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ABSTRACT 

 Atrial natriuretic peptide (ANP) is a hormone with numerous effects in the 

cardiovascular system, including ion channel physiology. Genetic mapping of a family 

with hereditary atrial fibrillation (AF) revealed a mutation that produced a mutant ANP 

(mANP). We used patch-clamping and cAMP assays to investigate the 

electrophysiological effects of ANP and mANP in mouse atrial myocytes. ANP and 

mANP had no effects in basal conditions. In the presence of the β-adrenergic receptor 

agonist isoproterenol (ISO), ANP increased ICa,L density, maximal conductance (Gmax) 

and hyperpolarized the V1/2 of channel activation (V1/2(act)). ISO and ANP also increased 

cAMP production. In contrast, ISO+mANP decreased ICa,L density, Gmax and depolarized 

the V1/2(act) and also decreased cAMP production. ANP’s effects on ICa,L were maintained 

in NPR-C
-/-

 mice, but absent following NPR-A blockade. mANP effects on ICa,L were lost 

in NPR-C
-/-

 mice. These opposing effects of ANP and mANP may explain how mANP 

causes AF. 
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CHAPTER 1: INTRODUCTION 

1.1 Overview 

Atrial fibrillation (AF), the most common sustained cardiac arrhythmia (Dobrev & 

Nattel, 2010), is characterized by rapid and irregular activation of the atria (up to 400-600 

beats/min in humans) and is a major cause of morbidity and mortality (Benjamin et al., 

1998; Benjamin et al., 2009).  Natriuretic peptides (NPs), which constitute a family of 

cardioprotective hormones, have been directly implicated in the pathogenesis of AF 

(Abraham et al., 2010; Hodgson-Zingman et al, 2000). NPs, including atrial (ANP), B-

type (BNP) and C-type (CNP) NP, are best known for their important role in the 

regulation of blood pressure (BP) and blood volume, whereas the electrophysiological 

effects of NPs in the myocardium are less understood. NPs exert their biological effects 

by binding to three distinct receptors, denoted NPR-A, NPR-B and NPR-C (Potter et al., 

2006). NPR-A and NPR-B increase intracellular cGMP (a cyclic nucleotide important in 

cardiac ion channel regulation) levels by activating guanylyl cyclase (GC) enzymes 

(Potter & Hunter, 2001). cGMP can activate and/or inhibit important downstream 

signalling enzymes, including phoshodiesterases (PDE) and protein kinase G (PKG) 

(Potter et al., 2006). PDEs are critically involved in the regulation of cyclic nucleotide 

levels in the heart (Bender & Beavo, 2006). NPR-C, which binds all natriuretic peptides, 

is coupled to inhibitory G proteins (Gi) (Rose & Giles, 2008) that inhibit adenylyl cyclase 

(AC) enzymes and reduce intracellular cAMP (a cyclic nucleotide important in cardiac 

ion channel function) (Pagano & Anand-Srivastava, 2001). 

Recently, a frameshift mutation in the nppa gene (which encodes ANP) was 

identified. The mutation results in the production of a 40 amino acid peptide, denoted 
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mutant ANP (mANP), whereas wild type (WT) ANP is a 28 amino acid peptide. Carriers 

of this mutation are characterized by the occurrence of atrial fibrillation in association 

with action potential (AP) shortening (Hodgson-Zingman et al., 2008). The receptor(s) 

and molecular mechanism responsible for the effects of mANP on atrial AP morphology 

are not known.  

The goal of this study was to measure the effects of ANP and mANP on atrial 

myocyte electrophysiology and to determine the molecular mechanism responsible for 

these effects. The results of this study could significantly improve our understanding of 

the ionic and molecular mechanisms by which WT and mutant NPs regulate atrial 

myocyte electrophysiology. Furthermore, the experiments may provide novel insight into 

how NPs and their associated receptors affect AF susceptibility and may lead to new 

strategies for treating this common arrhythmia. 

 

1.2 The Cardiac Action Potential 

 As major determinants of cardiac function, heart rate and contractility are important 

areas of study. Sinoatrial node (SAN) firing directly determines heart rate and 

contractility is dependent on intracellular calcium signalling, among other mechanisms. 

Thus, the study of cardiac electrophysiology of single isolated myocytes has proven to be 

an important technique in determining whole heart function and changes therein. 

 In the healthy human heart, the heart rate is determined by the intrinsic pacemaker, the 

SAN, where inward currents lead to a gradual diastolic depolarization that triggers an AP 

in the cell when a threshold potential is reached. The AP is then propagated throughout 

the atria and the atrioventricular node (AVN) to the ventricles leading to a coordinated 
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contraction of the myocardium. In ‘working’ myocytes of the atria (and ventricles) the 

AP is the result of inward sodium and calcium currents and outward potassium currents. 

The inward sodium current (INa) is responsible for the initial upstroke of the AP and is 

initiated by the depolarization of the cell membrane (Phase 0). The transient outward 

potassium current (Ito) produces a notch in the AP (Phase 1) which is followed by a 

plateau phase - the result of a balance between inward calcium current (ICa) and outward 

delayed rectifier potassium current (IKur) (Phase 2). As the calcium channels inactivate, 

the predominant outward potassium currents (IKr, IKs and IK1) repolarize the cell (Phase 3) 

and IK1 is responsible for maintaining the resting membrane potential (Phase 4). 

 The data collected in this study are from mouse right atrial myocytes so it is important 

to note that Phase 1 and Phase 2 are difficult to distinguish in the mouse AP due to its 

speed (Nerbonne & Kass, 2005). Also the repolarizing currents IKs and IKr present in the 

human are not found in the mouse (Nerbonne, 2004). 

 Alterations in any of these currents can have profound effects on the AP and myocyte 

contractility, leading to cardiac dysfunction and arrhythmia. As we look for therapies to 

treat cardiovascular disease it is important to understand their implications in cardiac 

electrophysiology to ensure their success and safety.  

 

1.3 The Cardiac L-Type Calcium Current 

The cardiac voltage-gated L-type calcium channel (LTCC) provides the transient 

inward calcium current (ICa,L) responsible for maintaining depolarization of the myocyte 

during the phase 2 plateau of the AP (Schlotten et al., 2003). Atrial myocytes express 

both Cav1.2 and Cav1.3 α subunits which both contribute to total ICa,L in the atria 
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(Koschak et al., 2001; Hatano et al., 2006; Qu et al., 2005; Zhang et al., 2005) (the 

structure and function of the LTCC subunits will be discussed further below in chapter 

1.3.1). While CaV1.2 dependent ICa,L activates at membrane potentials positive to -40 mV, 

CaV1.3 dependent ICa,L activates at more negative membrane potentials (between -60 and 

-50 mV). Inactivation of ICa,L is voltage and calcium dependent (Katz, 2011). LTCCs are 

also integral in converting the electrical signal into calcium influx to trigger downstream 

contraction events in a sequence termed excitation-contraction coupling.  

 

1.3.1. Cardiac L-Type Channel Structure & Function  

 The LTCC is a multi-subunit protein made up of the pore-forming α1 subunit and 

auxiliary subunits (β, α2δ and γ). The predominant Cav1.2 (α1C) subunit has four 

homologous domains each containing six membrane-spanning segments connected 

through intracellular loops. Segments 1-4 contain the voltage sensor, while segments 5 

and 6 form the pore and establish the ion specificity of the channel (Catterall, 2000). The 

C-terminus of the α1C subunit is the site of modulation by signalling proteins (Dai et al., 

2009) and is involved in channel trafficking to the cell surface (Fang & Colecraft, 2011). 

LTCCs containing the Cav1.3 (α1D) subunit have also been found in the heart and 

contribute to SAN (Mangoni et al., 2003), AVN (Zhang & Kass, 2011) and atrial, but not 

ventricular, ICa,L (Zhang et al., 2005). Cav1.3 contribution is unique because, compared to 

Cav1.2, it activates more rapidly and has a hyperpolarized activation potential (Koschak 

et al., 2001; Xu & Lipscombe et al., 2001).  

 The β subunit exists in four different isoforms (Buraei & Yang, 2010; Dolphin, 2003) 

of which only β2 is  present in the mouse heart (Meissner et al., 2011), while the canine 
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heart expresses all four (Foell et al., 2004). The human heart expresses three β isoforms; 

designated βa, βb and βc (Collin et al., 1993). All isoforms contain a src homology 

domain and a guanylate-kinase domain separated by a HOOK domain (Chen et al, 2004; 

Opatowsky et al., 2004; Van Petegem et al., 2004). The guanylate-kinase domain 

contains the α1 binding pocket that binds to a conserved sequence on the intracellular loop 

connecting domains I and II of the α1 subunit (Pragnell et al., 1994). The β subunit 

modulates ICa,L by increasing channel trafficking to the membrane (Fang & Colecraft, 

2011) and preventing targeting to the proteasome (Altier et al., 2011; Waithe et al., 

2011). The β subunit also modulates channel gating properties by increasing open 

channel probability, causing a hyperpolarizing shift in the voltage-dependence of 

activation and altering inactivation properties (Buraei & Yang, 2010; Dolphin, 2003). 

 The α2δ subunit, like the β subunit, is present in multiple isoforms (Bauer et al., 2010; 

Dolphin, 2012). Isoform 1 and 2 mRNA has been detected in the human heart and 

isoform 3 has been found in rat atria (Fuller-Bicer et al., 2009). The α and δ subunits are 

held together by a disulfide bond (Bauer et al., 2010; Dolphin, 2012). The α2 subunit is 

entirely extracellular, while the δ subunit has a short hydrophobic region that transverses 

the membrane tethering the whole α2δ subunit to the membrane (Bauer et al., 2010). 

Similar to the β subunit, the α2δ subunit increases ICa,L amplitude and modulates current 

kinetics and voltage-dependence (Bangalore et al., 1996; Gao et al., 2000). 

 The γ subunit has 8 isoforms (Chu et al., 2001) but only one (isoform 6) has been 

confirmed to be present in the rat heart. Heterologous expression studies using γ isoforms 

4, 6, 7 and 8 have shown effects on current amplitude and gating properties unique to 
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each isoform and which appear to also depend on the isoform of the β subunit (Yang et 

al., 2011). The functional impact of the γ subunit in the heart is not well known.  

 The LTCC is also associated with the calcium sensing protein calmodulin (Peterson et 

al., 1999; Zuhlke et al., 1999). This association allows the channel to undergo negative 

and positive feedback based on intracellular calcium ion levels (Halling et al., 2005). At 

resting intracellular calcium levels, calmodulin is associated with the Cav1.2 channel 

(Erickson et al., 2001), where in addition to its calcium-dependent regulation, it also 

targets the channel to the cell surface (Wang et al., 2007).  

 

 1.3.2 Cardiac L-Type Calcium Current Dysregulation & Disease 

 Mutations in LTCC proteins are associated with a variety of diseases that can manifest 

as cardiac arrhythmias and/or cause heart failure (Shaw & Colecraft, 2013). Gain-of-

function mutations lead to a loss of channel inactivation and result in calcium overload. 

For example, Timothy syndrome is linked to a gain-of-function mutation which is 

characterized by a long QT interval, ventricular arrhythmias and structural alterations in 

the heart (Splawski et al., 2004; Splawski et al., 2005). In comparison, loss-of-function 

mutations in Cav1.2 have been linked to Brugada syndrome characterized by a short QT 

interval and sudden death. Mutations implicated in the loss-of-function phenotype are 

linked to inhibition of the β subunit, reduced ICa,L and decreased channel conductance and 

alterations in inactivation kinetics (Antzelevitch et al., 2007). Zhang et al. demonstrated 

that Cav1.3 calcium channel deficient mice (Cav1.3 
-/-

) also display cardiac dysfunction. 

As discussed in chapter 1.3.1, Cav1.3 contributes to a hyperpolarized shift in activation of 

the LTCC, so Cav1.3 
-/- 

mice are characterized by depolarized activation potentials. The 
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Cav1.3 
-/-

 mice also demonstrated atrial arrhythmia such as inducible atrial fibrillation 

(Zhang et al., 2005). Reduced ICa,L, a major mechanism for AF susceptibility and 

maintenance, has been implicated in chronic human atrial fibrillation (Van Wagoner et 

al., 1999) and documented in rapidly paced canine atria (Yue et al., 1999) (this will be 

discussed further in the chapter 5: discussion).  

   

1.4 Natriuretic Peptides 

Natriuretic peptides (NPs) are an essential family of hormones found in many 

species with effects throughout the body (Kuhn, 2004; Levin et al., 1998). Their 

investigation began in the 1980's with the observation of rapid diuresis and natriuresis 

following the injection of atrial tissue homogenates into the rat (de Bold et al., 1981).  

