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ABSTRACT 

 

 Cardiac progenitor cells (CPCs) are abundant in the embryonic heart and have 

hallmark features which include a rapid rate of cell division and the ability to differentiate 

into mature heart muscle cells (cardiomyocytes).  Based on these features, CPCs are 

considered an attractive candidate cell type for transplantation therapies which aim to 

replenish the diseased heart muscle tissue (myocardium) with new muscle forming cells.  

A better understanding of how pharmacological drugs and endogenous 

hormones/signalling molecules modulate the balance between proliferation and 

differentiation of CPCs could be used to develop more effective cell based therapies for 

myocardial repair.  Furthermore, this information could provide valuable new insight into 

molecular mechanisms regulating normal cardiogenesis during the embryonic period.   

The specific aims of the present study were to characterize the effects of the Ca
2+

 channel 

blocking drug nifedipine and the endogenous hormone/paracrine factor atrial natriuretic 

peptide (ANP) on CPC proliferation and differentiation.  Results showed that primary 

cultured CPCs, isolated from the ventricles of embryonic day (E) 11.5 mouse embryos, 

underwent a reduction in cell cycle activity following exposure to nifedipine.  

Furthermore, systemic administration of nifedipine to adult mice receiving transplanted 

E11.5 ventricular cells (containing CPCs) was associated with smaller graft sizes 

compared to control animals that did not receive the drug.  Results from the present study 

also demonstrated that ANP receptor mediated signalling systems are biologically active 

in E11.5 ventricular cells and have an antiproliferative effect on cultured E11.5 CPCs.   

Moreover, preliminary data provided evidence that genetic ablation of the ANP high 

affinity receptor (NPRA) may be associated with impaired development of the ventricular 

cardiac conduction system.  Collectively, work from this thesis provides evidence that 

interactions between transplanted cells and pharmacological drugs could have a 

significant impact on the effectiveness of cell based therapies and that ANP signalling 

systems may play a critical role in cardiac ontogeny by regulating the balance between 

CPC proliferation and differentiation.  
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CHAPTER 1:  INTRODUCTION  

  

1.1   Thesis Overview  

Heart disease continues to be a leading cause of death around the world.  Myocardial 

infarction and other forms of ischemic heart disease result in large scale death of viable 

cardiomyocytes.  The ability of the heart to replace lost cells is severely limited by the 

inability of mature cardiomyocytes to divide.  Instead, the damaged area is replaced by 

non-contractile scar tissue, which compromises cardiac performance.  This in turn leads 

to a gradual decline in heart function which can culminate in heart failure and ultimately 

death.   A spectrum of pharmacological drugs can slow down the decline in heart 

function, but cannot stimulate regeneration of lost tissue.  As a result, cell transplantation 

therapies are being developed with the aim of restoring heart function by replenishing the 

damaged area with new cardiomyocytes.    

While there is no consensus on the most suitable cell type, undifferentiated 

embryonic cardiac progenitor cells (CPCs), which are abundant in the developing heart; 

have attractive features including high rates of proliferation and the ability to differentiate 

into mature cardiomyocyte lineages.   Moreover, transplantation studies in animals have 

provided substantial evidence that embryonic cardiomyocytes can functionally integrate 

with host cardiomyocytes and improve host heart function.   One area which has thus 

far been largely overlooked is the impact of pharmacological compounds on 

proliferation and differentiation of embryonic heart cells post-transplantation.   It is 

important to understand interactions between transplanted cells and commonly used 

drugs since the majority of candidates that could benefit from transplantation therapy 
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would have an ongoing drug treatment regimen.  It has been reported that nifedipine, a 

member of the dihydropyridine (DHP) class of Ca
2+

 channel antagonists, impairs proper 

formation of the embryonic heart.  However, the consequences of Ca
2+ 

channel blockade 

on CPC proliferation and differentiation remains incompletely understood.   

Impaired cardiac function can also result from malformation of the heart during 

embryonic development.  Congenital defects are more prevalent in the heart than any 

other organ system.  Owing to the limited ability of post-natal cardiomyocytes to divide, 

disturbances of proliferation and/or differentiation kinetics during development can have 

life-long deleterious effects after birth.  In particular, several forms of congenital heart 

disease are the result of improper formation or function of the heart’s 

pacemaker/conduction system which is responsible for initiating and propagating the 

electrical impulses required for each beat.  During the normal course of cardiac 

development, CPCs proliferate rapidly and upon receiving appropriate molecular cues, 

differentiate into distinct myocardial cell lineages.  The highly ordered program of 

lineage specification and subsequent functional maturation is driven by numerous 

signalling molecules, many of which are secreted factors from diverse cell types present 

in the embryonic heart.  Atrial natriuretic peptide (ANP) is a hormone expressed in 

the embryonic heart, but does not have a clearly defined role in the regulation of 

cardiac cell proliferation and differentiation during cardiac ontogeny.   In particular, 

its expression pattern in the developing ventricular chambers is suggestive of a role in 

specification and/or function of the developing ventricular conduction system.  However, 

a role for ANP in lineage specification of CPCs/immature embryonic cardiomyocytes has 

not yet been described.   
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Thus, the first of two hypotheses addressed in my doctoral work was that 

cardiac defects observed in embryos exposed to the DHP Ca
2+

 channel blocker 

nifedipine were a result of altered proliferation kinetics and/or impaired 

differentiation of CPCs and embryonic cardiomyocytes.   Towards this, the objectives 

were (i) to quantify the effects of nifedipine on proliferation and differentiation of CPCs 

and embryonic cardiomyocytes in vitro and (ii) determine the effect of systemic 

administration of nifedipine on graft size formation following transplantation of 

embryonic cardiac cells (mixed population of CPCs and cardiomyocytes).   The second 

hypothesis was that the hormone ANP is an important regulator of CPC 

proliferation and/or lineage specification during the embryonic period.   To address 

this hypothesis, my objectives were (i) to determine whether ANP cognate receptors 

(known as natriuretic peptide receptors) are present and biologically active in the 

embryonic heart (ii) determine whether ANP has an effect on CPC and/or cardiomyocyte 

proliferation and lineage specification, and (iii) determine the in vivo consequences of 

disruption of natriuretic peptide receptor signalling systems on molecular and functional 

aspects of cardiac development.   

The outcome of this research work should be informative with regards to (i) 

providing further insight into the molecular mechanisms of Ca
2+

 mediated regulation of 

CPC and cardiomyocyte proliferation and differentiation in vitro (ii) determining whether 

interactions between transplanted cells and pharmacological agents occur and (iii) 

defining the role of ANP on proliferation and differentiation in the embryonic heart.  
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1.2   Cardiovascular Anatomy and Physiology 

The mammalian heart is a sophisticated four-chambered muscular pump that is 

situated at the center of the cardiovascular system.  The primary function of the heart is to 

circulate blood through an extensive network of blood vessels which comprise the 

vascular system.  Together the heart, the vasculature and the blood comprise the 

cardiovascular system which delivers oxygen and nutrients to all the body’s tissues and 

also carries metabolic waste products away from these tissues to the lungs and other 

excretory organs for removal from the body.  An understanding of the anatomy and 

physiology of the cardiovascular system is useful as a point of reference for comparisons 

to the diseased state and also for developmental studies aimed at clarifying the 

ontological origins of individual components of the cardiovascular system.  

 

1.2.1   The Cardiovascular System: Form and Function 

 

 Schematic diagrams showing the heart and its connections to the major vessels 

from an exterior view (Figure 1.2.1) as well as from a longitudinal section view (Figure 

1.2.2) demonstrate the salient structural features of the mature heart.  The heart consists 

of two upper atrial chambers and two lower ventricular chambers which are physically 

partitioned by septa to ensure complete separation of oxygen rich and oxygen poor blood.  

Within the heart, atrioventricular valves prevent the backflow of blood from the 

ventricles into the atria.  Similarly, semilunar vales separate each ventricle from its great 

artery. 

The mammalian heart can be viewed as two separate pumps running in parallel to 

generate the pulmonary and systemic circulatory systems (Katz, 2011).   If the right 
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atrium is considered as a starting point, de-oxygenated blood enters the right atrium via 

the superior and inferior vena cava veins and passes through the tricuspid valve into the 

right ventricle.  Blood from the right ventricle is then pumped through the pulmonary 

artery and into the lungs where it is re-oxygenated.   This component of the 

cardiovascular system is known as the pulmonary circulation.   Oxygenated blood from 

the lungs then passes through the pulmonary vein and enters the left atrium.   After being 

pumped through the mitral valve into the left ventricle, the blood is then propelled via the 

aorta into the body through the arterial system.  This component of the cardiovascular 

system is known as the systemic circulation.   

