling pathways in cardiac atria may identify novel targets to manage pacemaker 

activity and bring light on initiation and maintenance of atrial arrhythmias such as AF. 

6.4 Future work  

6.4.1 Studying NAADP pathway in the context of atrial fibrillation 

There is a large body of evidence presented here that supports the hypothesis that NAADP 

mediated calcium release from lysosomes plays a major role in atria function and pacemaking. 

Further dissection of NAADP signalling and its pathophysiological importance in the atria 

warrants investigation. Research in disease hiPSC lines to investigate the upregulation of 

downregulation of the NAADP and IP3 pathways will be of great interest. A patient-specific 

disease model for AF has been previously reported (Benzoni et al. 2020), the study focused the 

clinical case of three siblings with untreatable persistent AF whose whole-exome sequence 

analysis revealed several mutated genes. They generated iPSC clones from these patients and 

differentiated these cells towards the cardiac lineage. The genetic background of the patients 

induced functional alterations of If and LTCC currents leading to a cardiac substrate more prone 

to develop arrhythmias. Conducting experiments on human iPSC models of a familial form of 

AF to study the activation of NAADP or IP3 would be of great interest as potential specific 

targets for considering alternative therapies for AF. The usage of hiPSC-based disease models 

will allow for the study of onset and progress by studying the mechanisms that trigger rapid 

ectopic firing and re-entries to maintain the AF to provide insights into disease mechanisms 

and potential therapeutic targets. 

All previous basic physiology work on IP3-mediated calcium release and calcium release from 

the lysosomes via NAADP pathways has been done on healthy myocytes. Whilst IP3R and 

calcium stimulated ACs are significantly upregulated in AF, NAADP downstream pathways 

have not been studied in AF settings. NAADP and its potential physiological and pathological 

importance in the atria warrant further investigations as it may represent an important pathway 

for the control of atrial tissue and contribute to cardiac pathologies. An in vitro AF model to 

test the role of these pathways would allow us to investigate the impacts of these changes 

further. Further studies will be aimed to explore the method of culturing primary atrial 

myocardial cells in vitro as well as to establish an in vitro model of rapid electrical pacing in 

cultured atrial myocardial cells and hiPSCs from AF patients (Benzoni et al. 2020). 
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Similar FRET experiments could be conducted to study the calcium release from lysosomes. 

Designing a FRET biosensor targeted to the membrane of lysosomes, such as Lysosomal-

associated membrane protein (LAMP2), would be of great interests to link cAMP production 

to direct calcium release from lysosomes by stimulation of TPC2 receptors. Whole tissue 

experiments were conducted throughout this project, such as dose-response curves to PE and 

isoprenaline in intact right and left atria to study chronotropy and inotropy respectively. These 

experiments allow to investigate the relevance of NAADP signalling and IP3 signalling in in 

vivo physiology to provide insight of the effect of these pathways at an organ function level.  

Chapter 3 presented EM that reported the spatial relationship between lysosomes and the SR 

to be altered in human atrial tissue from an AF patient. Lysosomes are involved in the 

autophagic process, autophagy is the cellular survival mechanism that leads a self-degradative 

pathway. As lysosomes are a driving force in cellular trafficking pathways as they are involved 

in the final step of degradation. Findings have suggested that atrial autophagic flux is activated 

in patients with AF and autophagy induces atrial electrical remodelling (Yuan et al. 2018), a 

marker or mechanism has not been proposed to explain this so far. Autophagy has not been 

investigated in this manuscript, but work published from other groups suggest dysregulation of 

this mechanism in AF (Yuan et al. 2018; García-Rúa et al. 2016). Whether autophagy is a cause 

for AF or AF induces autophagy has not been established. Functional studies to ascertain 

lysosomal calcium signalling in AF and how it impacts molecular changes in the atria are likely 

to add translational value in future studies. 

6.4.2 Furthering knowledge on Lysosome-IP3R2 positioning 

We have conducted confocal staining studies of AC1 and LAMP2 on isolated SAN guinea-pig 

myocytes showing colocalisation (Figure 3.10), illustrating that calcium release via lysosomes 

directly leads to activation of calcium-sensitive AC1 in SAN myocytes. Although, the 

proportion of acidic stores contributing to a given signal and the time course of this contribution 

is unknown. I prepared samples to performed super resolution imaging on NRAMs cells 

labelled with LAMP2 to identify individual lysosomes (performed by Dr Jingyu Wang from 

The Department of Engineering Science, University of Oxford, Oxford, UK). This was done 

based on spot quality (a function of both absolute value and local contrast). Analysis was 

performed by Dr Alexander Corbett (from The Department of Physics and Astronomy, 

University of Exeter, Exeter, UK) 342 lysosomes were identified within an individual cell 

(Figure 6.5A). Of these, 296 (87%) were found to be located within 500 nm of their nearest 



 179 

neighbour (yellow spheres, Figure 6.5B). A size distribution of the lysosomes was also acquired 

(Figure 6.5C). The stochastic nature of single molecule switching (SMS, in which fluorophores 

spend the majority of time in a dark state) and the fact that large regions of the cell were 

obscured by drift correction beads, the absolute value of the lysosome volume measured from 

the SMS data should be considered an underestimate of the true volume. Based on these 

limitations and using an estimate of the neonatal cell volume of 1000 µm3 from my co-

supervisor’s lab (Koschinski and Zaccolo 2017) a lower limit on the volume fraction of the 

lysosomes can be estimated as 0.3 µm3/1000 µm3 (0.3 %).  
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Figure 6.5: 4Pi-SMS super-resolution microscopy analysis.  