Subsequent studies identified the ‘factor’ responsible for this response and determined 

that it was a peptide hormone stored in atrial granules. The peptide was initially named 

atrial natriuretic factor and subsequently renamed ANP.   

 The NP family consists of four structurally homologous, but genetically distinct, 

members; atrial natriuretic peptide (ANP) (de Bold et al., 1981), B-type natriuretic 

peptide (BNP) (Sudoh et al., 1988), C-type natriuretic peptide (CNP) (Sudoh et al., 1990) 

and Dendroaspis natriuretic peptide (DNP) (Schweitz et al., 1992) (Fig. 1.1). All 

members of the NP family contain the sequence CFGXXXDRIXXXXGLGC (where X 

symbolizes any amino acid). The terminal cysteines (represented by the 'C') covalently 

bond forming a disulfide-linked ring structure. While this ring structure is highly 

conserved, the two terminal amino acid chains (i.e. NH2- and -COOH) are highly variable 

among the members, with differences in both length and amino acid sequence (Misono et  
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Figure 1.1: Schematic representation of natriuretic peptide amino acid sequence and ring 

structure. ANP: atrial natriuretic peptide; BNP: B-type natriuretic peptide; CNP: C-type 

natriuretic peptide; DNP: Dendroaspis natriuretic peptide.  
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al., 1984). In terms of WT NPs, this study focuses on ANP and therefore only its details 

will be discussed further. 

 

1.4.1 ANP Synthesis & Processing 

 The genetic segregation of the NPs results in tissue distribution and regulation 

properties exclusive to each peptide. The human ANP gene (nppa) is located on 

chromosome 1p36.2 and contains three exons (Yang-Feng et al., 1985). Pre-pro-ANP is 

151 amino acids in length. Cleavage at the amino terminal end results in the 126 amino 

acid pro-ANP. Pro-ANP is produced and stored primarily in the atria of the heart in 

distinct granules within cardiomyocytes (Potter et al., 2006).  Stretch in the atrial wall as 

a result of increased intravascular volume is the primary cause of pro-ANP release 

(Edwards et al., 1988). Upon secretion pro-ANP is quickly cleaved by a protease, corin, 

to produce the mature 28 amino acid ANP (Potter et al., 2006; Yan et al., 2000). ANP 

release into the coronary sinus allows it to circulate throughout the body to reach its 

target organs. Nppa is also expressed in the kidney where different processing results in 

production of a protein called urodilatin which plays a local regulatory role on kidney 

function (Schulz-Knappe et al., 1988). Plasma ANP levels in healthy patients are 

approximately 10 fmol/ml (Cody et al., 1986).   

 

1.4.2 ANP Metabolism, Clearance & Degradation 

 Natriuretic peptides have relatively short half-lives (i.e. the half- life for human ANP 

is 2.5 minutes) resulting in rapid clearance following their synthesis and release (Yandle 

et al., 1986). NPs can be excreted through the renal system, however this process has 
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been shown to play an insignificant role in the regulation of NP circulating levels (Shima 

et al., 1988). There are two other processes in which NPs are expected to leave the 

circulation and lose their biological function. 

 The first process is clearance through receptor-mediated internalization. This 

mechanism is primarily associated with NPR-C. However, all NPRs are able to remove 

NPs from circulation by binding (Maack et al., 1987). Upon ligand binding, NPR-C is 

thought to internalize NPs through a clathrin-dependent lysosomal hydrolysis mechanism 

(Nussenzveig et al., 1990). This has resulted in NPR-C being originally classified as a 

‘clearance receptor’ with no signalling functions. NPR-C is now known to activate 

signalling pathways (see chapter 1.5.2 below for further details). Evidence suggests that 

NPR-A and NPR-B are not triggered by NP binding to internalize or degrade but this 

remains controversial (Fan et al., 2004).   

 The second process by which ANP is removed from the circulation is degradation by 

extracellular proteases. These proteases show NP and species specificity. Neprilysin, 

enkephalinase and CD10 have all been implicated in NP degradation but enkephalinase 

(also known as neutral endopeptidase 24.11) seems to play the largest role (Erdos & 

Skidgel, 1989; Kenny et al., 1993; Soleilhac et al., 1992). Insulin degrading enzymes 

have also shown involvement in the degradation of ANP (Potter et al., 2011).  
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Figure 1.2: Schematic representation of the natriuretic peptide receptors and their 

respective ligands. NPR-A, NPR-B, NPR-C: natriuretic peptide receptor type A, B, C, 

ANP; atrial natriuretic peptide, BNP; B-type natriuretic peptide; CNP; C-type natriuretic 

peptide; DNP; Dendroaspis natriuretic peptide; cANF; selective natriuretic peptide 

receptor  C agonist, cGMP; cyclic guanosine monophosphate, Gi; inhibitory G-protein. 
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1.5 Natriuretic Peptide Receptors 

 There are three known natriuretic peptide receptors (NPRs) through which NPs elicit 

their effects (Fig. 1.2). ANP is only known to bind to NPR-A and NPR-C physiologically 

so only these receptors will be discussed further. 

 

1.5.1 Natriuretic Peptide Receptor A  

 Natriuretic peptide receptor A (NPR-A) is expressed in multiple tissue types, including 

adrenal, brain, vascular smooth muscle, lung, kidney, adipose and heart (Lowe et al., 

1989; Nagase et al., 1997; Schultz et al., 1989). NPR-A is the primary receptor for ANP, 

BNP (Lucas et al., 2000) and DNP (Johns et al., 2007). The 16 kilobase human NPR-A 

gene is located on chromosome 1q21-22 and includes 22 exons and 21 introns (Lowe et 

al., 1989; Takahashi et al., 1998). NPR-A is a guanylyl cyclase (GC) linked receptor 

consisting of an approximately 450 amino acid extracellular ligand binding domain at the 

amino terminus, a 20 to 25 amino acid transmembrane domain and an intracellular 

domain. The intracellular domain contains a 250 amino acid kinase homology domain 

(KHD), a 40 amino acid dimerization domain and a 450 amino acid GC domain at the 

carboxyl terminus (Potthast & Potter, 2005). In terms of NPR-A activation, ANP, BNP 

and DNP (Johns et al., 2007) have similar binding affinities, while the binding affinity of 

CNP is much less (Suga et al., 1992). 

 NPR-A is phosphorylated in its basal state allowing for activation. Upon ligand 

binding, NPR-A undergoes an adenosine triphosphate (ATP) dependent conformational 

change which removes the KHD's inhibitory role over the GC (Jewett et al., 1993). The 

GC is now free to catalyze the conversion of guanosine triphosphate (GTP) to cyclic 
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guanosine monophosphate (cGMP) (Potter & Hunter, 2001). The binding of ANP to 

NPR-A increases cGMP in a time- and concentration-dependent manner (Chinkers et al., 

1989; Schultz et al., 1989). 

 Dephoshorylation of NPR-A leads to its desensitization in response to prolonged NP 

exposure or protein kinase C (PKC) activation. The occurrence of NPR-A internalization 

and degradation through a lysosomal pathway remains controversial (Foster & Garbers, 

1998; Potter & Garbers, 1992; Potter & Garbers, 1994).   

 

1.5.2 Natriuretic Peptide Receptor C 

 Natriuretic peptide receptor C (NPR-C) is found in most tissues, including brain, 

adrenal, kidney, heart and vascular smooth muscle (Anand-Srivastava et al., 1985; 

Anand-Srivastava et al., 1986; Anand-Srivastava et al., 1991; Anand-Srivastava, 2005; 

Bianchi et al., 1986; Féthière et al., 1992; de Léan et al., 1984). NPR-C is known to bind 

all four NPs (Bennett et al., 1991). The human NPR-C gene is located on chromosome 

5p13-14 and contains 8 exons and 7 introns. The gene is relatively large spanning 65 

kilobases (Rahmutula et al., 2002). NPR-C shares the extracellular ligand binding domain 

and transmembrane domain structures with NPR-A. Intracellularly, however, NPR-C 

lacks the KHD and GC-linked domain (Porter et al., 1990). Instead it contains a 37 amino 

acid intracellular domain containing inhibitory G protein (Gi) activator sequences 

(Pagano & Anand-Srivastava, 2001). Upon ligand binding, Gi directly inhibits adenylyl 

cyclase (AC) activity (Anand-Srivastava & Trachte, 1993; Rose et al., 2003; Rose et al., 

2004) in a GTP dependent manner (Anand-Srivastava et al., 1996). NPR-C has also been 

shown to interact with phospholipase C β (PLCβ) (Pagano & Anand-Srivastava, 2001). 

This interaction increases diacylglycerol (DAG) and inositol triphosphate (IP3) 
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production leading to an increase in intracellular Ca
2+

 concentrations (Anand-Srivastava 

et al., 2005). In terms of binding affinity for NPR-C, ANP and DNP (Kim et al., 2011) 

have greater than or equal affinity as CNP and BNP has less affinity than CNP (Suga et 

al., 1992). 

 NPR-C's historical role as "the clearance receptor" designates its primary function as 

internalization and degradation following ligand binding in order to clear NP from the 

circulation (Jaubert et al., 1999; Matsukawa et al., 1999). While this process may still 

serve a regulatory purpose, the role of NPR-C in signalling through Gi and PLCβ is clear.  

  

1.6 Natriuretic Peptide Signalling 

 The binding and activation of the NPRs by their respective NPs leads to a complex 

downstream signalling pathway involving many important proteins and an intricate cross 

talk between generated cyclic nucleotides (Fischmeister et al., 2006). The variety of 

physiological effects that result are dependent on the pattern of expression of the NPRs 

and downstream signalling molecules throughout the body. Activation of NPR-A initiates 

the activity of its associated GC, thus increasing intracellular cGMP levels. cGMP 

interacts with the cGMP- dependent protein kinase G (PKG), phoshodiesterases (PDEs) 

and cyclic nucleotide-gated ion channels (Baxter, 2004; Potter et al., 2006). PKG is a 

serine-threonine kinase that exists in two isoforms (Baxter, 2004) denoted PKGI and 

PKGII. PKGI is found in the cytosol of platelets, smooth muscle cells, cardiomyocytes 

and brain cells. In contrast, PKGII is found membrane-bound in the intestine, kidney, 

brain, chrondrocyte and bone (Smolenski et al., 1998). PKGI is known to effect important 

cardiac ionic currents such as increasing the calcium-sensitive potassium currents (Alioua 
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et al., 1998; Swayze & Braun, 2001) and decreasing L-type calcium currents (Kojda et 

al. 1996; Levi et al. 1989; Méry et al. 1991; Sumii & Sperelakis, 1995; Wahler & 

Dollinger, 1995). 

 PDEs, which are the enzymes responsible for degradation of cyclic nucleotides (cAMP 

and cGMP), play an essential role in the NPR-A signalling pathway (Potter et al., 2006). 

There are 11 PDE families grouped based on their sequence, substrate specificity and 

regulatory properties (Bender & Beavo, 2006; Beavo, 1995; Conti & Beavo, 2007; 

Francis et al., 2001; Francis et al.,2011; Maurice et al., 2003) and 7 of these PDE 

families  have been described in the heart: PDE1, PDE2, PDE3, PDE4, PDE5, PDE8 and 

PDE9 (Kostic et al., 1997; Loughney et al., 1996; Meacci et al.,1992; Onody et al., 2003; 

Senzaki et al., 2001; Soderling & Beavo, 2000; Soderling et al.,1998). PDE1-3 are able 

to degrade both cAMP and cGMP. PDE4 and PDE8 are capable of degrading only 

cAMP, while PDE5 and PDE9 degrade only cGMP (Lugnier, 2006; Zaccolo & 

Movesian, 2007). In addition to cGMP's role as a PDE substrate, PDEs can also be 

regulated by cGMP. For example, PDE5 can be bound allosterically by cGMP which will 

increase its activity and increase cGMP degradation in a feed-forward mechanism. This 

allosteric regulation also facilitates crosstalk between cGMP and cAMP. For example, 

PDE2 is activated by cGMP and functions to enhance cAMP degradation, while PDE3 is 

inhibited by cGMP, which results in less degradation of cAMP (Omori & Kotera, 2007; 

Zaccolo & Movesian, 2007). PDEs have been found to exist in subcellular microdomains 

based on their own individual spatial and temporal localization within the cell 

(Fischmiester et al., 2006; Maurice et al., 2003; Movesian, 2002; Hua et al., 2012; 

Zaccolo, 2011; Zaccolo & Movesian, 2007). This adds even further complexity to their 
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regulatory role as different concentrations of cyclic nucleotides effect different PDEs. For 

example, cGMP at a lower concentration inhibits PDE3, while at higher concentrations 

cGMP activates PDE2, leading to an increase or decrease in cAMP levels, respectively 

(Vandecasteele et al., 2001). In the context of NP signalling, cGMP-cAMP crosstalk 

allows communication between all three NPRs. While NPR-A and NPR-B are linked to 

GC activity to control cGMP levels, NPR-C's signalling through Gi effects AC activity 

and, subsequently cAMP concentration (Anand-Srivastava et al., 1993; Rose et al., 2003; 

Rose et al., 2004). The principal downstream target of cAMP is protein kinase A (PKA) 

(Zaccolo & Movesian, 2007).  PKA has also been shown to have role in regulating the 

activity of PDE1, PDE3, PDE4 and PDE5 (Omari & Kotera, 2007). 