Each heartbeat results from the cooperative actions of two types of cardiomyocytes, 

namely (i) working cardiomyocytes and (ii) cardiac pacemaker/conductive 

cardiomyocytes.   The pacemaking and conductive cardiomyocytes are responsible for 

initiating and propagating electrical impulses of the heart, which are received by working 

cardiomyocytes and coupled into mechanical contraction of the muscle tissue 

(myocardium) that generates the force required to efficiently pump blood out of the 

chambers.  
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Figure 1.2.1:  Schematic model of the external structures of the heart. 
 The mammalian heart consists of two upper atrial chambers and two lower ventricular 

chambers.  The veins return blood to the heart (i.e. the vena cavae), while the arteries (i.e. 

aorta) carry blood away from the heart.  The pulmonary veins (not shown) carry 

oxygenated blood to the heart, while pulmonary arteries carry deoxygenated blood to the 

lungs.  The coronary arteries (e.g. left anterior descending artery) deliver oxygen rich 

blood to the myocardium.  (Photo credit, iStockPhoto # 1907828, modified). 
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Figure 1.2.2:  Schematic model of the inner structures of the heart.  The four 

chambers of the heart are physically partitioned by septa to ensure complete separation of 

oxygen rich and oxygen poor blood. De-oxygenated blood enters the right atrium via the 

superior and inferior vena cavae and passes through the tricuspid valve into the right 

ventricle. Blood from the right ventricle is then pumped through the pulmonary artery 

and into the lungs where it is re-oxygenated. Oxygenated blood from the lungs then 

passes through the pulmonary vein and enters the left atrium. After being pumped 

through the mitral valve into the left ventricle, the blood is then propelled via the aorta 

into the body through the arterial system. (Photo credit, iStockPhoto # 1907817, 

modified). 
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1.2.2   The Cardiac Conduction System 

The cardiac conduction system (CCS) is subdivided into distinct functional 

components which includes the sinoatrial (SA) node,  the atrioventricular (AV) node, the 

bundle of His/atrioventricular bundle (AVB),  bundle branches and terminal Purkinje 

fibers (Figure 1.2.3) (Mikawa and Hurtado, 2007).  Each heartbeat is normally initiated in 

the SA node which serves as the intrinsic pacemaker of the heart and is located between 

the superior vena cava and the right atrium.  Each electrical impulse generated in the SA 

node then spreads as a wave of depolarization through the right and left atrial 

myocardium before converging at the AV node located at the base of the right atrium.  At 

the AV node, the electrical impulse is delayed to allow complete ventricular filling prior 

to ventricular contraction.  From the AV node the impulse is carried into the ventricles by 

a specialized strand of cardiac muscle that comprises the AVB.  Because the atrial and 

ventricular chambers are electrically insulated from each other by fibrous tissue, the AVB 

serves as the only conduction pathway between the atrial and ventricular chambers.  

From the AVB, the impulse is transmitted to the bifurcating left and right bundle 

branches which then arborize extensively to form the Purkinje fiber network which 

rapidly distributes the electrical impulse to the ventricular myocardium to elicit 

coordinated contractions of the ventricular chambers and achieve the proper apex to base 

mode of contraction.   
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Figure 1.2.3:  Schematic model of the cardiac conduction system.  Each heartbeat is 

initiated in the sinoatrial (SA) node which serves as the intrinsic pacemaker of the heart.  

The electrical impulse then spreads as a wave of depolarization through the right and left 

atrial myocardium before converging at the atrioventricular (AV) node located near the 

base of the right atrium. From the AV node, the impulse is carried into the ventricles by 

atrioventricular bundle (AVB/Bundle of His). From the AVB, the impulse is transmitted 

to the bifurcating left and right bundle branches which then arborize extensively to form 

the Purkinje fiber network which rapidly distributes the electrical impulse to the 

ventricular myocardium. (Photo credit, iStockPhoto # 1907817, modified). 
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1.2.3   The Endocrine Function of the Heart 

 

 While the main function of the adult heart is to serve as a mechanical pump, it 

also plays an important endocrine role in the regulation of cardiovascular homeostasis by 

controlling electrolyte and fluid balance in the body (de Bold et al., 1981).   Atrial 

natriuretic peptide (ANP) is a 28 amino acid hormone produced and stored in large 

quantities in the atrial chambers of the heart.  In response to mechanical stretching of the 

atrial wall due to increased intravascular volume (Lang et al., 1985), ANP is released into 

the circulation where it then acts on cell surface receptors known as natriuretic peptide 

receptors (NPRs) in various organs of the body (Potter et al., 2006).   Most notably, it 

stimulates receptors in (i) the kidneys which account for its diuretic and natriuretic effects 

(ii) in the vasculature to induce smooth muscle relaxation and (iii) on endothelial cells to 

increase vessel permeability and allow extravasation of fluid (McGrath et al., 2005; 

Potter et al., 2006).   Overall, the net effect of these integrated functions enables the heart 

to contribute significantly to the regulation of blood volume and blood pressure.  

 

1.2.4   Ultrastructural Features of the Cardiomyocyte  

 

 The cardiomyocyte is the fundamental work unit of the heart (Evans et al., 2010).  

Each cardiomyocyte consists of a bundle of myofibrils that are each composed of smaller 

contractile units known as sarcomeres.  Each sarcomere consists of the contractile 

proteins myosin (thick filaments) and actin (thin filaments) which are highly organized 

into a regular array of myofilaments by an elaborate protein scaffold to form the 

contractile apparatus (Squire, 1997; Katz, 2011).   
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  The plasma membranes of cardiomyocytes contain a variety of ion channels, 

exchangers and pumps that collectively serve to regulate the composition of the 

intracellular and extracellular environments (Katz, 2011).  Moreover, the plasma 

membrane contains numerous cell surface receptors and enzymes that participate in 

diverse cell signalling processes.   Extensions of the plasma membrane that penetrate 

deep into the cell, referred to as transverse tubules (t-tubules)(Fawcett and McNutt, 

1969), increase the cell membrane surface area and also play a critical role in coupling 

electrical excitation to mechanical contraction (excitation-contraction; EC 

coupling)(Bers, 2002).   

The intracellular compartment of each cardiomyocyte contains membrane bound 

organelles including the nucleus, the mitochondria and the sarcoplasmic reticulum 

(SR)(Katz, 2011).  The SR serves as the main storage compartment of intracellular Ca
2+

 

and thus plays a critical role in EC coupling by mobilizing these Ca
2+

 stores during 

muscle contraction.  The myocardium forms a functional syncytium by virtue of 

specialized cell-to-cell junctions, known as intercalated discs, which form the mechanical 

and electrical connections between individual cardiomyocytes (Perriard et al., 2003).  

Adherence junctions and desmosomes are mainly involved in maintaining the structural 

integrity the connections, while gap junction proteins  enable electrical coupling of 

adjacent cells through connexons, which are non-selective ion channels formed by 

members of the connexin family of proteins (Perriard et al., 2003; Nielsen et al., 2012).   

By providing low-resistance connections between cells, gap junction channels allow 

electrical impulses to be conducted rapidly throughout the myocardium.   Importantly, 

connexin isoforms with distinct conductive properties are differentially expressed by 
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working and conduction system cardiomyocytes which is critical for achieving the 

coordinated contractions of the heart’s four chambers and thus for efficient cardiac 

function. 

 

1.2.5   Excitation Contraction Coupling   

The myocardium is an electrically excitable tissue in that the plasma membranes 

of individual cardiomyocytes are rhythmically depolarized (Kirby, 2007).   Action 

potentials (AP), which are time-dependent changes in the electrical potential of the 

membrane surface,  occur due to the orchestrated opening and closing of transmembrane 

ions channels which enables the movement of specific mono and divalent ions into and 

out of the cell (i.e. Na
+
, Ca

2+
, K

+
 and Cl

-
) (Katz, 2011).   Each AP consists of the 

following phases: Phase 0 is the upstroke which corresponds to cell depolarization.  This 

is followed by early repolarization (Phase 1), the plateau (Phase 2), repolarization (Phase 

3) and resting (Phase 4).  Differences in AP shape exhibited by working or CCS 

cardiomyocytes located in different compartments of the heart are mainly due to the 

specific complements of ion channels as well as exchangers (e.g. Na
+
/Ca

2+
 exchanger) 

and ATPase pumps (K
+
- ATPase) that are expressed by each cell type.   

During the cardiac action potential, Ca
2+

 enters the cell via voltage sensitive L-

type Ca
2+

 channels located within the t-tubules.  This influx of Ca
2+

 triggers the release of 

a larger amount of Ca
2+

 from intracellular Ca
2+

 stores by binding to specialized Ca
2+

 

release channels in the SR membrane known as ryanodine receptors (RyR)(Fabiato, 

1983).  The resulting rise in intracellular Ca
2+

 concentration can in turn activate the 

contractile apparatus of the cell via interactions of Ca
2+

 ions with myofilament proteins.    
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1.2.6   The Cardiomyogenic Origin of Working and Conduction System 

Cardiomyocytes  

 

Working cardiomyocytes and cardiac conduction system cardiomyocytes are 

derived from a common pool of cardiomyogenic progenitor cells during cardiac ontogeny 

(Gourdie et al., 1995; Cheng et al., 1999; McMullen et al., 2009)  and thus it is not 

surprising that they share many of the same structural and functional features.  However, 

notable differences also exist between these two cell types which are important 

determinants of their specialized functions.   For example, conduction system 

cardiomyocytes, which do not contribute significantly to cardiac contraction, have less 

developed t-tubule system, less extensive SR network and considerably lower 

levels/different compositions of contractile proteins (Lyons, 1994; Kirby, 2007; 

Moskowitz et al., 2007).   Deciphering the precise molecular mechanisms involved in 

guiding undifferentiated embryonic cardiac progenitor cells towards each cardiomyocyte 

lineage would be a significant step towards achieving the ability to enrich specific cell 

types in vitro for use in regenerative therapies.  Moreover, this information would 

undoubtedly also contribute to a better understanding of the etiology of congenital heart 

diseases that involve improper formation and/or function of the heart.   

 

1.3   Cardiogenesis 

At its earliest functional stages, the embryonic heart resembles a simple tubular 

structure consisting of an outer layer of myocardium and an inner layer of endothelial 

cells.   During the remarkable process of cardiogenesis, the early heart tube undergoes 

major morphological changes to transform into a four chambered pump while 

continuously maintaining its function to meet the increasing metabolic demands of the 
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growing embryo.   Undifferentiated cardiac progenitor cells (CPCs) play a central role in 

the cardiogenic process.  Due to their high proliferative capacity and cardiomyogenic 

ability, CPCs are also considered to be an attractive candidate cell type to be used in cell 

based therapies for myocardial repair (Zhang and Pasumarthi, 2008). 