A: Visualisation Z-projection of the 4Pi SMS image data indicating lysosomes (spheres) which 

are less than (yellow) or more than (Chandler et al.) 500 nm of their nearest neighbour. Scale 

bar 2 μm.  

B: Distribution of nearest neighbour distances, n=342 lysosomes. 

C: Spectrum of measured lysosome volumes, n=342 lysosomes. 

Structural studies using immunocytochemistry techniques have been used throughout my 

project to look at structural and anatomical characteristics on healthy atrial myocytes to study 

the distribution of IP3R2, AC1 and LAMP2 with confocal microscopy. This was a first step to 

visualise lysosomes at a high resolution and the next step would be to study lysosome-SR and 

lysosome-mitochondria distance, it would be of great interest to images cardiomyocytes at a 

higher resolution to determine with nanometres resolution, how closely ACs, IP3R and 

lysosomes are located in healthy and diseased atrial myocytes. Lysosomes are in close 

proximity to the SR (Aston et al. 2017) and I performed measurements on EM images on left 

human tissue samples with AF and sinus rhythm were conducted on an n=1 for each condition. 

Results showed that lysosomal size and positioning undergo remodelling by increasing in size 
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and moving further away from the SR (Figure 6.6). This is not an appropriate number to draw 

any conclusions as the population measured on is too small and results in size and distance 

between SR and lysosomes can vary from patient and from type of AF. Samples from a larger 

number of patients need to be analyses to draw any conclusions but first pilot data is promising 

to continue analysis. Other organelles capable of storing calcium such as mitochondria have 

been shown to form close associations with lysosomes (Aston et al. 2017). Mitochondria have 

been shown to carry cargo to the lysosomes (Soubannier et al. 2012), this association between 

lysosomes and mitochondria could have functional significance in cardiomyocytes. The lab has 

shown lysosomes to move further away from the SR and closer to mitochondria in goat model 

of AF (Capel et al. 2024) having a potential functional importance. 
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Figure 6.6: Qualitative measurements of EM images of lysosomal positioning in human 

left atrial tissue samples. 

A, Partial cell area occupied by lysosomes in sinus rhythm patient (N=1 patient, n=10 cells) 

and in AF patient (N=1 patient, n=13 cells) atrial myocytes. 

B, Lysosomal maximal diameter in sinus rhythm patient (N=1 patient, n=194 lysosomes) and 

in AF patient (N=1 patient, n=392 lysosomes).  

C, Distance between lysosomes and SR in sinus rhythm patient (N=1 patient, n=63 

measurement) and in AF patient (N=1 patient, n=129 measurements).  

D, Representative EM image and zoom in of lysosomes and SR in samples from patient in 

sinus rhythm.  

E, Representative EM image and zoom in of lysosomes and SR in samples from patient in atrial 

fibrillation.  

Data are represented as mean ± SEM and were analysed using non-parametric Mann-Whitney 

U test. Scale bar represents 2 µm.  
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6.5 Closing remarks  

In conclusion, my thesis has provided evidence that the calcium second messengers IP3 and 

NAADP regulates the release of calcium from intracellular stores in atrial myocytes, acting 

through AC1 and AC8, influences cardiac function and pacemaking. I have studied two major 

aspects of calcium handling, IP3-mediated calcium release from the SR and calcium release 

from lysosomes via NAADP signalling and their interactions in controlling cytosolic calcium 

movement in atrial myocytes. I studied these signalling pathways using different models 

including from single cells to whole in-tact tissue (using relevant small animal models 

including genetically altered mice) and tissue cultures to then progress to a hiPSC-CMs model 

to better understand and describe these pathways, a model of proposed mechanisms is 

presented in Figure 6.7. In addition, calcium stimulated isoforms of ACs, AC1 and AC8, in the 

atria were shown to regulate essential atrial function by being linked to IP3 and NAADP 

calcium release. The precise mechanism of action of NAADP and its potential physiological 

importance in the atria warrants further investigation as it represents an important pathway for 

the control of atrial chronotropy and inotropy and may contribute to cardiac pathologies. The 

potential interaction between IP3 and cAMP represents a novel mechanism that could explain 

how relatively few IP3 receptors are able to influence calcium signals. 
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Figure 6.7: Scheme indicating potential mechanisms by which IP3 and NAADP regulate 

the release of calcium from intracellular stores atrial myocytes and influence cardiac 

function and pacemaking. Representative scheme of proposed mechanisms by which 

activation of β-AR by isoprenaline lead to ACs activation leading to activation of PKA by 

cAMP and synthesis of NAADP by CD38 enhancing lysosomal calcium release by the action 

of NAADP on lysosomal TPC2 channels (Chapter 3). In parallel, activation of α1-AR by PE 

lead to increased atrial cytoplasmic calcium transients and cAMP production. Activation of α1-

AR leads to elevated IP3 resulting from cleavage of PIP2 to DAG and IP3 by PLC. IP3 activation 

of IP3R2 results in release of calcium from the SR, which subsequently leads to activation of 

AC8 or AC1, activation of PKA by cAMP (Chapter 4) and synthesis of NAADP by CD38 

leading to the release of calcium from lysosomes also leading to activation of AC8 or AC1 

(Chapter 5). The mechanism demonstrates the importance of lysosomal calcium in the α and 

β-adrenergic response. Calcium release from lysosomes could lead to CaMKII activation and 

increase cAMP production leading either to stimulation of an ACs or inhibition of a 

phosphodiesterase, as discussed above in 6.2.2. Study of CaMKII. Ca2+, calcium.  
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