 Both cAMP and cGMP are able to bind to cyclic nucleotide-gated ion channels to 

mediate additional cellular responses (Potter et al., 2006). These channels are non-

selectively permeable to cations (Kaupp & Seifert, 2002) and are most prominent in 

sensory cells, the brain, airway epithelial cells and kidney. There has been no evidence of 

a direct link between these channels and NPs; however, they are worth noting due to the 

wide distribution of NPRs and their effects on circulating cyclic nucleotide levels (Potter 

et al, 2006).  

 

1.7 Physiological Effects of Natriuretic Peptides 

 NPs have a variety of effects throughout the body that can be classified as both 

paracrine and endocrine. NPs are most commonly associated with their diuretic and 

natriuretic effects (D'Souza et al., 2004; Kuhn, 2004; Levin et al., 1998), but they can 

also regulate cardiac hypertrophy and fibrosis, vascular relaxation and remodelling, 
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pulmonary hypertension, the renin-aldosterone system, fat metabolism, long bone growth 

and processes in the brain and immune system (Potter et al., 2006). Their effects are 

particularly evident when disease occurs subsequent to genetic alteration (Kuhn, 2004). 

Given the focus of this thesis on ANP, only NP effects mediated through NPR-A and 

NPR-C in the cardiovascular system will be discussed. 

   

1.7.1 Effects on Blood Pressure  

 ANP plays a predominant role in blood pressure homeostasis shown clearly through 

the inverse linear relationship between NPR-A gene copy number and blood pressure in 

mice (Oliver et al., 1998). The effects of ANP and NPR-A on blood pressure were 

defined using transgenic mice either lacking ANP or NPR-A or mice expressing higher 

than normal levels of ANP. In the first case, blood pressure measured in transgenic mice 

lacking functional ANP was 20 to 40 mmHg higher than control (John et al. 1995; John 

et al. 1996). Lack of functional NPR-A in mice also results in hypertension (Lopez et al., 

1995; Lopez et al., 1997; Oliver et al., 1997). In contrast, mice expressing larger than 

normal levels of ANP had a blood pressure 20 to 30 mm Hg lower than control (Ogawa et 

al. 1994; Steinhelper et al. 1990). Over-expression of NPR-A also results in hypotension 

(Oliver et al., 1998). Over-expression of BNP, which also activates NPR-A, produces 

arterial hypotension similar to ANP (Ogawa et al., 1994). Interestingly, mice lacking 

functional NPR-C receptors were reported to have modestly lower systolic and diastolic 

blood pressure (Matsukawa et al., 1999). 

 Blood pressure regulation by ANP is due to the combined effects on intravascular 

volume, vasorelaxation, natruiresis and diuresis. Through NPR-A, ANP is able to 



20 
 

increase diuresis and natriuresis by inhibiting the renin-angiotensin-aldosterone system 

(RAAS) (Richards et al., 1988). The RAAS is a hormone system that regulates blood 

pressure and fluid homeostasis. The liver secretes angiotensinogen which is converted by 

the enzyme renin to angiotensin I. Angiotensin I is then converted to angiotensin II (Ang 

II) by angiotensin converting enzyme (ACE). Ang II acts on the adrenal cortex to trigger 

release of aldosterone. Ang II also causes vasoconstriction. Aldosterone acts on the 

collecting ducts of the kidney to decrease sodium and water excretion effectively 

increasing fluid volume. ANP decreases renin secretion and subsequently aldosterone 

release, thus increasing natriuresis and diuresis (Hunt et al., 1996; Potter et al., 2006; 

Wijeyaratne & Moult, 1993). NPR-A activation also increases glomerular filtration rate 

by constricting the efferent arteriole and dilating the afferent arteriole causing a rise in 

glomerular capillary pressure (Marin-Grez et al., 1986). The hypotensive response can 

also be partly attributed to the reduction in intravascular volume due to an ANP/NPR-A 

mediated increase in capillary permeability (Huxley et al., 1987; McKay & Huxley, 

1995). In addition ANP is able to promote vascular relaxation in a PKGI-dependent 

manner as a result of its effects on downstream calcium signalling (Carvajal et al., 2000; 

Hofmann et al., 2000). 

 

1.7.2 Effects on the Heart  

 Transgenic mice have provided powerful insight into the effects of NPs on the heart. 

Mice without functioning ANP (John et al., 1995) or NPR-A (Franco et al., 1998; 

Kishimoto et al., 2001; Oliver et al., 1997) have an enlarged heart. This hypertrophic 

response is due to both hypertension effects and the loss of an inhibitory effect on local 
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growth (Knowles et al., 2001). In contrast, over-expression of ANP results in a smaller 

heart (Barbee et al., 1994; Steinhelper et al., 1990). Both ANP and BNP signalling 

through NPR-A are able to reduce pressure-induced cardiac remodelling (Tamura et al., 

2000; Knowles et al., 2001; Holtwick et al., 2003; Tsuneyoshi et al., 2004). The 

BNP/NPR-A pathway is predominantly involved in decreased fibrosis (Cao & Gardner, 

1995). The mechanism is still controversial but seems to entail alterations in mitogen-

activated protein kinase (Kapoun et al., 2004; Takahashi et al., 2003) and matrix 

metalloproteinase activity (Kapoun et al., 2004; Tsurda et al., 2002; Wang et al., 2003). 

BNP gene deletion results in cardiac fibrosis (Tamura et al., 2000). Lack of functional 

NPR-A in mice has also been shown to result in cardiac hypertrophy as well as sudden 

cardiac death (Lopez et al., 1995; Lopez et al., 1997; Oliver et al., 1997). 

 Experiments on single isolated cardiomyocytes have identified additional roles for 

NPs in cardiac physiology. In most cases the effect of NPs are concentration and/or 

species-dependent, and can be influenced by experimental protocol. Application of ANP, 

BNP and CNP to isolated rabbit ventricular myocytes revealed a concentration-dependent 

decrease in myocyte contractility that was dependent on cGMP (Zhang et al., 2005). This 

result was reproduced in an isolated perfused mouse working heart model with CNP, but 

not ANP (Pierkes et al., 2002). 

 More recently, work from our laboratory has shown NP effects on SAN and atrial 

electrophysiology in isolated hearts and myocytes isolated from mice. BNP  elicited a 

dose-dependent increase in heart rate and conduction throughout the atria.  In support of 

this observation, BNP (100 nM) increased spontaneous AP frequency in isolated SAN 

myocytes. The change in frequency was due to an increase in ICa,L and the 
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hyperpolarization-activated current (If).  BNP was also shown to increase ICa,L and AP 

duration (APD) in atrial myocytes in the presence of the β-adrenergic receptor (β-AR) 

agonist isoproterenol (ISO; 10nM), but not in basal conditions. Using atrial myocytes 

isolated from mice lacking functional NPR-C (NPR-C
-/-

), the effects of BNP were 

maintained. In contrast, in the presence of the NPR-A blocker A71915, the effects of 

BNP on SAN myocytes was lost. The BNP effects (in the presence of ISO) in atrial 

myocytes were also lost with the addition of A71915. This reveals that the effects of BNP 

were through NPR-A activation. Interestingly, in the presence of the PDE3 inhibitor, 

milrinone, the effects of BNP were absent indicating that their effects occur in a PDE3-

dependent fashion (Azer et al., 2012; Springer et al., 2012).  

 In the presence of a maximal dose of ISO (1 µM), BNP switches to decreasing heart 

rate (in Langendorff-perfused mouse hearts) and decreasing AP firing in SAN myocytes. 

The NP induced decrease in heart rate and SAN firing was absent in NPR-C
 -/-

 hearts 

(Azer et al., 2012). This NPR-C inhibitory effect of NPs is due to a decrease in ICa,L in 

isolated SAN myocytes (Rose et al., 2004). This effect is mirrored in frog atrial 

myocytes, where in the presence of ISO (100nM), APD is shortened due to an inhibition 

of ICa,L through NPR-C activation (Rose et al., 2003).  

 The effects of BNP on ICa,L through NPR-A and NPR-C have been very well studied, 

however the effect of ANP through these receptors is less known. While it is known that 

ICa,L is regulated by ANP (Tohse et al., 1995), whether it modulates inotropy or 

chronotropy, and how, is controversial. Negative chronotropic effects of ANP on the 

heart have been proposed by multiple groups. The mechanism for these effects has been 

linked to intracellular cGMP production and the activation of PKGI leading to a decrease 
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in ICa,L (Doyle et al., 1997; McCall & Fried, 1990; Tajima et al., 1998; Tohse et al., 

1995). In early developmental cardiomyocytes a decrease in ICa,L following ANP 

application was mediated by cGMP and the activation of PDE2, which resulted in a 

decrease in PKA activity (Miao et al., 2010). An ANP induced a decrease in ICa L has also 

been reported in guinea pig ventricle (Levi et al., 1989), chick embryo (Bkailey et al., 

1993), human atrial (Le Grand et al., 1992) and rabbit ventricular cardiomyocytes (Tohse 

et al.,1995). In contrast, other studies have reported that ANP can elicit a positive 

chronotropic response (Lainchbury et al., 2000). Interestingly, in frog cardiomyocytes 

ANP had no effect on basal ICa,L, but after pre-stimulation with a β-AR agonist ANP 

decreased ICa,L (Gisbert & Fischmeiter, 1988).  

 It is likely that differing patterns of results, as described above, are due to the 

complexity of NP signalling in the heart, which can involve multiple receptor subtypes 

and downstream signalling molecules, which may make unique contributions in different 

physiological conditions.  

 

1.8 Atrial Natriuretic Peptide & Atrial Fibrillation 

 Atrial fibrillation (AF) is the most common irregular heart rhythm (arrhythmia) treated 

in emergency rooms (Fuster, et al., 2011) and is estimated to affect 1-2% of the 

population (Stewart, et al., 2001) – which is approximately 350, 000 Canadians. AF is 

characterized by a fast and irregular beating of the heart’s atria. Due to the dyssynchrony 

of the beats, or atrial contractions, pooling of blood in the atria is common and often 

leads to the formation of clots. As a result, AF is associated with a 3 to 5 fold greater risk 

of ischemic stroke (Heart & Stroke Foundation, 2013). The incidence of AF doubles with 
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every decade over age 55 (Benjamin, et al., 1994) and with Canada’s aging population it 

is clear that unraveling the mechanisms of AF is very important for the prevention and 

proper treatment of this disease.  

 In 2008, Hodgson-Zingman et al. published a linkage analysis of a white family of 

northern European ancestry who had an autosomal dominant AF phenotype. Genetic 

mapping traced the AF locus to chromosome 1p36-p35 and a heterozygous frameshift 

mutation was discovered in the ANP gene, nppa. The 2 base pair deletion abolishes a 

normal stop codon and results in a 12-amino acid (sequence; RITAREDKQGWA) 

extension of the carboxyl terminus of ANP (Fig. 1.3). This mutant form of ANP (mANP) 

was found in the circulating plasma of all affected family members at 5- to 10- fold 

higher concentrations than WT ANP, but not found in unaffected family members or 

unrelated control subjects (Hodgson-Zingman et al., 2008). The increased mANP plasma 

levels were determined to be due to a resistance to proteolytic degradation compared to 

wildtype ANP. The half-life of mANP was 4.5 minutes, nearly twice as long as WT 

ANP. The primary enzyme responsible for mANP degradation appears to be a serine 

protease, while ANP is predominantly degraded by a neutral endopeptidase as described 

above in chapter 1.2.2. Interestingly, while the neutral endopeptidase was able to fully 

inactivate WT ANP, mANP activity was only 35% reduced after a 30 minute application 

of the enzyme. Therefore, the 12 amino acid extension appears to significantly affect the 

properties of mANP degradation (Dickey et al., 2009).  