 

1.3.1   The Cardiogenic Fields and Heart Tube Formation  

 

 The earliest heart precursor cells are located on both sides of the midline in the 

epiblast at the early gastrulation stage (Figure 1.3.1A), which in mouse corresponds to 

embryonic day (E6.5) (Tam et al., 1997; Kirby, 2007).  Epiblast cells then ingress 

through the primitive streak to form the mesodermal germ layer (Tam et al., 1997).    

Mesodermal cardiac precursor cells migrate laterally and cranially from the primitive 

streak which results in the establishment of bi-lateral cardiogenic fields in the regions of 

the anterior lateral plate mesoderm (Figure 1.3.1B) (Kirby, 2007).   Owing to continuous 

migration of cells from the primitive streak to the lateral plate and to the midline, the 

bilateral fields merge cranially to form what is referred to as the cardiac crescent (Figure 

1.3.1C).   Around E7.5-8.0, the lateral wings of the cardiogenic fields move toward the 

ventral midline where they fuse to form the linear heart tube which consists of an outer 

layer of myocardium and an inner layer of endothelial cells (Figure 1.3.1D). 
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Figure 1.3.1:    Schematic diagram of the localization of cardiogenic cells in the 

epiblast and the formation of the primitive heart tube.  A) The earliest cardiogenic 

precursor cells are located on both sides of the midline in the epiblast at the early 

gastrulation stage.  B)  Epiblast cells then ingress through the primitive streak to form the 

mesodermal germ layer.  Mesodermal cardiac precursor cells migrate laterally and 

cranially from the primitive streak which results in the establishment of bi-lateral 

cardiogenic fields in the regions of the anterior lateral plate mesoderm. C)  Continuous 

migration of cells from the primitive streak to the lateral plate and to the midline results 

in formation of the cardiac crescent. D) The lateral wings of the cardiogenic fields move 

toward the ventral midline where they fuse to form the linear heart tube which consists of 

an outer layer of myocardium and an inner layer of endothelial cells.  Figure re-drawn 

and modified from Kirby (2007) and Fishman and Chien (1997).     
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1.3.2   Induction and Differentiation of the Myocardium  

 

  Induction refers specifically to the process whereby a particular tissue emits 

signals in the form of growth factors or morphogens that are able to induce a specific 

response in a target cell type (Kirby, 2007).   In the context of cardiogenesis, induction of 

the cardiomyogenic lineage from mesodermal cells ingressing through the primitive 

streak occurs in response to specific protein factors secreted from the underlying tissue 

layer referred to as the hypoblast in chick or anterior visceral endoderm in mouse (Figure 

1.3.2A) (Chapman et al., 2003).  These secreted factors, which include members of the 

transforming growth factor (TGF)β family initiate expression of specific cardiogenic 

transcription factors such as Nkx2.5 which is considered to be among the earliest markers 

of the cardiomyogenic lineage (Komuro and Izumo, 1993; Harvey, 1996).    

 Differentiation, which follows the initial induction step, refers to the  

morphological appearance of cell specializations that are characteristic of a particular cell 

lineage (Kirby, 2007).  For cardiomyocytes, specializations include the appearance of 

contractile proteins, specific transmembrane ion channels and gap junction proteins.   

Interestingly, even prior to formation of the heart tube at the ventral midline, contractile 

cardiomyocytes expressing isoforms of the muscle proteins actin and myosin can be 

detected in the bi-lateral cardiogenic fields as early as E7.5-8.0 (Sassoon et al., 1988; 

Lyons et al., 1990).   This early differentiation process occurs in response to secreted 

factors from the underlying endoderm in a process analogous to the initial induction of 

the cardiomyogenic lineage (Figure 1.3.2B).   These factors, which include members of 

the bone morphogenetic protein (BMP) and fibroblast growth factor (FGF) families 

(Srivastava and Olson, 2000; Alsan and Schultheiss, 2002) promote expression of Nkx2.5 
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as well as several other key cardiac transcription factors from the GATA, MEF2 ,T-box 

(Tbx), Iroquois (Irx) and Hand families that act in a combinatorial manner to promote 

cardiomyocyte differentiation by turning on a cardiac specific program of gene 

expression (Durocher and Nemer, 1998; Srivastava and Olson, 2000).  Importantly, 

inhibitory factors such as canonical Wnt signals secreted from ectodermal tissue and 

Noggin expressed in the notochord ensure that inappropriate expansion of the 

myocardium does not occur outside of the defined cardiogenic field (Figure 1.3.2B) 

(Kirby, 2007).  In summary, a combination of positive and negative cardiogenic factors 

spatially defines the bilateral cardiogenic fields which are comprised of a mixed 

population of undifferentiated CPCs as well as contractile cardiomyocytes.  After fusion 

of the cardiogenic fields at the ventral midline, a highly ordered program of cardiac cell 

migration, proliferation and differentiation occurs to transform the primitive heart tube 

into a complex four chambered pump.  
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Figure 1.3.2:  Induction and differentiation of the cardiomyogenic lineage.  A) 

Induction of the cardiomyogenic lineage from mesodermal cells ingressing through the 

primitive streak occurs in response to specific protein factors secreted from underlying 

hypoblast (anterior visceral endoderm in mouse) such as TGF-β (represented by white 

arrows). B)  Cardiac progenitor cells within the bi-lateral cardiogenic fields (dark red) 

differentiate into mature cardiomyocyte lineages in response to secreted factors such as 

Bone Morphogenetic Protein (BMP) and Fibroblast Growth Factor (FGF) which are 

secreted from the underlying endoderm (represented by blue arrows). These factors 

promote expression of Nkx2.5 as well as several other key cardiac transcription factors 

from the GATA, MEF2, T-box (Tbx), Iroquois (Irx) and Hand families that act in a 

combinatorial manner to promote cardiomyocyte differentiation by turning on a cardiac 

specific program of gene expression. Inhibitory factors such as canonical Wnt signals 

secreted from ectodermal tissue and Noggin expressed in the notochord ensure that 

inappropriate expansion of the myocardium does not occur outside of the defined 

cardiogenic field.  Figure re-drawn and modified from Kirby (2007). 
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1.3.3   Cardiac Looping and Formation of the Four Chambered Heart  

The heart tube, which lies in the midline of the embryo, is segmentally patterned 

along the cranio-caudal axis (Kirby, 2007).  Blood enters at venous (inflow) pole located 

at the caudal end of the heart tube which represents the site of the future atrial chambers.   

Blood is then moved in a unidirectional manner through the heart tube and exits at the 

arterial (outflow) pole which is located cranially.  At approximately E9 in mouse, the 

heart tube undergoes rightward looping to form a C-shaped structure which results in the 

formation of a broad outer curvature and a more narrow inner curvature (Olson and 

Srivastava, 1996; Christoffels et al., 2000).  During the looping process, the future 

ventricles become visible as they balloon outwards from the outer curvature (Harvey, 

2002).   Furthermore, the atrial region is forced dorsally and cranially to bring the inflow 

and outflow regions in close proximity and into their anatomically correct mature 

positions (Kirby, 2007).   

At approximately E9, the internal structures of the heart also become more 

complex as the primordia of the valves and septa begin to form.   In addition, the 

trabeculae, which are spongiform layers of myocardium that project into the lumen, are 

also formed along the inner surface of the ventricles and the forming interventricular 

septum (Harvey, 2002).   Formation of the definitive four-chambered heart occurs at 

approximately E10.5, and is followed by complete septation and valve formation 

(Buckingham et al., 2005).    

Simultaneous with the morphological transformation of the heart tube into a four 

chambered structure, CPCs enter differentiation pathways toward the mature 

cardiomyocyte lineages (e.g. atrial, ventricular and conduction system).   The specific 
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contractile, electrophysiological and molecular specializations adopted by each cell type 

are specified by a highly ordered network of transcriptional regulators that are required 

for proper cardiogenesis (Barnett et al., 2012; Rana et al., 2013).    

 

1.3.4   Development of the Cardiac Conduction System  

In the early heart tube, leading pacemaker activity at the venous pole of the heart 

can be detected even before the morphological appearance of the distinct components of 

the cardiac conduction system (Kamino et al., 1981).   The resulting impulse then travels 

relatively slowly toward the arterial pole to initiate a unidirectional, peristaltic mode of 

contraction (Patten, 1949).   This slow conducting myocardium in the early heart tube has 

been dubbed the “primary myocardium” to distinguish it from more developed working 

atrial and ventricular chamber myocardium (Moorman and Lamers, 1994).   

A prominent feature of the primary myocardium is the presence of action 

potentials which display slow depolarizations that resemble those of mature SA nodal 

cells (Sperelakis and Pappano, 1983).   The ionic basis for this resemblance comes from 

the fact that the rising phase of the action potential in early cardiomyocytes is dependent 

on activity of voltage gated L-type and T-type Ca
2+

 channels rather than fast activating 

Na
+
 channels (Kirby, 2007).   As development proceeds, the mature electrical activation 

pattern of the four chambered heart is achieved by the differentiation and patterning of 

the discreet components of the cardiac conduction system.   

Of particular interest in our laboratory, is the development of the fast-conducting 

component of the ventricular conduction system, particularly the Purkinje fiber network.   