  As a preliminary mechanistic investigation, Hodgson-Zingman et al., also studied the 

effects of mANP in a rat isolated whole-heart model. They noticed, in comparison to WT 

ANP, mANP significantly shortened the monophasic APD at 90% repolarization. This  
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Figure 1.3: Amino acid sequence and structure of atrial natriuretic peptide and mutant 

atrial natriuretic peptide. ANP: atrial natriuretic peptide; mANP: mutant atrial natriuretic 

peptide.  
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corresponded to a decrease in the effective refractory period (ERP) upon mANP 

application compared to WT ANP (Hodgson-Zingman et al., 2008). Dickey et al. further 

characterized mANP and showed a receptor binding profile similar to ANP; mANP 

bound human NPR-A and NPR-C with the same affinity as ANP (IC50:1.6 nM with WT 

ANP; IC50:2.4 nM with mANP). Whole cell activation of human NPR-A was also similar 

(EC50:12.5 nM with WT ANP; EC50:11.6 nM with mANP). Interestingly, at the highest 

concentration (10 µM), mANP stimulated significantly higher cGMP production by 

NPR-A than ANP (~1150 pmol cGMP with mANP versus ~800 pmol cGMP with ANP). 

However, at all other concentrations the potency of ANP and mANP was comparable. A 

reduced affinity and potency of mANP for rat NPR-A was observed. It was remarked that 

this reduction, though significant, was small. Another difference between ANP and 

mANP was that mANP had a slightly greater ability to activate NPR-B. The EC50 values 

for mANP and WT ANP were 800 nM and 1200 nM, respectively. The maximum 

activity with mANP was also 50% greater than with WT ANP. However, ANP and 

mANP had similarly low cGMP production by NPR-B relative to the primary ligand 

CNP (EC50 values were 32 nM, 28 nM and 142 nM for WT ANP, mANP and CNP, 

respectively). The ability to bind NPR-C was also the same for WT ANP and mANP 

(IC50 values for WT ANP and mANP were 2.4 nM and 3.2 nM, respectively) (Dickey et 

al., 2009). 

 Currently, mANP's physiological effects and role in AF appear to be due to its greater 

circulating concentration (Hodgson-Zingman et al., 2008). To my knowledge, there have 

been no experiments done to evaluate mANP effects on cardiac ion channels.   
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1.9 Purpose & Hypothesis  

 The effects of ANP on cardiac ion channels have been variable due to species and 

technique variations used in its investigation (Perrin & Gollob, 2012). ANP has the 

ability to bind both NPR-A and NPR-C, which can mediate opposing effects on cAMP 

production (Azer et al., 2012). NPR-A activation increases intracellular cGMP, which 

modulates several downstream signalling processes as described earlier (Potter et al., 

2006). NPR-C is linked to Gi and the inhibition of AC activity, which reduces cAMP 

signalling (Anand-Srivastava et al., 1987; Rose et al., 2003; Rose et al., 2004; Rose et 

al., 2005). The conflicting effects of ANP on cardiac function and myocyte 

electrophysiology may be due to the complex involvement of PDEs and the subsequent 

cross talk between cAMP and cGMP pathways in different physiological conditions 

(Zaccolo & Movesian, 2007).  

 Similar to ANP, mANP has been shown to bind NPR-A and NPR-C and stimulate 

cGMP production through NPR-A (Dickey et al., 2009). One study also showed a 

decrease in monophasic APD upon mANP application (Hodgson-Zingman et al., 2008), 

however, no other electrophysiological mechanisms have been studied. Patients with the 

ANP mutation have also shown a predisposition to AF (Hodgson-Zingman et al., 2008). 

While knowledge has greatly increased, AF still contributes significantly to population 

morbidity and mortality and current therapies have major limitations (Dobrev & Nattel, 

2010). The study of mANP could improve mechanistic understanding of AF and provide 

insight for future therapies.  

 Therefore, based on previous studies investigating the electrophysiological effects of 

NPs in the heart, this research set out to further investigate the electrophysiological 
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effects of ANP and mANP in mouse right atrial myocytes, and to clarify the involvement 

of NPRs in these effects. 

 It was hypothesized that ANP would have no effect on atrial APD or atrial ICa,L in 

basal conditions. However, in the presence of ISO, ANP would be expected to increase 

atrial APD and atrial ICa,L through NPR-A activation similar to the results obtained 

previously with BNP in mouse right atrial myocytes (Springer et al, 2012). Increased 

levels of cGMP (following NPR-A activation) can result in the inhibition of PDE3 

activity which would reduce the hydrolysis of cAMP. Accordingly, it was further 

hypothesized that ANP would elicit an increase in intracellular cAMP in atrial myocytes 

the presence of ISO (Omori & Kotera et al., 2007; Zaccolo & Movesian et al., 2007). 

 No studies have investigated the ionic mechanisms by which mANP affects atrial 

electrophysiology. We hypothesized that mANP would have unique electrophysiological 

effects on atrial ICa,L, which could at least partially explain how this mutant peptide 

increases susceptibility to AF. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Experimental Animals 

 All experimental procedures were done in accordance with the regulations of The 

Canadian Council on Animal Care and were approved by Dalhousie University. 

 

2.1.1 C57BL/6 Mice 

 The mice used in this study were male, between 10 and 14 weeks of age. C57BL/6 

mice (Charles River) were used to study the effects of ANP and mANP in a WT 

phenotype.  

 

2.1.2. NPR-C Mutant Mice 

 To study the role of NPR-C, mice lacking a functional NPR-C receptor (NPR-C
-/-

) 

were used (strain: B6; C-Npr3lgj/J; Jackson Laboratories). This strain was backcrossed 

into a C57BL/6 background for more than 10 generations. The NPR-C
-/-

 mice contain an 

in-frame 36 base pair deletion between positions 195 and 232 on chromosome 15. This 

mutation leads to a non-functional NPR-C protein that is lacking 12 amino acids in the 

extracellular domain (Jaubert et al., 1999). All NPR-C
-/-

 mice were male and between the 

ages of 10-14 weeks.  

 

2.2 Mouse Right Atrial Myocyte Isolation 

 Single cells were isolated from the right atrial appendage from the hearts of adult male 

C57BL/6 mice or NPR-C
-/-

 mice using previously described techniques (Rose et al., 

2007).  In summary, adult mice were injected intraperitoneally with 0.2 mL of heparin to 
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prevent clotting. The heparin was allowed to circulate for 5 minutes. The mice were then 

anesthetized with isoflurane and sacrificed.  The right atrial appendage was removed 

from the heart and placed in a dissecting dish containing Tyrode’s solution which 

consisted of (in mM): 140 NaCl, 5.4 KCl, 1.2 KH2PO4, 1.0 MgCl2, 1.8 CaCl2, 5.5 

glucose, and 5 HEPES, with pH adjusted to pH 7.4 with NaOH, at 35°C. The right atrial 

appendage was pinned open and cut into 8-10 strips. The strips were transferred from the 

Tyrode’s solution to a low Ca
2+

, Mg
2+

 free solution containing (in mM): 140 NaCl, 5.4 

KCl, 1.2 KH2PO4, 0.2 CaCl2, 50 taurine, 18.5 glucose, 5 HEPES, and 1 mg/ml BSA, 

with pH adjusted to 6.9 with NaOH. The tissue was washed in this solution by gentle 

inversion and subsequent transfers between three separate round-bottom tubes. Following 

the washing procedure, the atrial strips were transferred into 5 ml of low Ca
2+

, Mg
2+

 free 

solution containing 3.2 mg of collagenase (type II, Worthington; 335 U/mg), 75 μl of 

elastase (Worthington; 4.84 U/mgP), and 65.2 μl of 1 mg/100 μl protease solution from 

Streptomyces griseus (type XIV, Sigma-Aldrich; 4.3 U/mg). Enzymatic digestion took 

place for 30 min at 35ºC with manual agitation of the tube every 5 minutes. The tissue 

was then transferred to 2.5 ml of modified Kraft-Brühe (KB) buffer solution containing 

(in mM): 100 K-glutamate, 10 K-aspartate, 25 KCl, 10 KH2PO4, 2 MgSO4, 20 taurine, 5 

creatine, 0.5 EGTA, 20 glucose and 5 HEPES, and 1% BSA, with pH adjusted to 7.2 with 

KOH. The tissue was washed in this solution by gentle inversion and subsequent transfers 

between three separate round-bottom tubes. The tissue strips were transferred to a final 

round bottom tube containing 2.5 ml of modified KB solution and left to rest for 5 min 

before the strips were mechanically triturated for 7.5 min at 35°C with a wide-bore 

pipette. Approximately 5-7 ml of additional KB solution was added to the tube containing 
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the tissue and was placed at room temperature for one hour before electrophysiological 

experiments were performed.   

 

2.3 Solutions & Pharmacology 

2.3.1 Experimental Drugs 

 ANP (1-28) (mouse, rabbit, rat; Bachem) was obtained as a trifluroacetate salt and was 

dissolved in double distilled water (DD-H20) to produce a 10 μM stock solution, which 

was stored at -80°C in 250 μl aliquots until time of use, at which point 250 μl aliquots 

were dissolved in 25 ml of external bath solution to yield the desired final experimental 

concentration of 100 nM. This solution was superfused through the recording chamber at 

room temperature. 

 mANP (H-SLRRSSCFGGRMDRIGAQSGLGCNSFRYRITAREDKQGWA-OH) 

(custom synthetic; Bachem) was obtained as an oxidized acetate salt and was dissolved in 

DD-H2O to produce a 10 µM stock solution, which was stored at -80ºC in 250 µL 

aliquots. At time of use the 250 µL aliquots were dissolved in 25 mL of external bath 

solution to yield a final concentration of 100 nM. This solution was superfused through 

the recording chamber at room temperature (21°- 23°C). 

 Isoproterenol hydrochloride (Sigma-Aldrich) was used as a non-selective β-AR 

agonist in order to activate AC activity and increase intracellular cAMP levels. An initial 

1 mM stock was prepared and subsequently diluted to produce a final stock concentration 

of 10 μM. The final stock was prepared fresh every hour and 25 μl of the stock solution 

was added to 25 ml of external bath solution to produce a final experimental 

concentration of 10 nM. 



33 
 

 A71915 (Bachem) is a well-characterized NPR-A specific antagonist (Delporte et al, 

1992). A71915 was used to examine the role of NPR-A in mediating the 

electrophysiological effects of ANP and mANP. A71915 was dissolved in DD-H2O and 

separated into 100 μl aliquots. The aliquots were dissolved in 25 ml of external bath 

solution for a final experimental concentration of 500 nM. 

 

2.3.2 Action Potential Solutions 

 AP external recording solution was normal Tyrode's solution and consisted of (in 

mM): 140 NaCl, 5.4 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 5.5 Glucose, and buffered to a 

pH of 7.4 with NaOH. Internal pipette solution consisted of (in mM): 140 KCl, 5 NaCl, 

0.2 CaCl2, 5 EGTA, 4 K-ATP, 1 MgCl2, 10 HEPES, 6.6 Na-phosphocreatine, 0.3 Na-

GTP, and buffered to a pH of 7.2 with KOH. The internal solution was filtered through a 

0.22 micron filter prior to use. Amphotericin-B was used to achieve the perforated patch 

clamp configuration. Amphotericin-B was dissolved in DMSO to make a final stock 

concentration of 20 mg/ml. Next, 10 μl of amphotericin stock solution was added to 0.5 

ml of the AP internal solution to create a final concentration of 200 μg/ml of 

amphotericin-B. All solutions were well vortexed prior to use, and a fresh stock was 

made every hour throughout the experiment. 

 

2.3.3 Calcium Current Solutions 

 The external calcium current recording solution consisted of (in mM): 140 CsCl, 5.4 

TEA-Cl, 2 CaCl2, 1 MgCl2, 10 HEPES, 1 Glucose, and buffered to a pH of 7.4 with 

CsOH. The internal calcium current recording solution consisted of (in mM): 135 CsCl, 5 
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NaCl, 0.2 CaCl2, 5 EGTA, 4 Mg-ATP, 1 MgCl2, 10 HEPES, 6.6 Na-phosphocreatine, 0.3 

Na-GTP, and buffered to a pH of 7.2 with CsOH. Lidocaine (0.3 M) was also added to 

block sodium current. The internal solution was filtered through a 0.22 micron filter prior 

to use. 

 

2.4 Electrophysiological Protocols 

 Micropipettes were pulled from borosilicate glass (with filament, 1.5 mm OD, 0.86 

mm ID; Sutter Instrument, Novato, CA) using a Flaming/Brown pipette puller (model P-

97, Sutter Instrument). The resistance of these pipettes was 2-7 MΩ when filled with 

recording solution. Microelectrodes were positioned with a piezoelectric 

micromanipulator (Burleigh® Instruments, Burleigh TS-5000-150) mounted on the stage 

of an inverted microscope (Nikon Eclipse TE300). Seal resistances were 1–10 GΩ.  

 

2.4.1 Action Potential Recordings 

 The perforated patch clamp technique was used for AP recordings in single right atrial 

myocytes (Rae et al, 1991). An aliquot of cell suspension was allowed to settle for 10 

minutes in a 35 mm petri dish that was mounted on the stage of the microscope. The 

recording chamber was then superfused with Tyrode's solution and amphotericin-B was 

added to the pipette solution as described above (chapter 2.3.2). Gigaseals were achieved 

and access resistance was monitored for the appearance of capacitive transients. Access 

resistances of less than 30 M Ω were seen 10 to 15 minutes within sealing at which time 

APs were recorded in current clamp mode. 
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 APs were elicited from atrial myocytes by applying a 20 ms depolarizing stimulus 

(0.03-0.1 nA) every 5 seconds using the Axopatch 200B amplifier (Molecular Devices). 

Using this protocol, APs were recorded over approximately 15 minute periods, during 

which the experiment took place and drugs were applied. 

 

2.4.2 Calcium Current Recordings 

 The whole cell configuration of the patch-clamp technique was used for Ca
2+

 

recordings in single right atrial myocytes (Hamill et al, 1981). The cell suspension was 

superfused with the external calcium containing solution (with drugs applied as needed) 

and pipettes were filled with the internal calcium recording solutions as described above 

(chapter 2.3.3).  

 To record ICa,L  during voltage clamp experiments the sarcolemma was ruptured and an 

access resistance between 5-20 MΩ was achieved. The series resistance was compensated 

by 80% using the Axopatch 200B amplifier (Molecular Devices).  

 Time course ICa,L experiments were recorded by first applying a depolarizing voltage-

clamp step from a -80 mV holding potential to  -60 mV for 200 ms. Immediately after 

this pre-pulse, a 250 ms voltage-clamp step was applied from  -60 mV to 0 mV. 

 Current-voltage (IV) relationships for ICa,L were measured by applying a series of 250 

ms steps in 10 mV increments at voltages between -60 mV to +60 mV from a holding 

potential of -80 mV. ICa,L activation kinetics were determined by calculating chord 

conductance from the ICa,L recordings using the equation: G = (I/Vm − Vrev); where G is 

the conductance, I is the current measured, Vm is the depolarizing voltage and Vrev is the 

apparent reversal potential. Peak conductance density was fit to a multi-component 
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Boltzmann function to produce a sigmoidal curve in order to calculate maximum 

conductance (Gmax), the voltage at which 50% activation occurs (V1/2), and the slope 

factor (k) from the equation:  

 

 

Ai = G, A2 = Gmax, x = Vm, x0 = V1/2(act) and dx = slope factor (k) 

 

2.5 cAMP Assay 

 Right atrial myocytes were isolated as described (chapter 2.2). The entire sample of 

isolated cells in KB was centrifuged at 2000 rpm for 5 minutes. The supernatant was 

removed and the pellet was resuspended in external calcium current recording solution 

(described in chapter 2.4.3) in order to keep the conditions consistent with those during 

ICa,L measurements. A hemocytometer was used to determine myocyte density. Cells were 

treated in six test conditions; control, ANP alone, mANP alone, ISO, ISO+ANP and 

ISO+mANP, and incubated for 15 minutes at 4ºC. Intracellular cAMP concentrations 

were determined using a HTRF® cAMP Femto2 kit (Cisbio US, Inc., Bedford, MA, US) 

according to manufacturer’s instructions.  

 

2.6 Statistical Analysis 

 Summary data are presented as means±SEM. The data were analyzed using a 

Repeated measures One-Way ANOVA followed by Tukey post-hoc analysis or paired 

Student's t-test, as appropriate, to identify significant differences (Sigma Stat 2.0 

statistical analysis software (Jandel Scientific)). For cAMP assay analysis, standard 
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curves were fit and interpolated using Prism 6 (GraphPad software). In all cases P < 0.05 

was considered significant. 
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CHAPTER 3: RESULTS 

3.1 Effects of ANP on action potential morphology and L-type calcium current in 

right atrial myocytes in basal conditions 

 The first set of experiments in this study investigated the effects of ANP (100 nM) on 

AP morphology in isolated mouse right atrial myocytes in basal conditions (Fig. 3.1).  

The AP parameters measured included the resting membrane potential (RMP), AP 

upstroke velocity (Vmax), AP overshoot, and action potential duration at 50, 70 and 90% 

repolarization (APD50, APD70 and APD90) (Table 1). RMP was -77.9±0.3 mV in control 

conditions and -77.9±0.3 mV after application of ANP (P=0.990). Vmax was 150.0±7.1 

V/s in control conditions and 149.3±7.1 V/s in the presence of ANP (P=0.989). AP 

overshoot was 60.3±6.6 mV in control conditions and 60.1±6.8 mV in the presence of 

ANP (P=0.937). APD50 was 12.4±2.0 ms in control conditions and 12.56±1.9 ms in the 

presence of ANP (P=0.948). APD70 was 24.6±3.3 ms in control conditions and 24.6±3.2 

ms in the presence of ANP (P=0.993). APD90 was 55.8±4.5 ms in control conditions and 

55.5±4.3 ms in the presence of ANP (P=0.818). Collectively, these analyses demonstrate 

that ANP had no significant effect on atrial AP morphology in basal conditions. 

 Previous studies in our laboratory have identified ICa,L as a major target of regulation 

by NPs in the heart (Springer et al., 2012). Thus, despite the lack of effect of ANP on 

atrial AP morphology, the effects of ANP on atrial ICa,L were also measured in basal 

conditions (Fig. 3.2). Figure 3.2A illustrates representative ICa,L recordings during a 

voltage clamp step to 0 mV (holding potential was -60 mV) in control conditions and 

following application of ANP (100 nM).  
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Figure 3.1: Effects of ANP on right atrial myocyte action potential morphology in basal 

conditions. (A) Representative stimulated atrial myocyte APs in control conditions and 

following application of ANP (100 nm). (B) Summary of the effects of ANP on right 

atrial AP duration in basal conditions. Dashed line represents ANP had no effect on the 

AP morphology in basal conditions (n=6 myocytes; analyzed by paired Student's t-test). 

See Table 1 for additional analysis. 

 

  



40 
 

0 mV 

 

 

 

 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 
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Table 1: Summary of action potential parameters following application of ANP (100 nM) 

in basal conditions in right atrial myocytes. 

 

 

 

 

 

Data are means ± SEM; n=6 right atrial myocytes. ANP had no effect on the AP 

parameters (analyzed by paired Students t-test).  

 

 

 

 

 

 

  

 Control  ANP 

RMP (mV)  

Vmax (V/s) 

Overshoot (mV) 

APD50 (ms) 

APD70  (ms) 

APD90  (ms) 

-77.9±0.3 

150.0±7.1 

60.3±6.6 

12.4±2.0 

24.6±3.3 

55.8±4.5 

-78.0±0.3 

149.3±7.1 

60.1±6.8  

12.6±1.9 

24.6±3.2 

55.5±4.3 
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Figure 3.2: Effects of ANP on right atrial myocyte L-type Ca
2+

 current (ICa,L) in basal 

conditions. (A) Representative right atrial ICa,L recordings in control conditions and 

following application of ANP (100 nM). The voltage clamp protocol used (inset) allows 

measurement of Cav1.2 and Cav1.3 dependent ICa,L (see methods). (B) Summary I-V 

relationships for the effects of ANP on right atrial myocyte ICa,L. (C) Summary ICa,L 

conductance density plots demonstrating the effects of ANP on ICa,L activation kinetics 

(see Table 2 for additional analysis of ICa,L kinetics).  ANP had no effect on ICa,L in 

isolated atrial myocytes in basal conditions (n=7 right atrial myocytes; analyzed by paired 

Student's t-test). 
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 The effect of ANP on ICa,L was quantified in a summary current-voltage (IV) 

relationship (Fig 3.2B). Consistent with the representative recordings, the ICa,L IV 

relationship showed no change upon application of ANP (P=0.960). Figure 3.2C shows 

the effects of ANP on ICa,L activation kinetics in basal conditions. Maximum conductance 

(Gmax), the voltage required for 50% channel activation (V1/2(act)) and the activation curve 

slope constant (k) were measured from Boltzman fits of chord conductance data (Table 

2). There was no significant difference in the conductance analysis parameters upon 

application of ANP. Gmax was 90.7±1.3 pS/pF in control conditions and 91.6±1.2 pS/pF 

in the presence of ANP (P=0.926). V1/2(act) was -8.9±0.4 mV in control conditions and -

9.1±0.4 mV upon application of ANP (P=0.838). Finally, k was 6.5±0.4 in control and 

6.4±0.3 with ANP (P=0.627). These data demonstrate that in basal conditions ANP has 

no effect on ICa,L in right atrial myocytes. 

 

3.2 Effects of mANP on action potential morphology and L-type calcium current in 

right atrial myocytes in basal conditions 

 In order to begin unraveling the effects of mANP on atrial electrophysiology, APs 

were recorded in isolated right atrial myocytes in basal conditions and after application of 

mANP (100 nM) (Fig. 3.3; Table 3).  RMP was -77.4±0.4 mV in control conditions and -

77.8±0.3 mV after mANP application (P=0.882). Vmax was 144.2±5.3 V/s in control 

conditions and 143.8±5.0 V/s in the presence of mANP (P=0.961). AP overshoot was 

60.8±3.9 mV in control conditions and 59.8±3.5 mV in the presence of mANP (P=0.860). 

APD50 was 15.2±0.8 ms in control conditions and 15.6±0.6 ms in the presence of mANP 
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Table 2: Summary of ICa,L steady state conductance analysis following application of 

ANP (100 nM) in basal conditions in right atrial myocytes. 

 Control ANP 

Gmax (pS/pF) 90.7±1.3 91.6±1.2 

V1/2(act) (mV) -8.9±0.4 -9.1±0.4 

k 6.5±0.4 6.4±0.3 

 

Data are means ± SEM. ANP had no effect on ICa,L steady state conductance parameters 

(n=7 right atrial myocytes; analyzed by paired Student's t-test). 
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Figure 3.3: Effects of mANP on right atrial myocyte action potential morphology in 

basal conditions. (A) Representative stimulated atrial myocyte APs in control conditions 

and following application of mANP (100 nM). (B) Summary of the effects of mANP on 

right atrial AP duration in basal conditions. mANP had no effect on the AP morphology 

in basal conditions (n=5 myocytes; analyzed by paired Student's t-test). See Table 3 for 

additional analysis. 
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Table 3: Summary of action potential parameters following application of mANP (100 

nM) in basal conditions in right atrial myocytes. 

 Control mANP 

RMP (mV) 

Vmax (V/s) 

Overshoot (mV) 

APD50 (ms) 

-77.4±0.4 

144.2±5.3 

60.8±3.9 

15.2±0.8 

-77.8±0.3 

143.8±5.0 

59.8±3.5 

15.6±0.6 

APD70 (ms) 29.3±1.1 29.6±1.2 

APD90 (ms) 55.3±2.7 56.3±2.7 

 

Data are means ± SEM. mANP had no effect on the AP parameters (n=5 right atrial 

myocytes; analyzed by paired Students t-test).  
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(P=1.000). APD70 was 29.3±1.1 ms in control conditions and 29.6±1.2 ms in the presence 

of mANP (P=0.690). APD90 was 55.3±2.7 ms in control conditions and 56.3±2.7 ms in 

the presence of mANP (P=0.793). Thus, application of mANP in basal conditions had no 

significant effect on any AP parameters measured (n=5 right atrial myocytes). 

 The effects of mANP on right atrial ICa,L in basal condition were also studied (Fig. 