Functional and molecular correlates have indicated that the trabecular myocardium serves 
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as the preferential route for the conduction of electrical impulses prior to the 

establishment of the mature ventricular conduction system components (Rentschler et al., 

2001; Sankova et al., 2012).   Furthermore, the trabecular myocardium has been shown to 

house the myogenic precursors of the mature Purkinje fiber network (Christoffels and 

Moorman, 2009).  While the precise factors which guide lineage fate decisions in the 

embryonic heart are still not fully understood, there is evidence that paracrine factors 

secreted from the adjacent endocardium such as endothelin-1 (ET-1) and neuregulin-1 

(NRG-1) provide instructive cues to guide undifferentiated cardiac precursors toward the 

conduction system cell fate (Gourdie et al., 1998; Rentschler et al., 2002) 

Efforts to study the development of the conduction system have benefited from 

the generation of mouse models which enable direct visualization of either the entire 

conduction system or specific components therein (Kupershmidt et al., 1999; Davis et al., 

2001; Rentschler et al., 2001).  The gap junction protein Cx40 generates channels with 

high conductance (Beblo and Veenstra, 1997) and is expressed in the fast conducting 

Purkinje fibers of the mature ventricular conduction system (Gourdie et al., 1993; Myers 

and Fishman, 2003).  Moreover, during development, Cx40 is expressed in the fast 

conducting trabecular myocardium which will form the mature conduction system 

(Delorme et al., 1995; Sankova et al., 2012).   Thus, the Cx40
egfp

 mouse model, in which 

the vital enhanced green fluorescent protein (EGFP) is expressed under the control of the 

Cx40 gene (Miquerol et al., 2004), is particularly useful for studying the morphological 

development of the ventricular conduction system. 
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1.3.5   Undifferentiated Cardiac Progenitor Cells in the Embryonic Heart Post-

Chamber Formation   

 

 Owing to the small size of the primitive heart tube at early embryonic stages, a 

technical limitation associated with investigations into the development of CPCs has been 

the inability to acquire sufficient cell numbers for experimental purposes.  However, the 

discovery of rare populations of CPCs in the adult myocardium (Hierlihy et al., 2002; 

Beltrami et al., 2003; Oh et al., 2003) pointed to the possibility that some cardiomyogenic 

mesodermal precursor cells may remain undifferentiated throughout the entire 

developmental period and into postnatal life.  Thus, we reasoned that if a significant 

population of undifferentiated CPCs were present at later developmental stages (i.e. post-

chamber formation); technical limitations associated with small yields from the heart tube 

could be overcome.  To address this issue, our group used transmission electron 

microscopy to assess the ultrastructural characteristics of  mouse ventricular cells at the 

post-chamber stage of E11.5 and discovered that at this stage the ventricles contained a 

significant population of undifferentiated Nkx2.5
+
 CPCs as well as cardiomyocytes with 

varying degrees of sarcomeric organization (Zhang and Pasumarthi, 2007).   

Subsequently,  we also demonstrated that Nkx2.5
+
 cells isolated from the E11.5 

ventricles could differentiate over time into cardiomyocytes in vitro (McMullen et al., 

2009). 

 Based on the evidence that a significant number of undifferentiated CPCs exist in 

the ventricles at E11.5, we concluded that this was an appropriate stage to study CPC 

development.   Accordingly, experiments in this thesis which aimed to clarify the effects 

of either Ca
2+

 channel blockade or ANP signalling on CPC proliferation and 

differentiation were routinely carried out using E11.5 ventricular cell populations.    The 
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following section (Section 1.4) is meant to provide an overview of the role of Ca
2+

 

signalling in cardiogenesis and provide a context for our investigations into the effects of 

Ca
2+

 channel blockade on CPC proliferation and differentiation.  Similarly, Section 1.5 

which follows is meant to provide an overview of atrial natriuretic peptide mediated 

signalling systems and provide the rationale for our interest in studying the role of this 

system in regulating cardiac development.    

 

1.4   The Role of Ca
2+

 Signalling in Cardiogenesis 

In the mature cardiomyocytes of the adult heart, Ca
2+

 is most recognized for its 

central role in EC coupling (Bers, 2002).   In this process, the influx of Ca
2+

 through 

voltage gated L-Type Ca
2+

 channels located within the t-tubule network induces the 

release of a much greater amount of Ca
2+

 from the SR through ryanodine receptors in a 

process referred to as Ca
2+

 induced Ca
2+

 release (CICR) (Fabiato, 1983).  This transient 

rise in intracellular Ca
2+

 in turn facilitates actin and myosin interactions which results in 

cardiomyocyte contraction.   In contrast to adult cardiomyocytes, embryonic 

cardiomyocytes lack t-tubules and have a poorly developed SR (Cohen and Lederer, 

1988; Klitzner and Friedman, 1989; Qu and Boutjdir, 2001; Liu et al., 2002; Kirby, 

2007).   Consequently, most of the Ca
2+

 required for contraction of embryonic 

cardiomyocytes comes from the extracellular space via sarcolemmal Ca
2+

 channels 

including L-type as well as T-type voltage gated Ca
2+

 channels.   Additionally, Ca
2+

 

influx via L-type and T-type Ca
2+

 channels has been implicated in critical aspects of 

cardiogenesis including lineage specification, gene expression, proliferation and 

myofibrillogenesis (Li et al., 2005; Puceat and Jaconi, 2005; Nguemo et al., 2013).    
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1.4.1   Biophysical and Pharmacological Properties of L-type and T-type Ca
2+

 

Channels 

             

The L-type and T-type Ca
2+ 

channels are two distinct families of voltage gated 

Ca
2+

 channels, which have integral roles in various aspects of cardiomyocyte physiology.  

The family of L-type Ca
2+

 channels is comprised of four genetically distinct members 

referred to as (Cav1.1-Cav1.4), while the family of T-type Ca
2+

 channels consists of three 

members (Cav3.1-Cav3.3) (Ertel et al., 2000).   The L-type Ca
2+

 channels are oligomeric 

complexes composed of a relatively large pore forming α1 subunit and smaller auxiliary, 

β, γ and di-sulfide linked α2/δ subunits which regulate channel function (Katzung, 2009). 

These channels are characterized by long-lasting, high voltage activated currents 

(Lipscombe et al., 2004).    By contrast,  T-type Ca
2+

 channels are monomeric structures 

which consist of only a α1 subunit (Katzung, 2009), and are characterized by  transient 

currents which are activated at lower voltages (Perez-Reyes, 2003).     

 The α1 subunit of L- and T-type Ca
2+

 channels contains the known sites of 

channel regulation by second messengers and pharmacological drugs.   The L-type Ca
2+

 

channels are also referred to as dihydropyridine (DHP) receptors/channels because they 

bind with high affinity to this class of Ca
2+

 channel blocking drugs (e.g. nifedipine, 

isradipine, nisoldipine) (Katzung, 2009).   While T-type Ca
2+

 channels were initially 

described as insensitive to DHPs, there is now substantial evidence that certain DHPs can 

also inhibit T-type Ca
2+

 channels with relatively low potency (IC50 values between ~10-

100µM) (Kumar et al., 2002; Shcheglovitov et al., 2005; Perez-Reyes et al., 2009).  A 

limitation to studying T-type Ca
2+

 currents has been the lack of specific pharmacological 

inhibitors.  For instance, while mibefradil was initially presented as a selective T-type 
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Ca
2+

 channel blocker (Clozel et al., 1997), it was subsequently shown that this molecule 

also inhibits several other channels (Viana et al., 1997; Gomora et al., 1999).  

 

 1.4.2   Impaired Cardiogenesis due to Disrupted Intracellular Ca
2+

 Homeostasis 

 

The cardiogenic process relies on a highly orchestrated balance between 

proliferation and differentiation of CPCs and cardiomyocytes (Goetz and Conlon, 2007).  

Research dedicated to understanding the molecular mechanisms governing this balance is 

driven by the high incidence of congenital heart defects in the human population 

(Hoffman, 1995) and the potential utility of undifferentiated CPC/cardiomyocytes in the 

field of regenerative medicine (McMullen and Pasumarthi, 2007).   In addition to its role 

in generating action potentials, Ca
2+ 

activates signalling cascades which involve several 

kinases and phosphatases (Crabtree, 2001; Kahl and Means, 2003; Colomer et al., 2004).  

These intermediary enzymes can in turn alter the phosphorylation status, and thus the 

transcriptional activity, of key cardiac transcription factors such as GATA4 and MEF2c 

which ultimately controls the balance between cardiac cell proliferation and 

differentiation (McKinsey et al., 2002; Pikkarainen et al., 2004). 

In a study carried out by Porter and colleagues (2003), it was reported that whole 

embryos (E7.5-E8.5) cultured in the presence of the DHP Ca
2+

 channel blocker nifedipine 

displayed cardiac morphological defects as well as reduced expression of the 

transcription factor GATA4 and the sarcomeric protein ventricular myosin light chain 2v 

(MLC2v).   Moreover, it was shown that in ES cell derived cardiomyocytes, disruption of 

intracellular Ca
2+

 homeostasis using the Ca
2+

 chelator BAPTA was associated with 

impaired myofibrillogenesis and that this effect could be reversed by restoring 
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intracellular Ca
2+

 by treatment with ionomycin (Li et al., 2002).  Taken together, these 

results provided evidence that intracellular Ca
2+

 signalling pathways are critically 

involved in the cardiomyogenic process by regulating cardiomyocyte 

differentiation/maturation.    

The T-type Ca
2+

 channels are widely expressed in a variety of cell types during 

the developmental period, while in post-natal life their expression is restricted to a few  

specialized cell types including excitable pacemaker cells within the cardiac conduction 

system (Hirano et al., 1989; Lory et al., 2006; Ono and Iijima, 2010).  Accordingly, T-

type Ca
2+

 channels have been implicated in cell growth and proliferation during the 

embryonic period.  Consistent with this view, prominent T-type Ca
2+

 currents have been 

recorded in embryonic/fetal as well as neonatal cardiomyocytes in rodents but were 

absent at adult stages (Cribbs et al., 2001; Ferron et al., 2002; Niwa et al., 2004).   

Moreover, pharmacological inhibition of T-type Ca
2+

 channels was shown to reduce 

glucose stimulated proliferation in neonatal rat ventricular cardiomyocytes (Li et al., 

2005), thus providing evidence for a direct link between the T-type Ca
2+

 current and 

signalling cascades which regulate the cell cycle machinery.    