3.4). Figure 3.4A illustrates representative ICa,L recordings during a voltage clamp step to 

0 mV (holding potential was -60 mV) in control conditions and following application of 

mANP (100 nM). The effect of mANP on ICa,L was quantified in summary current-

voltage (IV) relationships (Fig 3.4B). Consistent with the representative recordings, the 

ICa,L IV relationship showed no change upon application of mANP (P=0.982). Figure 

3.4C shows ICa,L conductance density plots in basal conditions and after application of 

mANP. ICaL Gmax, V1/2(act) and k were measured from Boltzman fits of chord conductance 

data (Table 4). Gmax was 101.8±2.9 pS/pF in control conditions and 112.0±1.5 pS/pF in 

the presence of mANP (P=0.222). V1/2(act) was -10.9±0.9 mV in control conditions and -

11.1±0.4 mV upon application of mANP (P=0.639). Finally k was 7.9±0.8 in control and 

8.4±0.4 with mANP (P=0.489).  Thus, there was no significant effect of mANP on ICa,L 

activation kinetics in right atrial myocytes in basal conditions. Collectively, these data 

demonstrate that mANP has no effect on ICa,L in right atrial myocytes in basal conditions. 
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Figure 3.4: Effects of mANP on right atrial myocyte L-type Ca
2+

 current (ICa,L) in basal 

conditions. (A) Representative right atrial ICa,L recordings in control conditions and 

following application of mANP (100 nM). The voltage clamp protocol used (inset) allows 

measurement of Cav1.2 and Cav1.3 dependent ICa,L (see methods). (B) Summary I-V 

relationships for the effects of mANP on right atrial myocyte ICa,L. (C) Summary ICa,L 

conductance density plots demonstrating the effects of mANP on ICa,L activation kinetics 

(see Table 4 for additional analysis of ICa,L kinetics). mANP had no effect on ICa,L in 

isolated atrial myocytes in basal conditions (n=5 right atrial myocytes; analyzed by paired 

Student's t-test).  

  



51 
 

 

 

 

 

 

 

 

 

 

Figure 3.4 
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Table 4: Summary of ICa,L steady state conductance analysis following application of 

mANP (100 nM). 

 Control mANP 

Gmax (pS/pF) 101.8±2.9 112.0±1.5 

V1/2(act) (mV) -10.9±0.9 -11.1±0.4 

k 7.9±0.8 8.4±0.4 

 

Data are means ± SEM. mANP had no effects on ICa,L steady state conductance 

parameters (n=5 right atrial myocytes; analyzed by paired Student's t-test). 
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3.3 Effects of ANP on L-type calcium current in right atrial myocytes in the 

presence of isoproterenol 

 Previous work in our laboratory has shown that BNP (Springer et al., 2012) and CNP 

(Rose et al., 2003) have robust effects on L-type Ca
2+

 current in atrial myocytes in the 

presence of β-AR stimulation. Therefore, the effects of ANP (100 nM) on ICa,L were next 

studied in the presence of the β-AR agonist isoproterenol (ISO; 10 nM) (Fig. 3.5). Figure 

3.5A illustrates representative ICa,L recordings during a voltage clamp step to 0 mV 

(holding potential was -60 mV) in control conditions, in the presence of ISO and 

following application of ANP in the presence of ISO. These recordings and the 

representative time course (Figure 3.5B) demonstrate that peak ICa,L was increased 

following application of ISO in right atrial myocytes. Peak ICa,L was further increased 

upon application of ANP (in the presence of ISO). These effects of ISO and ANP were 

fully reversible when washed out.  

 The effects of ISO and ANP on ICa,L were quantified in summary IV relationships 

(Figure 3.5C). In agreement with the representative recordings and time course data, the 

IV relations showed a significant increase in ICa,L density upon application of ISO 

between the voltages of -30 mV and +30 mV (P<0.05). Application of ANP in the 

presence of ISO caused a further increase in ICa,L (P<0.05) between the voltages of -30 

mV and 0 mV. Figure 3.5D shows ICa,L conductance analysis between the three 

conditions. Gmax, V1/2(act) and k were measured from Boltzman fits of chord conductance 

data (Table 5). Analysis showed a significant increase in Gmax from 79.3±0.3 pS/pF in 

control conditions to 168.1±2.3 pS/pF in the presence of ISO (P<0.05). Gmax was  
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Figure 3.5: Effects of ANP on ICa,L in right atrial myocytes in the presence of the β-

adrenergic receptor agonist isoproterenol (ISO). (A) Representative right atrial ICa,L 

recordings in control conditions, in the presence of ISO (10 nM) and following 

application of ISO + ANP (100 nM). (B) Time course of the effects of ISO and ANP on 

peak atrial ICa,L (C) Summary I-V relationships for right atrial myocyte ICa,L in control 

conditions, in the presence of ISO and following application of ISO + ANP. (D) 

Summary ICa,L conductance density plots demonstrating the effects of ISO and ANP on 

right atrial ICa,L activation kinetics (see Table 5 for additional analysis). n=8 right atrial 

myocytes; *P<0.05 vs. control; †P<0.05 vs. ISO by one-way ANOVA with a Tukey 

posthoc test.  
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Figure 3.5 
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Table 5: Summary of ICa,L steady state conductance analysis following application of ISO 

(10 nM) and ANP (100 nM) in right atrial myocytes. 

  Control ISO ISO+ANP 

Gmax (pS/pF) 79.3±0.3 168.05±2.3* 194.7±2.4*† 

V1/2(act) (mV) -10.2±0.1 -16.3±0.4* -18.6±0.4*† 

K 7.4±0.1 6.6±0.3 6.5±0.3 

 

Data are means ± SEM; n=8 right atrial myocytes. *P<0.05 vs. control; †P<0.05 vs. ISO 

by one-way ANOVA with a Tukey posthoc test.  
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further increased to 194.7±2.4 pS/pF upon application of ANP (P<0.05). V1/2(act) was also 

significantly hyperpolarized from -10.2±0.1 mV in control conditions to -16.3±0.4 mV 

upon application of ISO (P<0.05). V1/2(act) was further hyperpolarized to -18.6±0.4 mV 

after ANP application (P<0.05). Finally there was no significant difference in the slope 

factor (k) between the 3 experimental groups; k was 7.4±0.1 in control, 6.6±0.3 in the 

presence of ISO, and 6.5±0.3 with ANP (P=0.269). 

 

3.4 Effect of mANP on L-type calcium current in right atrial myocytes in the 

presence of isoproterenol 

 Next, the effects of mANP (100 nM) on ICa,L were studied in the presence of ISO (10 

nM; Fig. 3.6). Figure 3.6A illustrates representative ICa,L recordings during a voltage 

clamp step to 0 mV (holding potential was -60 mV) in control conditions, in the presence 

of ISO and following application of mANP. These recordings and the representative time 

course (Fig 3.6B) demonstrate that peak ICa,L was increased upon application of ISO in 

right atrial myocytes. In complete contrast to ANP, peak ICa,L was decreased upon 

application of mANP in the presence of ISO. The effects of ISO and mANP were fully 

reversible when washed out.  

 The effects of ISO and mANP on ICa,L were quantified in a summary IV relationship 

(Fig. 3.6C). Consistent with the representative recordings and time course, the ICa,L IV 

relation showed a significant increase in ICa,L density upon application of ISO between the 

voltages -30 mV and +40 mV (P<0.05). Application of mANP in the presence of ISO 

caused a decrease in ICa,L (P<0.05) between the voltages of -30 mV and 0 mV. Figure 

3.6D shows steady state conductance analysis between the three conditions. Gmax, V1/2(act)  
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Figure 3.6: Effects of mANP on ICa,L in right atrial myocytes in the presence of the β-

adrenergic receptor agonist isoproterenol (ISO). (A) Representative right atrial ICa,L 

recordings in control conditions, in the presence of ISO (10 nM) and following 

application of ISO + mANP (100 nM). (B) Time course of the effects of ISO + mANP on 

peak atrial ICa,L (C) Summary I-V relationships for  right atrial myocyte ICa,L in control 

conditions, in the presence of ISO and following application of ISO + mANP. (D) 

Summary ICa,L conductance density plots demonstrating the effects of ISO and mANP on 

right atrial ICa,L activation kinetics (see Table 6 for additional analysis). n=6 right atrial 

myocytes; *P<0.05 vs. control; †P<0.05 vs. ISO by one-way ANOVA with a Tukey 

posthoc test. 
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Figure 3.6  



60 
 

Table 6: Summary of ICa,L steady state conductance analysis following application of ISO 

(10 nM) and mANP (100 nM) in right atrial myocytes. 

 Control ISO ISO+mANP 

Gmax (pS/pF) 72.5±1.3 178.2±3.3* 152.9±2.2*† 

V1/2(act) (mV) -12.0±0.2 -20.6±0.6* -18.5±0.4*† 

k 7.8±0.4 5.7±0.5 6.3±0.4 

 

Data are means ± SEM; n=6 right atrial myocytes. *P<0.05 vs. control; †P<0.05 vs. ISO 

by one-way ANOVA with a Tukey posthoc test.  
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and k were measured from Boltzman fits of chord conductance data (Table 6). Analysis 

showed a significant increase in Gmax from 72.5±1.3 pS/pF in control conditions to 

178.8±3.3 pS/pF in the presence of ISO (P<0.05). Gmax significantly decreased to 

152.9±2.2 pS/pF upon application of mANP (P<0.05). V1/2(act) was also hyperpolarized 

from -12.0±0.4 mV in control conditions to -20.6±0.6 mV upon application of ISO 

(P<0.05). In contrast to ANP, V1/2(act) was significantly depolarized after mANP 

application (-18.5±0.4 mV; P<0.05). Finally there was no significant difference in the 

slope factor, k, between the 3 experimental groups; k was 7.8±0.4 in control, 5.8±0.5 in 

the presence of ISO, and 6.3±0.4 with ANP (P=0.193). 

 

3.5 Effects of ANP and mANP on L-type calcium current in NPR-C
-/-

 right atrial 

myocytes 

 Our previous work has shown that NPs can either increase or decrease ICa,L depending 

on which NPRs are activated in different experimental conditions (Rose et al., 2003; Rose 

et al., 2004; Springer et al., 2012). In order to evaluate the role of NPR-C signalling in 

mediating the effects of ANP and mANP, ICa,L was measured in atrial myocytes isolated 

from NPR-C
-/-

 mice (Fig. 3.7). Figure 3.7A illustrates representative ICa,L recordings 

during a voltage clamp step to 0 mV (holding potential was -60 mV) in control 

conditions, in the presence of ISO (10 nM) and following application of ANP (100 nM). 

These recordings and the representative time course (Fig. 3.7B) demonstrate peak ICa,L 

was increased following application of ISO and peak ICa,L was further increased upon 

application of ANP in the presence of ISO. The effects of ISO and ANP were fully 

reversible when washed out. Summary data (Fig. 3.7C) shows a significant increase in  
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Figure 3.7: Effects of ANP and mANP on ICa,L in the presence of ISO in right atrial 

myocytes isolated from mutant mice lacking functional NPR-C receptors (NPR-C
-/-

). (A) 

Representative right atrial ICa,L in control conditions, in the presence of ISO (10 nM) and 

following application of ISO + ANP (100 nM). (B) Time course of the effects of ISO and 

ANP on peak atrial ICa,L. (C) Summary of the effects of ISO + ANP on peak  ICa,L density 

(measured at 0mV) in NPR-C
-/-

 mice (n=6 right atrial myocytes). (D) Representative right 

atrial ICa,L in control conditions, in the presence of ISO and following application of ISO 

and mANP (100 nM).  (E) Time course of the effects of ISO and  mANP on peak atrial 

ICa,L. (F) Summary of the effects of ISO + mANP on peak ICa,L density (measured at 

0mV) in NPR-C
-/-

 mice  (n=9 right atrial myocytes). *P<0.05 vs. control; †P<0.05 vs. 

ISO by one-way ANOVA with a Tukey posthoc test. Some data provided by RA Rose.  
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Figure 3.7 
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peak ICa,L in the presence of ISO compared to the control condition (P<0.05). The 

addition of ANP further increased ICa,L versus the ISO condition (P<0.05). These data 

demonstrate that ANP maintained its ability to increase ICa,L in the presence of ISO in 

atrial myocytes isolated from NPR-C
-/-

 mice indicating that the effects of ANP are not 

mediated by NPR-C. Next, the effects of mANP (100 nM) on ICa,L were measured in 

NPR-C 
-/-

 atrial myocytes in the presence of ISO. Figure 3.7D illustrates representative 

ICa,L recordings during a voltage clamp step to 0 mV (holding potential was -60 mV) in 

control conditions, in the presence of ISO (10 nM) and following application of mANP in 

the presence of ISO. These recordings and the representative time course (Fig. 3.7E) 

demonstrate that peak ICa,L was increased following application of ISO. In contrast to 

ANP, mANP had no effect on peak ICa,L (in the presence of ISO) in NPR-C
-/-

 myocytes. 

Summary data (Fig. 3.7F) show a significant increase in peak ICa,L in the presence of ISO 

compared to the control conditions (P<0.05). The addition of mANP had no effect on 

ICa,L versus the ISO condition (P=0.989). These data demonstrate that mANP lost its 

ability to decrease ICa,L in the presence of ISO in atrial myocytes isolated from NPR-C
-/-

 

mice. These data indicate that the effects of mANP are mediated by NPR-C. 