More recently, it was demonstrated that treatment of ES cells with nifedipine was 

associated with impaired ability of these cells to differentiate into cardiomyocytes, 

(Nguemo et al., 2013), thus providing indirect evidence that voltage gated Ca
2+

 channels 

are expressed by CPCs and are critically involved in the earliest stages of 

cardiomyogenic lineage commitment.  Currently, it remains unknown whether influx of 

extracellular Ca
2+

 via voltage gated Ca
2+

 channels plays a role in regulating proliferation 

of CPCs derived from the post-chamber formation stage of the embryonic heart.    
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1.4.3   Therapeutic Potential of Cardiac Progenitor Cells for Myocardial Repair 

 

Shortly after birth, cardiomyocytes lose their capacity to divide (Pasumarthi and 

Field, 2002).  Therefore, cardiomyocytes lost to disease or injury are replaced by fibrotic 

scar tissue rather than new muscle tissue.  Currently, a host of cardiovascular drugs and 

surgical interventions are used to slow the progression of heart disease (Salters et al., 

2010), but neither approach can replace the damaged myocardium.  Accordingly, donor 

cell transplantation has emerged as a promising strategy for myocardial repair (Laflamme 

and Murry, 2005; McMullen and Pasumarthi, 2007).   

The first derivation of embryonic stem (ES) cells from the inner cell mass of the 

pre-implantation stage mouse (Evans and Kaufman, 1981; Martin, 1981) and 

subsequently human (Thomson et al., 1998) embryos were major milestones in the field 

of regenerative medicine.   ES cells, which are capable of  unlimited undifferentiated 

proliferation in vitro, are capable of forming all of the hundreds of cell types in the 

human body and thus hold the ultimate regenerative potential (Murry and Keller, 2008).   

Unfortunately, however, adult myocardium apparently lacks the molecular cues required 

to guide undifferentiated ES cells toward the appropriate cardiac cell lineages following 

transplantation.  For example, undifferentiated mouse ES cells were shown to form 

teratomas consisting of cell types from endodermal, ectodermal and mesodermal germ 

layers following intra-cardiac transplantation into either the uninjured or infracted adult 

mouse heart (Nussbaum et al., 2007).    

Transplantation of committed cell types into the adult myocardium could in 

principle circumvent problems associated with teratoma formation seen with 

undifferentiated ES cells (Thomson et al., 1998; Nussbaum et al., 2007).  To this end, cell 
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transplantation of various committed cell types including skeletal myoblasts were 

investigated for their potential in myocardial repair (McMullen and Pasumarthi, 2007).  

In experimental models, substantial evidence for engraftment of skeletal myoblasts into 

host myocardium and improvement in post-infarction cardiac function was reported 

(Chiu et al., 1995; Murry et al., 1996; Taylor et al., 1998).  Similarly, improvements in 

ejection fraction and improved systolic thickening were reported in the first human 

clinical trial in which skeletal myoblasts were transplanted into patients with severe 

ischemic cardiomyopathy (Menasche et al., 2003).    It is generally accepted, however, 

that these functional improvements observed in both experimental and clinical settings 

were due to the effects of secreted paracrine factors, enhanced angiogenesis and/or 

favorable scar remodeling rather than transdifferentiation of skeletal myoblasts into 

cardiomyocytes.   Moreover, arrhythmias were prevalent among patients following 

skeletal myoblast transplantation (Menasche et al., 2003) and were likely due to the 

inability of these cells to form electrical connections with the host myocardium.  By 

contrast, transplantated fetal cardiomyocytes have been shown to integrate functionally 

with host myocardium (Rubart et al., 2003) and suppress the induction of ventricular 

tachycardia in experimental models of cardiac injury (Roell et al., 2007).    

While it is neither practical nor ethical to consider the large scale production of 

fetal cardiomyocytes for human clinical trials, ES cells or autologous induced pluripotent 

cells (iPS), which can be guided toward the cardiomyogenic lineage (Klug et al., 1996; 

Zwi-Dantsis and Gepstein, 2012), represent a potentially unlimited source of 

cardiomyocytes that could be used for cell transplantation therapies.    Indeed, ES-cell 

derived cardiomyocytes have recently been shown to form true gap junctions, couple 
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electrically with the host myocardium and improve cardiac function in an experimental 

animal model of cardiac injury (Shiba et al., 2012).    

A long standing hurdle in the cardiac transplantation field is the long term 

engraftment and expansion of the donor cells in the engrafted myocardium (Reinecke and 

Murry, 2002).   To address this issue, it has been suggested that maneuvers to increase 

cell proliferation of transplanted cells could significantly improve the ability to replenish 

damaged myocardial tissue (Laflamme and Murry, 2005).   In this regard, we believe that 

CPCs, which have the hallmark feature of high rates of proliferation, represent a 

promising candidate cell type.  Furthermore, CPCs are capable of differentiating into 

mature cardiomyocyte lineages (i.e. atrial, ventricular and conduction system) (Martin-

Puig et al., 2008) and therefore hold the potential to couple functionally with host 

myocardium.   Deciphering the molecular mechanisms underlying differentiation of 

CPCs toward committed cardiomyocyte lineages and also the potential interactions of 

CPCs with commonly used cardiovascular drugs would be significant steps toward the 

development of more effective cell based therapies for myocardial repair.   

 

1.5   The Natriuretic Peptides and their Cell Surface Receptors 

1.5.1   Section Overview  

 

 Atrial natriuretic peptide (ANP) is part of a family of hormone/paracrine factors 

known as natriuretic peptides which are involved in regulating cardiovascular 

homeostasis (McGrath et al., 2005).  Natriuretic peptides mediate their cellular and 

biological effects by binding to cell surface receptors known as natriuretic peptide 

receptors (NPRs).  In the mature heart, the primary site of ANP synthesis and storage is 
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in the cardiomyocytes of the atrial chambers.   While ANP gene expression in the 

ventricles is normally ~100 fold lower compared to the atria (Nemer et al., 1986), 

increased expression is associated with pathophysiological situations (Chien et al., 1991).  

By contrast, in the embryonic heart, ANP mRNA expression in the atria and ventricles is 

approximately equal (Zeller et al., 1987).   At later developmental stages, however, ANP 

is downregulated in the ventricles, but remains high in the atria into post-natal life.  

Importantly, immunoreactive ANP persists in a relatively small population of ventricular 

cardiomyocytes that form the fast conducting Purkinje fibers of the ventricular cardiac 

conduction system (Toshimori et al., 1987b; Cantin et al., 1989).  Moreover, dysregulated 

expression of ANP in the ventricles during cardiogenesis has been associated with several 

forms of congenital heart disease which involve abnormal patterning of the heart and 

conduction system defects (Bruneau, 2011).  Despite this knowledge, a specific role for 

ANP in cardiogenesis remains to be clearly defined.   To address this issue, work in this 

thesis aimed to determine whether ANP mediated signalling systems were biologically 

intact in the embryonic heart and whether they play any role in regulating cell 

proliferation and/or differentiation.  Accordingly, the following subsections are aimed at 

providing an overview of the salient structural and physiological features of ANP and its 

cognate receptors and also provide a rationale for our studies.   

 

1.5.2   Historical Perspective: Discovery of the ‘Atrial Natriuretic Factor’ and the 

Natriuretic Peptide Family 

 

Over 50 years ago, it was first speculated that the heart, aside from its vital role as 

a pump, also served an endocrine function.   This speculation was borne from seminal 

observations of dense granules resembling secretory vesicles in the atrial cardiomyocytes 
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of several mammalian species (Kisch, 1956; Jamieson and Palade, 1964).   The contents 

and function of these granules, however,  remained a mystery for several decades until 

the land mark study by de Bold and his colleagues showed that injection of  atrial extracts 

could rapidly stimulate natriuresis and diuresis and lower blood volume in rats (de Bold 

et al., 1981).  Because the identity of specific protein (or proteins) responsible for these 

physiological effects was unknown, the authors assigned it the name atrial natriuretic 

factor (ANF) (de Bold et al., 1981).   

 Two years after the discovery of the atrial natriuretic factor, the same group, 

isolated, purified and sequenced a protein from rat atria capable of inducing an identical 

diuretic and natriuretic response, and named it cardionatrin I (de Bold and Flynn, 1983; 

Flynn et al., 1983).    The human homolog was sequenced shortly after, and was referred 

to as human atrial natriuretic polypeptide (Kangawa and Matsuo, 1984).  From these 

studies, it was determined that the biologically active molecule was a 28 amino acid 

peptide with a looped region formed by a disulfide link between two cysteine residues 

(Figure 1.5.1).   In subsequent years, several other names for this peptide appeared in the 

literature, but today it is most commonly referred to as atrial natriuretic peptide (ANP).   

The discovery of a naturally occurring polypeptide with the ability to lower blood 

volume and blood pressure was immediately recognized for its clinical potential in 

treating a range of cardiovascular diseases.  This realization served as the driving force 

behind the ensuing explosion of research aimed at characterizing mechanisms underlying 

ANP production and storage in atrial granules, its secretion into the circulation and 

ultimately its actions at target organs throughout the body.   These efforts also led to the 

discovery of the structurally related polypeptides, B-type natriuretic peptide (BNP) 
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(Sudoh et al., 1988) and C-type natriuretic peptide (CNP) (Sudoh et al., 1990) which, 

together with ANP,  comprise the mammalian natriuretic peptide family (Figure 1.5.1).    

The natriuretic peptides are genetically distinct and evolutionary studies suggest that all 

members are derived from gene duplication events of a single natriuretic peptide gene 

(Rosenzweig and Seidman, 1991; Inoue et al., 2003).  All three natriuretic peptides are 

produced as prepro hormones and processed into smaller, C-terminal, biologically active 

peptides by specific proteases (Figure 1.5.1).    Collectively, natriuretic peptides exert a 

broad range of physiological  functions in cell types from numerous organ system (Potter 

et al., 2006).    
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Figure 1.5.1:  Structures of the natriuretic peptides and processing of atrial 

natriuretic peptide.  A-C) The mammalian natriuretic peptide family is comprised of 

three members: atrial natriuretic peptide (ANP), B-type natriuretic peptide (BNP) and C-

type natriuretic peptide (CNP).  All three natriuretic peptides contain a conserved 17 

amino acid disulfide linked ring structure that is required for biological activity.  The 

locations of amino acids that are conserved between all three natriuretic peptides are 

represented by darker circles.  D) All three natriuretic peptides are generated as prepro 

hormones and are proteolytically processed into smaller biologically active peptides.  

Only the processing steps for ANP are described herein.  The signal sequence is cleaved 

from the N-terminal to form the 126 amino acid proANP molecule (referred to as 1-126).  

The type II transmembrane protease corin further processes proANP into the 28 amino 

acid biologically active form (referred to as 99-126).   
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1.5.3    Atrial Natriuretic Peptide Gene Expression and Regulation  

 

The gene encoding ANP (Nppa) contains 3 exons and is located on chromosome 

1 in human and chromosome 4 in mouse (Yang-Feng et al., 1985).   During mammalian 

development,  expression of ANP mRNA can first be detected in the primitive heart tube 

(Zeller et al., 1987) and serves as a early marker of the differentiating atrial and 

ventricular myocardium (Christoffels et al., 2000).  In the early four chambered heart, 

ANP expression persists in the myocardium of both the primitive atrial and ventricular 

chambers at comparable levels.  As development proceeds,  high levels of ANP 

expression persist in the atria, but decline drastically in the ventricles to levels that are 

~100 fold lower than those in the atria in the mature heart (Nemer et al., 1986).    

Genetic manipulation of the Nppa promoter revealed that the cis-elements 

required to achieve the dynamic chamber/developmental stage specific expression pattern 

of ANP are contained within a ~500 bp upstream sequence and are organized into distinct 

regulatory modules (Argentin et al., 1994).    Each of these modules contains 

combinations of regulatory elements required for binding of key cardiac transcription 

factors including Nkx2.5 (NKE), GATA4, Hand, MEF2c ,Tbx5 (TBE), and serum 

response factor (SRE) which enables differential expression of ANP to occur in a cell-

type specific manner at developmental or postnatal stages (Durocher and Nemer, 1998; 

Belaguli et al., 2000; Morin et al., 2000; Hiroi et al., 2001; Dai et al., 2002; Thattaliyath 

et al., 2002; Small and Krieg, 2003; Morin et al., 2005).    Importantly, mutations in these 

transcriptional regulators have been shown to be associated with impaired cardiogenesis 

in experimental animals and human congenital heart diseases and in some cases were 

shown to be associated with dysregulated expression of ANP (Lin et al., 1997; Molkentin 
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et al., 1997; Schott et al., 1998; Tanaka et al., 1999; Bruneau et al., 2001; Garg et al., 

2003).    

In pathological situations associated with prolonged periods of cardiac stress, 

expression of ANP is re-initiated in the ventricles as part of the “fetal gene expression 

program” along with a panel of several other metabolic enzymes and contractile proteins 

normally expressed during the embryonic period (Chien et al., 1991; Schaub et al., 1997).  

Interestingly,  the regulatory sequences that control the expression of ANP during 

development appear to be distinct from those responsible for reactivation of expression 

during cardiac disease (Horsthuis et al., 2008), illustrating the complex nature of gene 

regulation in vivo.   Overall, the extensively studied ANP promoter provides a valuable 

tool for delineating the transcriptional control networks involved in regulating both 

cardiac development and disease.    

 

1.5.4   Storage and Secretion of Atrial Natriuretic Peptide 
 

ANP is synthesized as a prepro peptide of 151 amino acids and subsequently gets 

cleaved at the amino terminus to yield a 126 amino acid proANP that constitutes the  

major storage form of ANP in secretory granules (Figure 1.5.1) (Ruskoaho, 1992).   Co-

incident with its secretion, proANP gets further processed by the type II transmembrane 

protease corin (Yan et al., 2000) into a 28 amino acid, biologically active peptide (Flynn 

et al., 1985).   Following its release into the circulation, ANP mediates reductions in 

blood volume and blood pressure via integrated actions on several target organs in an 

endocrine fashion (Potter et al., 2006).  Alternative processing of proANP has also been 

shown to occur in the kidney to yield a 32 amino acid peptide referred to as urodilatin, 
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which is thought to play a local role in regulating fluid homeostasis (Forssmann et al., 

1998).    Like other natriuretic peptides, ANP is characterized by a conserved 17 amino 

acid disulfide linked ring structure which is required for biological activity (Inagami et 

al., 1987).   Although ANP protein has been well conserved across mammalian species, 

several differences in amino acid sequences exist between humans and commonly used 

experimental species including mouse and chicken (Figure 1.5.2).    

The main stimulus for ANP release from atrial cardiomyocytes in vivo was shown 

to be mechanical stretch of the atrial myocardial wall which occurs in response to fluid 

volume expansion (Lang et al., 1985; Edwards et al., 1988).   Based on these findings it 

was hypothesized that mechanosensitive stretch-activated ion channels known to be 

expressed by cardiomyocytes (Kim, 1992; Kim, 1993) could be involved in coupling the 

mechanical stimulus into a secretory response.   This hypothesis was supported by 

subsequent experiments which demonstrated that gadolinium, a blocker of stretch 

activated ion channels, could decrease stretch-induced ANP secretion in the isolated rat 

atrium (Laine et al., 1994).   In addition to mechanical stimuli, several vasoconstrictor 

peptides including endothelin-1 (ET-1) and angiotensin II (Ang II) have also been shown 

to stimulate ANP secretion from isolated hearts or cultured cardiomyocytes (Lew and 

Baertschi, 1989; Sei and Glembotski, 1990; Focaccio et al., 1993; Church et al., 1994a).  

While the precise molecular mechanisms governing ANP secretion have not been fully 

resolved,   there is substantial evidence that Ca
2+

, a long recognized regulator of secretion 

in various excitable and non-excitable cell types (Penner and Neher, 1988),  also plays a 

central role in regulating myocardial ANP secretion (LaPointe et al., 1990; Church et al., 

1994b; De Young et al., 1994; McDonough et al., 1994; Rebsamen et al., 1997).     
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In general, secretion of a protein from any given cell can occur in either a cell-

signal dependent (regulated) or constitutive (unregulated) manner (Burgess and Kelly, 

1987).  Atrial cardiomyocytes of the adult mammalian heart have the hallmark features of 

a regulated secretory cell type including dense secretory granules, long term storage of 

granules in the cytoplasm and secretion mechanisms that are coupled to specific 

extracellular stimuli (Burgess and Kelly, 1987).   By contrast, levels of immunoreactive 

ANP in the adult ventricles are ~1000 fold lower than those seen in the atria and 

secretory granules are only rarely observed (Nemer et al., 1986).  Taken together, these 

observations suggested that a regulated secretory pathway predominates in the atria, 

while ANP synthesized in the ventricles is rapidly released as part of a constitutive 

secretory pathway.   Consistent with this view, it was demonstrated that basal secretion of 

ANP from cultured ventricular cardiomyocytes was inhibited by brefeldin A (inhibits 

trafficking of newly synthesized proteins but does not affect release of stored proteins), 

while ANP secretion from atrial cardiomyocytes was enhanced (De Young et al., 1994).    

Subsequently, however, it was discovered that ET-1 and intracellular Ca
2+

 could 

stimulate ANP secretion from cultured ventricular cardiomyocytes and from the 

hypertrophied ventricular myocardium indicating that regulated secretory pathways may 

also exist in the ventricular compartment (Kinnunen et al., 1991; Irons et al., 1993).  

Currently, it remains unknown whether ANP is actively secreted by embryonic 

cardiomyocytes derived from the primitive, four chambered heart at earlier stages of 

cardiogenesis.  
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Figure 1.5.2:  Alignment of the atrial natriuretic peptide predicted protein sequence 

from humans and several commonly used experimental species.   The shaded boxes 

correspond to amino acids which are conserved between mouse, rat, sheep (ovine), 

human and chick.  The boxed sequence corresponds to the 28 amino acid, biologically 

active form of ANP.  The amino acid sequence is highly conserved among mammalian 

species, while the chick has 11 amino acids which differ from mammals.   
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1.5.5   Historical Perspective on the Discovery of the Natriuretic Peptide Receptors 

Early observations that ANP could stimulate cGMP production, suggested that the 

receptors for ANP were closely associated with a guanylyl cyclase enzyme (Hamet et al., 

1984; Waldman et al., 1984; Winquist et al., 1984).   Interestingly, the guanylyl cyclase 

enzyme that was isolated and purified was also able bind to ANP, which led to the 

hypothesis that the same protein was both an ANP receptor and a guanylyl cyclase 

enzyme (Kuno et al., 1986; Paul et al., 1987).  This hypothesis was supported by the 

amino acid sequence of the ANP receptor which revealed an intracellular domain 

homologous to the guanylyl cyclase enzyme previously characterized in sea urchin 

(Singh et al., 1988; Chinkers et al., 1989; Lowe et al., 1989).  Furthermore, transfection 

of the ANP receptor cDNA into heterologous cell systems led to expression of a 

functional receptor capable of binding ANP and stimulating intracellular production of 

cGMP (Chinkers et al., 1989; Lowe et al., 1989).   This receptor was designated the ANP 

receptor guanylyl cyclase A (GC-A), also known as natriuretic peptide receptor A 

(NPRA).   

The ANP receptor guanylyl cyclase represented a new paradigm in signal 

transduction, whereby extracellular ligand binding could allosterically induce second 

messenger production via intracellular enzyme activity (Lowe et al., 1989).    Shortly 

thereafter, a protein homologous to NPRA, but having distinct pharmacological 

properties was isolated from human placental cDNA library (Chang et al., 1989).   