 

3.6 Effect of ANP on L-type calcium current in right atrial myocytes in the presence 

of NPR-A blockade 

 The experiments presented above clearly demonstrate that the effects of ANP on ICa,L 

are not dependent on NPR-C signalling. ANP can also bind and signal through NPR-A 

and we have recently demonstrated that related NPs (BNP and CNP) can increase atrial 

ICa,L via the NPR-A/B receptors (Springer et al., 2012). Accordingly, the role of NPR-A  



65 
 

 

 

 

 

 

Figure 3.8: Effects of ISO + ANP on ICa,L in right atrial myocytes in the presence of the 

NPR-A antagonist A71915. (A)  Representative right atrial ICa,L recordings in control 

conditions, in the presence of ISO (10 nM) and A71915 (500 nM) and following 

application of ANP (100 nM) in the presence of ISO and A71915. (B) Time course of the 

effects of ISO, A71915 and ANP on peak atrial ICa,L. (C) Summary of the effects of ISO, 

A71915 and ANP on peak ICa,L density (measured at 0 mV) in right atrial myocytes (n=5 

right atrial myocytes). *P<0.05 vs. control by one-way ANOVA with a Tukey posthoc 

test. ANP had no effect (P=0.991) on atrial ICa,L following NPR-A blockade.  
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Figure 3.8  
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in mediating the effects of ANP on L-type calcium current was assessed using an NPR-A 

antagonist denoted A71915 (500 nM) (Delporte et al, 1992) (Fig. 3.8). Previous work in 

our laboratory showed that A71915 alone had no effect on ICa,L (Springer et al., 2012), 

therefore in this study ISO and A71915 were applied together. Figure 3.8A illustrates 

representative ICa,L recordings during a voltage clamp step to 0 mV (holding potential was 

-60 mV) in control conditions, in the presence of ISO + A71915 (10 nM) and following 

application of ANP in the presence of ISO and A71915. These recordings and the 

representative time course (Fig. 3.8B) demonstrate that in the presence of ISO + A71915, 

peak ICa,L was increased in approximately 5 minutes in right atrial myocytes. Peak ICa,L 

was not changed upon application of ANP for an additional 5 minutes. Summary data 

(Fig. 3.8C) shows a significant increase in peak ICa,L in the presence of ISO + A71915 

compared to the control condition (P<0.05). The addition of ANP had no effect on ICa,L 

versus the ISO + A71915 condition (P=0.991). These data demonstrate that ANP lost its 

ability to increase atrial ICa,L (in the presence of ISO) following NPR-A blockade with 

A71915. These data indicate that the effects of ANP are primarily mediated via NPR-A 

signalling. 

 

3.7 Effects of ANP and mANP on intracellular cAMP production in right atrial 

myocytes 

 Our previous data has shown that NPs are able to effect ICa,L via pathways that 

modulate cAMP levels (Azer et al., 2012; Rose et al., 2003; Springer et al., 2012). 

Specifically, NPR-A is linked to a GC, which upon activation increases cGMP levels 

(Potter et al., 2006). Elevated cGMP inhibits PDE3 activity, which slows the degradation 
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of cAMP (Omori & Kotera et al., 2007; Zaccolo & Movesian et al., 2007). This results in 

an increase in cAMP and an increase in ICa,L in atrial myocytes in the presence of BNP. In 

contrast, NPR-C is linked to Gi, which inhibits AC activity and, subsequently directly 

reduces cAMP concentration and decreases ICa,L in cardiomyocytes. (Anand-Srivastava et 

al., 1993; Rose et al., 2003; Rose et al., 2004). Based on these prior findings, I 

hypothesized that ANP (acting via NPR-A) and mANP (acting via NPR-C) would have 

opposing effects on intracellular cAMP production. Accordingly, the effects of ANP and 

mANP on intracellular cAMP concentration were measured in the absence and presence 

of ISO in isolated right atrial myocytes (Fig. 3.9). Summary data (Fig. 3.9A) shows ANP 

had no effect on intracellular cAMP concentration in basal conditions (P=0.463). As 

expected, basal intracellular cAMP levels were increased upon application of ISO (10 

nM) (P<0.05). Consistent with our electrophysiological data, cAMP levels were further 

increased following application of ANP (100 nM) in the presence of ISO (P<0.05) 

Summary data (Fig. 3.9B) shows mANP had no effect in basal conditions on intracellular 

cAMP concentration (P=0.445). Basal intracellular cAMP levels were increased upon 

application of ISO (10 nM) (P<0.05). Application of mANP (100 nM) in the presence of 

ISO resulted in a decrease in cAMP levels (P<0.05). cAMP concentration was 

standardized to 1000 cells. Thus, ANP and mANP did in fact elicit opposite effects on 

cAMP concentrations in atrial myocytes in the presence of ISO.  
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Figure 3.9: Effects of ANP and mANP on intracellular cAMP production in the absence 

and presence of ISO in right atrial myocytes. (A)  Summary of the effects of ANP (100 

nM), ISO (10 nM) and ISO+ANP on right atrial myocyte cAMP production.  (B) 

Summary of the effects of mANP (100 nM), ISO and ISO+mANP on right atrial myocyte 

cAMP production. cAMP concentration was standardized to 1000 cells (n=6 right atrial 

myocyte isolations). *P<0.05 vs. control; †P<0.05 vs. ISO by one-way ANOVA with a 

Tukey posthoc test.  
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Figure 3.9 
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CHAPTER 4: DISCUSSION 

4.1 Overview of Key Findings 

 ANP effects on atrial electrophysiology are unclear because a variety of species and 

techniques have been used in its study (Perrin & Gollob, 2012). The discovery of mANP 

and its association with AF (Hodgson-Zingman et al., 2008) has reinforced the 

importance of investigating the electrophysiological effects of NPs, including ANP, in the 

heart. Therefore, the purpose of this study was to investigate the electrophysiological 

effects of ANP and mANP and to determine which NPRs are involved in mediating their 

effects in mouse right atrial myocytes. We also investigated the intracellular signalling 

pathways that may be involved in mediating the effects of ANP and mANP.  

 The present study shows that ANP and mANP have opposing effects on ICa,L and 

cAMP production in the presence of ISO in isolated mouse right atrial myocytes. In basal 

conditions, there were no observed effects of either ANP or mANP on atrial AP 

parameters or atrial ICa,L. However, in the presence of ISO (10 nM), ANP increased atrial 

ICa,L and Gmax while hyperpolarizing the V1/2(act). ANP’s effects were maintained in right 

atrial myocytes isolated from NPR-C
-/-

 mice and completely blocked when measured in 

the presence of the NPR-A antagonist A71915. In the presence of ISO, ANP also 

increased cAMP production in mouse right atrial myocytes. These observations show that 

ANP can increase atrial ICa,L through NPR-A activation and that this occurs in association 

with an increase in cAMP concentrations in right atrial myocytes. The NPR-A dependent 

increase in ICa,L elicited by ANP is likely due to a cGMP mediated inhibition of PDE3, 

which would result in increased cAMP levels (discussed further below).  
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 The effects of mANP on atrial ICa,L in the presence of ISO (10 nM) were markedly 

different from those seen with ANP. In the presence of ISO, mANP decreased atrial ICa,L 

and Gmax while depolarizing the V1/2(act). These effects were completely absent in right 

atrial myocytes isolated from NPR-C
-/-

 mice. In the presence of ISO, mANP also 

decreased cAMP production in mouse right atrial myocytes. These observations show 

that mANP can decrease atrial ICa,L through NPR-C activation in association with a 

decrease cAMP production. These unique mANP effects explain, at least partially, the 

mechanism by which mANP increases the occurrence of AF in affected patients. 

 

4.2 Atrial Natriuretic Peptide Effects on Atrial Electrophysiology 

 It is known that ANP can activate NPR-A (Lucas et al., 2000) and NPR-C (Bennett et 

al., 1991), and that these receptors modulate distinct downstream signalling pathways 

(Azer et al., 2012) (Fig 4.1). Previous work in our laboratory investigating the effects of 

BNP (which is highly related to ANP and also activates NPR-A and NPR-C) in mouse 

right atrial myocytes revealed a PDE3-dependent mechanism for increasing ICa,L through 

NPR-A activation (Springer et al., 2012). Based on these results we hypothesized that 

ANP would act in a similar manner to BNP and increase atrial ICa,L through NPR-A 

activation in the presence of ISO.  The data presented in this study support this 

hypothesis. The effects of ANP on atrial ICa,L were completely lost in the presence of the 

NPR-A antagonist A71915 (Delporte et al., 1992). Furthermore, we showed that the 

effects of ANP were not mediated through NPR-C as they were still present in NPR-C
-/-

 

mouse right atrial myocytes. These results clearly demonstrate that ANP activates and 

elicits its effects through NPR-A. 
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Figure 4.1: Potential mechanisms of ANP and mANP signalling. NPRA/B: natriuretic 

peptide receptors A and B; GC: guanylyl cyclase; cGMP: cyclic guanosine 

monophosphate; β-AR: β-adrenergic receptor; AC; adenylyl cyclacse; NPR-C: natriuretic 

peptide receptor C; Gi: inhibitory G-protein; αβγ: accessory G-protein subunits αβγ; 

cAMP: cyclic adenosine monophosphate; PDE3: phosphodiesterase 3; PDE2: 

phosphodiesterase 2; PKG: protein kinase G. 
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Figure 4.1 
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 In basal conditions, ANP had no effect on atrial AP morphology or ICa,L. However, 

when pre-stimulated with the β-AR agonist ISO, ANP increased peak ICa,L and cAMP 

production in mouse right atrial myocytes. We have previously shown that mouse atrial 

myocytes lack constitutive PDE3 activity in basal conditions (Hua et al., 2012; Springer 

et al., 2012), which explains why the NPR-A/PDE3 dependent effects of NPs (ANP and 

BNP) on atrial ICa,L are only seen in the presence of ISO. β-ARs are linked to stimulatory 

G proteins (Gs) which, upon stimulation, increase AC activity. This leads to an increase 

in intracellular cAMP levels and stimulates phosphorylation of L-type calcium channels 

by PKA increasing channel activity (Xiao & Lakatta, 1993). PDE3, which hydrolyzes 

cAMP, is inhibited by cGMP (Omori & Kotera et al., 2007; Zaccolo & Movesian et al., 

2007). Activation of NPR-A by its substrate ANP increases GC activity and cGMP 

concentrations (Chinkers et al., 1989; Schultz et al., 1989). This increase in cGMP would 

inhibit the breakdown of cAMP via PDE3 allowing cAMP to stimulate calcium channels 

and thus increase ICa,L as observed is this study. As discussed earlier in chapter 1.6, cyclic 

nucleotides affect PDEs in a concentration-dependent manner (Vandecasteele et al., 

2001). At lower concentrations cGMP may stimulate PKGI activity which inhibits ICa,L. 

However with a larger concentration of cAMP the PKGI effect is displaced and the 

cAMP concentration is further elevated in a feed-forward mechanism due to the 

inhibition of PDE3. As a result ICa,L is increased (Ono et al., 1991). This is consistent with 

our observations that ANP increased atrial ICa L and cAMP production in the presence of 

ISO. With the increased pool of cAMP via ISO/β-AR/AC activity and increased pool of 

cGMP via ANP/NPR-A/GC, PDE3 hydrolysis of cAMP is inhibited and cAMP increases 

atrial ICa,L through its effects on calcium channels. This result was reinforced using the 
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cAMP assay to measure cAMP levels upon ISO and ANP application. Application of ISO 

alone caused an increase in cAMP levels as is expected by its ability to increase AC 

activity. Application of ISO+ANP led to a further increase in cAMP, which can be 

explained by the cGMP-mediated inhibition of PDE3. 

 

4.3 Mutant Atrial Natriuretic Peptide Effects on Atrial Electrophysiology 

 The presence of circulating mANP, produced by a mutation in the gene encoding 

ANP, predisposes patients to AF (Hodgson-Zingman et al., 2008). Similar to ANP, 

mANP has been shown to bind NPR-A and NPR-C (Dickey et al., 2009); however, the 

electrophysiological effects of mANP were largely unknown. We hypothesized that 

mANP would have unique electrophysiological effects through NPR signalling 

mechanisms that would lead to an increase in AF susceptibility. The data in this study 

supports the hypothesis. We showed that mANP effects on atrial ICa,L were completely 

absent in NPR-C
-/-

 mouse right atrial myocytes. This result clearly demonstrates that 

mANP activates and elicits its effects through NPR-C, in contrast to ANP’s effects 

mediated through NPR-A. 

 Like ANP, mANP had no effects on atrial AP or atrial ICa L in basal conditions. 