Guanylyl cyclase activity of this receptor was confirmed by expression of its cDNA in a 

heterologous cell system, and it was designated the natriuretic  peptide receptor guanylyl 

cyclase B (GC-B) or NPRB (Chang et al., 1989).   Around the same time, a third 
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natriuretic peptide receptor was isolated and purified from cultured bovine aortic smooth 

muscle cells (Schenk et al., 1987).   Subsequent cloning of the receptor, designated 

NPRC,  revealed that the intracellular domain, unlike NPRA and NPRB, was relatively 

small and apparently lacked an intrinsic guanylyl cyclase domain (Fuller et al., 1988).  

Based on this observation, NPRC was initially classified as a clearance receptor that 

served to buffer local natriuretic peptide concentrations (Maack et al., 1987).  

Subsequently, however it was discovered that NPRC could in fact modulate levels of the 

second messenger cAMP by inhibiting activity of adenylyl cyclase due to the presence of  

activator sequences for the inhibitory heterotrimeric G protein, (Gi) within the 

intracellular domain (Murthy and Makhlouf, 1999; Pagano and Anand-Srivastava, 2001). 

 

1.5.6   Natriuretic Peptide Receptor Structure and Functional Activity 

The mammalian guanylyl cyclase receptors (NPRA and NPRB) are composed of 

an extracellular N-terminal ligand binding domain (~450 amino acids), a single 

hydrophobic transmembrane domain (~20-25 amino acids) and a C-terminal intracellular 

domain (~570 amino acids) that is further subdivided into kinase homology, dimerization 

and guanylyl cyclase domains (Figure 1.5.3) (Potter et al., 2006).  The gene encoding 

NPRA (Npr1) contains 22 exons and is located on chromosome 1 in human and 

chromosome 3 in mouse.   The gene encoding NPRB (Npr2) also contains 22 exons and 

is located on chromosome 9 in humans and chromosome 4 in mouse.  Comparisons 

between the human NPRA and NPRB DNA sequences revealed that the most highly 

conserved domain (88% amino acid identity) was found within the 252 residues at the C-

terminus corresponding to guanylyl cyclase domain (Chang et al., 1989).   Within the 
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extracellular domains, the overall amino acid sequence was found to be 44% identical, 

but a highly conserved region consisting of 28 amino acids (79% identity) was observed 

and was presumed to be important for recognition of natriuretic peptide ligands (Chang et 

al., 1989).    

The rank order of ligand binding for NPRA is  ANP > BNP >> CNP (Schulz et 

al., 1989; Suga et al., 1992).    In the basal state,  NPRA exists as a higher ordered 

oligomer and guanylyl cyclase activity is tightly repressed (Chinkers and Wilson, 1992; 

Lowe, 1992).  Upon ligand binding, a conformational change in the juxtamembrane 

region is transmitted across the plasma membrane and activates guanylyl cyclase activity 

and production of cGMP (Ogawa et al., 2004).   The principal downstream effectors of 

cGMP are:  1) cGMP dependent protein kinases (PKG), 2) cGMP-gated ion channels, 

and 3) cGMP-regulated phosphodiesterases (Lincoln and Cornwell, 1993).   The rank 

order of ligand binding for NPRB is CNP >> ANP > BNP (Suga et al., 1992) and by 

mechanisms analogous to those described for NPRA are able to activate guanylyl cyclase 

activity and production of cGMP (Potter et al., 2006).   

The gene encoding NPRC (Npr3) contains 8 exons and is located on chromosome 

8 in human and chromosome 15 in mouse.  The extracellular ligand binding domain of 

NPRC is similar in topology to the guanylyl cyclase receptors and analysis of the DNA 

sequence of this domain revealed ~ 30% amino acid identity with NPRA and NPRB 

(Chang et al., 1989).   NPRC has been shown to bind with high affinity to all three 

natriuretic peptides (Suga et al., 1992).   An inter-molecular disulfide bond between 

cysteine residues in the extracellular domain results in the formation of a covalent dimer 

and thus NPRC exists as a homodimer (Stults et al., 1994).   The intracellular domain of 
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NPRC, unlike NPRA and NPRB, is relatively small consisting of only  37 amino acids 

and lacks intrinsic enzymatic activity (Fuller et al., 1988), but can activate Gi proteins to 

inhibit AC and consequently reduce production of cAMP (Anand-Srivastava et al., 1987).  

The principle downstream effectors of cAMP include: 1) cAMP dependent protein 

kinases (PKA), 2) cAMP-gated ion channels, and 3) cAMP-regulated phosphodiesterases 

(Houslay and Milligan, 1997; Kaupp and Seifert, 2002). 
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Figure 1.5.3 Natriuretic peptide receptor structures and ligand preferences.  

Natriuretic peptides bind to three subtypes of natriuretic peptide receptors: NPRA, NPRB 

and NPRC.  Both NPRA and NPRB are guanylyl cyclase receptors which are composed 

of an extracellular N-terminal ligand binding domain, a single hydrophobic 

transmembrane domain and a C-terminal intracellular domain that is further subdivided 

into kinase homology, dimerization and guanylyl cyclase domains. The extracellular 

ligand binding domain of NPRC is similar in topology to the guanylyl cyclase receptors. 

An inter-molecular disulfide bond between cysteine residues in the extracellular domain 

results in the formation of a covalent dimer and thus NPRC exists as a homodimer. The 

intracellular domain of NPRC lacks intrinsic enzymatic activity, but contains activator 

sequences for the inhibitory heterotrimeric G protein (Gi) and thus couples to the 

adenylyl cyclase enzyme.  
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1.5.7   Physiological Effects of Atrial Natriuretic Peptide  

The specific physiological effects of ANP depend upon the tissue distribution of 

its high affinity receptor subtypes NPRA and NPRC.   The ANP/NPRA/cGMP signalling 

system is considered to be the primary mechanism involved in cardiovascular fluid 

homeostasis via its actions on target organs that are critically involved in electrolyte and 

fluid balance including the kidneys, vascular tissues the adrenal gland (Lowe et al., 1989; 

Nagase et al., 1997; Goy et al., 2001; McGrath et al., 2005; Pandey, 2005).   In the 

kidneys, the natriuretic and diuretic effects of ANP are achieved mainly by stimulating an 

increase in the glomerular filtration rate and filtration fraction and also by inhibiting 

sodium reabsorption at the level of the collecting duct (Light et al., 1990; Melo et al., 

2000), and inhibiting the release of the renin (Laragh, 1985).   In the vascular 

compartment, ANP decreases vascular smooth muscle tone and thus peripheral resistance 

and also increases capillary permeability to allow extravasation of fluid and decreased 

blood volume.  The central role of ANP in blood pressure regulation has also been 

demonstrated by the fact that transgenic mice overexpressing ANP are hypotensive 

(Steinhelper et al., 1990; Barbee et al., 1994), while ANP-deficient mice are hypertensive 

(John et al., 1996).   Similarly, global disruption of the gene encoding  NPRA (Npr1),  by 

two independent groups has indicated that null mice also have  high blood pressure,  

cardiac hypertrophy and cardiac fibrosis (Lopez et al., 1995; Oliver et al., 1997).   

NPRC is expressed in most tissues of the body including the heart and vasculature 

(Nagase et al., 1997) and this wide distribution pattern is likely a reflection of its role in 

buffering local concentrations of natriuretic peptides in various compartments.   A 

clearance role for NPRC specifically in the renal system is supported by observations that 
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loss of function mutations in mice result in a 2/3 longer half-life of ANP, impaired ability 

to concentrate urine and moderate hypotension (Matsukawa et al., 1999).   Intriguingly, 

however, it has been demonstrated that CNP, acting via NPRC can markedly inhibit L-

Type Ca
2+

 current in isolated sinoatrial node cardiomyocytes (Rose et al., 2004).   

Furthermore, ANP has been shown to profoundly decrease cAMP production in isolated 

Purkinje fibers from the adult rabbit heart under basal conditions and in response to 

adrenergic agonists such as epinephrine, dopamine and isoproterenol (Anand-Srivastava 

et al., 1989).  Together, these studies provide strong evidence for a role of ANP/NPRC/Gi 

signalling axis in regulating electrophysiological properties of ventricular conduction 

system cells.   

 

1.5.8   Autocrine/Paracrine Regulation of Cell Growth and Proliferation by Atrial 

Natriuretic Peptide   

 

Aside from its role in endocrine regulation of fluid homeostasis, ANP has also 

been shown to function as an important autocrine/paracrine regulator of growth and 

proliferation of numerous cardiovascular and non-cardiovascular tissues and cell types.  

For example, ANP has been shown to antagonize cardiomyocyte growth in response to 

hypertrophic stimuli including AngII, ET-1 and phenylephrine in vitro and  in vivo (Horio 

et al., 2000; Rosenkranz et al., 2003; Laskowski et al., 2006; Kilic et al., 2007).  

Similarly, an important role for the ANP/NPRA signalling axis in regulating 

cardiomyocyte growth in vivo has been supported by evidence that genetic ablation of 

either ANP or NPRA results in marked cardiac hypertrophy (Lopez et al., 1995; John et 

al., 1996; Oliver et al., 1997).   It was not initially clear, however, whether this cardiac 
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hypertrophy was directly related to a loss of an antihypertrophic effect of ANP or 

secondary to high blood pressure which is known to occur in these mice.  To address this 

issue, NPRA null mice were treated with anti-hypertensive drugs to normalize blood 

pressure from an early age and it was shown that, despite being normotensive,  

hypertrophy and fibrosis persisted (Knowles et al., 2001).  Similarly,  selective ablation 

of NPRA specifically in cardiomyocytes was also shown to yield mice that exhibited 

cardiac hypertrophy while having no effect on blood pressure (Holtwick et al., 2003).    