However, when pre-stimulated with the β-AR agonist ISO, mANP decreased peak ICa,L 

and cAMP production in mouse right atrial myocytes. NPR-C is coupled to an inhibitory 

G protein (Gi) (Anand-Srivastava et al., 1996). Gi proteins directly inhibit AC activity 

and thus decrease cAMP levels (Anand-Srivastava et al., 1993; Rosa et al., 2003; Rose et 

al., 2004). Therefore, NPR-C stimulation by mANP would lead to a decrease in cAMP 

which would decrease PKA activity and thus inhibit calcium channel activation and ICa,L. 
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In basal conditions the activity of the AC may be too low for NPR-C/Gi activity to show 

its inhibitory effect. Consistent with this, we have previously shown that NPR-C 

mediated effects of NPs on ion channels in the heart are primarily seen in the presence of 

acute β-AR activation with ISO (Azer et al., 2012; Rose et al., 2003; Springer et al., 

2012). In the case of mANP, the production of cAMP through β-AR activation would be 

directly affected by NPR-C rather than through a downstream PDE-dependent 

mechanism as proposed in ANP/NPR-A/GC signalling (Fig. 4.1). This result was 

reinforced using the cAMP assay to measure cAMP levels upon ISO and mANP 

application. Application of ISO alone caused an increase in cAMP levels as expected. 

Application of mANP in the presence of ISO led to a subsequent decrease in cAMP, 

which is consistent with the ability of NPR-C to inhibit AC activity following activation 

of Gi.  

 

4.3.1 Mutant Atrial Natriuretic Peptide & Atrial Fibrillation 

 There are several mechanisms that initiate and/or sustain AF, including focal ectopic 

activity, re-entrant wave activity and slowed conduction (Nattel et al., 2008). Preliminary 

data from Hodgson-Zingman et al. showed a significant decrease in monophasic APD 

following application of mANP in a rat isolated heart model compared to WT ANP 

(Hodgson-Zingman et al., 2008). The data presented in this study are consistent with this 

finding as atrial ICa,L, an important determinant of APD, was significantly decreased in 

mouse right atrial myocytes upon mANP application. Shortening of the APD is predicted 

to favor electrical re-entry by decreasing the electrical wavelength. The wavelength is the 

distance that the electrical activity travels in one refractory period and is the product of 
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the refractory period and the conduction velocity (Nattel, 2002). The ‘wavelength of re-

entry’, as described by Allessie et al., is the shortest path length that can sustain re-

entrant electrical activity in the atria. For example, if the path length of the circuit is 

larger than the wavelength, the electrical activity will travel the circuit and return to its 

start point after the refractory period has ended. This results in a wave of electrical 

activity that is able to ‘re-enter’ a circuit and propagate an electrical impulse in a series of 

re-entrant waves (Allessie et al., 1977; Nattel, 2002). Re-entry occurs when triggered 

ectopic activity is able to be propagated and sustained in a circuit through the atrial tissue 

(Skanes et al., 1998; Mandapati et al., 2000; Jalife et al., 2002). Focal ectopic activity is 

defined as automatic depolarization occurring in a region of the heart other than the SAN, 

i.e. the atria (Wit & Boyde, 2007).  

 The APD and effective refractory period (ERP) are important determinants of re-entry. 

Under normal conditions, re-entry does not occur because the conduction time of the 

wave is shorter than the ERP of the tissue and therefore it is unable to elicit inappropriate 

depolarizations that would be required to propagate a re-entrant wave. However, in 

situations where the ERP is shortened (or conduction is slowed) re-entry is more likely to 

occur. Shortened ERP is normally caused by a shortened APD. In this case the 

conduction time of the wave is longer than the ERP and the atrial tissue is able to be 

reactivated by the wave and propagate the activity through a circuit (Krogh-Madsen et 

al., 2012; Wakili et al., 2011). The effects of mANP on APD (Hodgson-Zingman et al., 

2008) appear to be due to effects on atrial ICa,L mediated through NPR-C/Gi effects on 

cAMP levels. The decrease in ICa,L would decrease the length of the plateau phase of the 

AP, effectively shortening the APD and thus the ERP. The shortened ERP could enable 
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electrical wave propagation in the atria. While abbreviated refractoriness appears to be a 

link between mANP and increased AF susceptibility, further study is necessary to directly 

show mANP application leading to arrhythmia (this will be further discussed below in 

chapter 4.5).  

 While mANP was found to circulate at much higher concentrations than WT ANP 

(Hodgson-Zingman et al., 2008) due to a unique degradation profile (Dickey et al., 

2009), Hodgson-Zingman et al.’s preliminary data and our study used WT ANP and 

mANP at the same concentration. Therefore the opposing effects of ANP and mANP are 

not due to a concentration-dependent mechanism. The implications of differing 

circulating concentration of mANP versus ANP are presently unclear. 

 Previous biochemical work showed that ANP and mANP are able to bind both NPR-A 

and NPR-C. Despite this, our experiments suggest that ANP and mANP affect atrial ICa,L 

by signalling primarily through different NPRs; NPR-A and NPR-C, respectively. It is 

unknown why ANP does not appear to have NPR-C-dependent effects and why mANP 

does not appear to have NPR-A dependent effects in our experimental conditions. 

Binding assays for NPR-A and NPR-C, and activation assays for NPR-A, by ANP and 

mANP were done in human 293 cells expressing human NPR-A (Dickey et al., 2009). 

Schoenfeld et al. demonstrated marked differences in the ED50 and maximal cGMP 

responses between human, rat and mouse NPR-A (Shoenfeld et al., 1994). Also the 

majority of NPR binding and activation studies have been done in heterologous 

expression systems or kidney membrane preparations. This raises the question of species-

dependent and tissue-dependent differences in NPR binding affinity and activation. To 

my knowledge no NPR binding or activation assays in cardiomyocytes have been done.  
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 Other genetic variants in the gene encoding ANP have been associated with a 

cardiovascular disease phenotype. A population-based association study and follow-up 

mutational analysis in the Chinese population determined that the minor allele of single-

nucleotide polymorphism (SNP) rs5063 in the nppa gene was associated with a 

significant risk of lone AF in Chinese patients (Ren et al., 2010). However, this result 

could not be reproduced in two North American populations, including patients recruited 

at the Arrhythmia Clinic at the University of Ottawa Heart Institute (Roberts et al., 2010). 

In addition, a novel missense mutation was discovered in AF patients at nucleotide site 

190 of the nppa gene. The location confers a mutation in the proANP peptide, which after 

further post-translational modification is not reflected in ANP but is within the vessel 

dilator peptide. This variant ANP produced a gain-of-function phenotype on the slow 

delayed rectifier potassium current, IKs, which was completely blocked with anantin 

application (Abraham et al., 2009). Anantin is an NPR-A antagonist (Weber et al., 1991). 

Computational simulations including the changes in IKs on a human atrial AP model 

resulted in a 37% shortening in atrial APD. This model also showed a loss of phase 2 of 

the AP which is largely due to ICa,L, indicating an impact of the variant ANP on atrial 

calcium current as well (Abraham et al., 2010). The reduction in ICa,L and APD observed 

in this study could add further evidence to the theory of a reduced APD (and as a 

consequence ERP) as a substrate for re-entrant AF. Alterations in the ANP gene support 

its importance in atrial electrophysiology and how its modification can lead to 

arrhythmia.  
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4.4 Study limitations 

 The present study investigated the electrophysiological effects of ANP and mANP as 

well as their receptors in isolated mouse right atrial myocytes. This study only 

investigated the effects of ANP and mANP on mouse right atrial ICa,L. There are other ion 

channels that exist in mouse atrial myocytes that may be regulated by these peptides that 

may underlie the NP signalling mechanisms, such as INa (Kecskemeti et al., 1996; 

Sorbera & Morad, 1990), IK and the ATP-sensitive potassium current IKATP (Kecskemeti 

et al., 1996). Also this study used only mouse atrial myocytes. The expression of PDEs 

and other important intracellular signalling molecules are species-dependent (Lugnier, 

2006) and as previously discussed (see chapter 1.2) important ion channels (such as IKs 

and IKr) found in human atrial myocytes are absent in the mouse atria (Nerbonne, 2004). 

Future experiments could address these issues by investigating the effects of ANP and 

mANP on other ionic currents in atrial myocytes obtained from other species and /or 

humans. It is important to study the effects of ANP and mANP in human atrial myocytes 

as human myocytes have shown NP effects in basal conditions revealing that, in contrast 

to the mouse, human myocytes may have constitutive PDE3 activity (Le Grand et al., 

1992).  

  It is also important to note that the patch clamp measurements were not done at the 

physiological temperature of 37°C. Temperature-dependant differences between room 

temperature and physiological temperature could be avoided by measuring currents at 

37°C. 
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4.5 Future Directions 

 The purpose of this study was to investigate the electrophysiological effects of ANP 

and mANP in mouse right atrial myocytes. The results show that ANP activates NPR-A 

and through this mechanism can increase atrial ICa,L and cAMP production. Previous 

work in our laboratory (Springer et al., 2008) has shown that BNP increases ICa,L via 

NPR-A in a PDE3-dependent manner. While it is inferred that ANP also elicits its effects 

in a PDE3-dependent manner, experiments measuring ICa,L in the presence of ISO and 

ANP should be repeated with the addition of the PDE3 inhibitor milrinone to 

conclusively show its role in ANP signalling.  

 There are multiple potential targets downstream from NPR-A activation. In addition to 

PDE3 regulation, cGMP activates PDE2. ANP’s effects in the presence of a PDE2 

inhibitor such as EHNA (Mery et al., 1995) may also prove to be an interesting signalling 

pathway. PDE2 hydrolyzes cAMP in the presence of cGMP and therefore when cGMP 

levels are elevated there is increased activation of PDE2 and increased hydrolysis of 

cAMP (Lugnier, 2006). As shown in previous work in our laboratory mouse atrial ICa,L 

was increased upon EHNA application (Hua et al., 2013). With the application of ISO 

and ANP an even further increase in ICa,L would be expected upon EHNA application 

because of a higher level of intracellular cAMP. This would add to the important role of 

PDEs in mediating NPs effects on cardiac electrophysiology.  

 In addition to PDE2, cGMP can also increase PKG activity. PKGI is thought to inhibit 

ICa,L indirectly, by increasing potassium currents and hyperpolarizing the membrane 

(Alioua et al., 1998; Swayze et al., 2001), and directly through phosphorylation of the 

channel or associated regulatory proteins (Potter et al., 2006). The effects of PKGI 
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activity through NPR-A activation could also be an interesting area of study, especially 

with its inhibitory effects on ICa,L which may lead to APD shortening and an increase in 

AF susceptibility.  

 In terms of mANP and its relationship to AF, using high resolution optical mapping 

and in vivo administration of the mutant peptide could provide further mechanistic 

information and evidence that mANP does in fact lead to an increase in AF 

predisposition. Optical mapping can measure conduction speed (an important determinant 

of AF susceptibility (Nattel et al., 2008)) across an atrial preparation and with stimulation 

may show re-entrant electrical waves, or rotors, upon mANP application - if this is indeed 

how mANP elicits its effects. Following application of mANP AF inducibility in vivo 

could be measured during burst pacing in the atria (Fukui et al., 2003).  

 

4.6 Conclusions 

 In summary, the present study shows that ANP and mANP have no effect on basal AP 

morphology or ICa,L in mouse right atrial myocytes. This may be due to lack of 

constitutive PDE activity and low AC activity in atrial myocytes.  In the presence of ISO, 

ANP increases atrial ICa,L and cAMP production via NPR-A activation. The mechanism is 

presumed to be dependent on PDE3 activity as shown by previous work in our laboratory 

(Springer et al., 2012). In contrast, in the presence of ISO, mANP primarily elicits its 

effects through NPR-C and decreases atrial ICa,L and cAMP production. This observation 

supports a critical signalling role for NPR-C in the atria. The inhibitory effect of mANP 

on atrial ICa,L also reveals a possible mechanism by which mANP may shorten 
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monophasic APD (Hodgson-Zingman et al., 2008) and produce a substrate for re-entrant 

electrical activity and AF (Nattel et al., 2008).  

 Based on these and previous findings it is clear that NPs play an important regulatory 

role in atrial electrophysiology. The mechanisms by which NPs elicit their responses are 

complex and involve multiple NPRs and downstream signalling pathways. Pathology 

associated with mutations in NPs or their receptors also support their vital physiological 

role. The results presented in this thesis provide novel insight into NP effects on atrial 

electrophysiology and reveal a unique mechanism by which mutations in the NP system 

may lead to arrhythmogenesis. This research improves our understanding of NPs effects 

in both physiological and pathophysiological conditions, such as AF.  
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