At the cellular level, ANP has also been shown to exert antiproliferative effects on 

a variety of cardiovascular cell types including cardiac fibroblasts (Cao and Gardner, 

1995), vascular smooth muscle cells (Sharma et al., 2002) mesangial cells (Tripathi and 

Pandey, 2012) and cardiomyocytes (Koide et al., 1996; O'Tierney et al., 2010).     

Importantly, discrepancies regarding the effects of ANP on proliferation of 

cardiomyocytes have been reported.  Specifically, exogenous addition of human ANP on 

embryonic chick cardiomyocytes was shown to increase proliferation (Koide et al., 

1996), while addition of rat ANP to fetal sheep cardiomyocytes was shown to inhibit Ang 

II stimulated proliferation (O'Tierney et al., 2010).   More recently, it was also 

demonstrated that ANP was able to cause a reduction in proliferation of CPCs derived 

from the post-natal heart (Stastna et al., 2010).   Collectively, these findings raise the 

possibility that ANP could also be an important regulator of proliferation of either 

embryonic CPCs and/or cardiomyocytes derived from the early four chambered heart.   
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1.5.9   The Potential Role of Atrial Natriuretic Peptide Receptor Signalling in 

Cardiogenesis  

 

Cardiogenesis relies on a tightly controlled balance between cell proliferation and 

differentiation.  Because cardiomyocytes lose their ability to divide around the time of 

birth (Pasumarthi and Field, 2002), dysregulated proliferation kinetics during the 

embryonic period could potentially lead to deleterious effects on cardiac performance in 

post-natal life.  It has been firmly established that both working cardiomyocytes and 

conduction system myocytes are derived from a common myogenic lineage (Gourdie et 

al., 1995; Cheng et al., 1999; McMullen et al., 2009) and that secreted paracrine factors 

from the endothelium/endocardium  are capable of guiding undifferentiated cardiac cells 

toward the conduction system lineage in both the avian and murine ventricles (Gourdie et 

al., 1998; Takebayashi-Suzuki et al., 2000; Rentschler et al., 2002).   The transient 

expression of ANP in the ventricles during cardiac ontogeny suggests that ANP could 

also be an important autocrine/paracrine factor involved in regulating aspects of cardiac 

cell proliferation or differentiation in this compartment.  In support of this idea, it has 

been shown that mice lacking NPRA display reduced survival, cardiac hypertrophy 

beginning at mid/late gestation and morphological abnormalities including dextrocardia 

and mesocardia (Lopez et al., 1995; Ellmers et al., 2002; Cameron and Ellmers, 2003; 

Scott et al., 2009).   Currently, however, there is no direct evidence that ANP receptor 

mediated signalling systems are biologically active in the embryonic heart.   

Previously, it was shown by in situ hybridization that ANP mRNA transcripts 

were abundantly expressed in the trabecular myocardium of the early four chambered 

heart around midgestation (Zeller et al., 1987).  A similar pattern of immunoreactive 

ANP expression in the trabecular myocardium was also documented in the embryonic rat 
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heart (Toshimori et al., 1987a).  Intriguingly, cells within the murine trabecular 

myocardium have been shown to withdraw from cell cycle at relatively early stages of 

development and enter into terminal differentiation pathways toward the cardiac 

conduction system (CCS) lineage  (Sedmera et al., 2003).  Furthermore, functional and 

molecular correlates of the CCS have indicated that the trabecular myocardium  serves as 

the preferential route of electrical conduction prior to CCS maturation (Viragh and 

Challice, 1977; Rentschler et al., 2001; Sedmera et al., 2003; Miquerol et al., 2004; 

Sankova et al., 2012).   Despite this knowledge, it remains unknown whether ANP 

receptor mediated signalling plays any role in regulating either proliferation or lineage 

specification of undifferentiated embryonic CPCs or cardiomyocytes during the 

developmental period.   
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CHAPTER 2: MATERIALS AND METHODS 

 

 

2.1   Animal Maintenance and Mouse Strains 

All experimental protocols involving the use of animals were approved by the 

Dalhousie University Committee on Laboratory Animals and were performed in 

accordance with the Canadian Council on Animal Care Guide to Care and Use of 

Experimental Animals (CCAC, Ottawa, ON: Vol1.1, 2
nd

 edition, 1993; Vol 2, 1984).   

All animals were housed in the Carleton Animal Care Facility at Dalhousie University 

and maintained on a 12 hour light/dark cycle.   

CD1 and C57Bl/6 mouse strains were obtained from Charles River Laboratories 

(Montreal, Québec, Canada).   The Nkx2.5-Cre mouse strain (designated as NC), which 

was originally generated and characterized by Stanley et al. (2002), was obtained from 

Dr. Richard Harvey (Victor Chang Cardiac Research Institute, University of South 

Wales, Australia).   These mice were engineered to have an internal ribosomal entry 

sequence (IRES) and a Cre- recombinase (Cre) coding sequence inserted into the 3’ 

untranslated region of the Nkx2.5 gene.  The R26R reporter strain (designated as Rosa 

LacZ and abbreviated as RL), was obtained from the Jackson Laboratories, (Bar Harbor, 

Maine, USA).  Npr1-/- mouse strain, originally generated and characterized by Oliver et 

al. (1997), was received from Dr. Nobuyo Maeda (University of North Carolina, USA).   

In Npr1-/- mice, exon 1 and intron 1 of the Npr1 gene which encodes the natriuretic 

peptide receptor A (NPRA) was replaced with a neomycin resistance cassette.  The 

Cx40
egfp/+

 mouse strain, originally generated and characterized by Miquerol et al. (2004), 



 52 

 

was received from Dr. Robert Rose (Dalhousie University, Canada).   In the Cx40
egfp/+

 

mouse strain, enhanced green fluorescent protein (EGFP) coding sequence followed by 

pgk-neo cassette was inserted in frame at the Cx40 start codon.   The ANF-LacZ mouse 

strain, originally generated by Habets et al. (2002), was received from Dr. Vincent 

Christoffels, University of Amsterdam, The Netherlands. These mice were engineered to 

harbor the ANF regulatory region (+638/+70) coupled to the nLacZ reporter gene.  All 

transgenic mouse lines were maintained in C57Bl/6 background.  Unless otherwise 

stated, CD1 mice were used for all experimental procedures. 

 

2.2   Genomic DNA Extraction 

 Ear punch biopsies were used for routine genotyping of all transgenic mouse 

strains.  Genomic DNA was extracted from ear punch biopsy samples using the Sigma 

REDExtract-N-AMP tissue PCR kit (Sigma, Oakville, Ontario, Canada), according to the 

manufacturer’s instructions.  Each tissue sample was placed in 50µl of DNA extraction 

solution (40µl Extraction Solution: 10µl Tissue Preparation Solution) and ground 

manually using a sterile pipette tip.  After a10 minute incubation at room temperature, 

samples were heated to 95ºC in a blocker heater.  Next, 10µl of Neutralization Buffer was 

added to each sample and mixed briefly by vortexing.  Samples were then centrifuged to 

pellet undigested tissue and the supernatant was used directly as a template for 

polymerase chain reaction (PCR).  
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2.3   Genotyping by Polymerase Chain Reaction (PCR) 

PCR was performed using REDExtract N-AMP kit (Sigma) with a total reaction 

volume of 10µl.  All primers were obtained from Invitrogen (Burlington, Ontario, 

Canada) and sequences are listed in Table 2.3.1.   Each PCR reaction mixture contained 

5µl REDExtract-N-AMP PCR mix, 0.5µl of each primer (50ng each) and 2µl of tissue 

extract.  A final volume of 10µl was achieved by adding the required volume of water.   

For Nkx2.5-Cre genotyping PCR reactions were performed for 30 cycles: 30 sec at 

94ºC, 20 sec at 60ºC and 60 sec at 72ºC.  Expected PCR products were 583 bp for the 

transgenic allele and 264 bp for the wildtype allele (Figure 2.3.1A).   For Rosa-LacZ 

genotyping PCR reactions were performed for 30 cycles: 30 sec at 94ºC, 30 sec at 60ºC 

and 60 sec at 72ºC.  Expected PCR product sizes were 650 bp for the wildtype and 320 

bp for the transgenic allele (Figure 2.3.1B).  For Npr1-/- genotyping PCR reactions were 

performed for 34 cycles: 30 sec at 94ºC, 60 sec at 55ºC and 60 sec at 72ºC.  Expected 

PCR product sizes were 339 bp for the wildtype and 500 bp for the transgenic allele 

(Figure 2.3.1C).   For Cx40
egfp/+

 genotyping PCR reactions were performed for 34 cycles: 

30 sec at 94ºC, 60 sec at 55ºC and 60 sec at 72ºC.  Expected PCR product sizes were 380 

bp for the wildtype and 450 bp for the transgenic allele (Figure 2.3.1D).  For ANF-LacZ 

genotyping, PCR reactions were performed for 34 cycles: 30 sec at 94ºC, 60 sec at 55ºC 

and 60 sec at 72ºC.  Expected PCR product size of the ANF-LacZ transgenic allele was 

310bp (Figure 2.3.1E).    PCR reactions were routinely performed using no template 

controls to rule out false positive results.   
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2.4   Timed Pregnant Female Mice 

 Breeding pairs were placed in the same cage overnight, and the following 

morning, females were examined for the presence of a vaginal plug.  Male ejaculate 

formed a white/yellow fibrous plug in the female vagina and the presence of a vaginal 

plug was considered to be indicative of successful copulation.   The morning when the 

vaginal plug was detected was considered to be embryonic day (E) 0.5.  Timed pregnant 

females were anesthetized via inhalation of 4% isoflurane and sacrificed by cervical 

dislocation.  Embryos from various developmental stages (E11.5, E14.5 and E16.5) were 

isolated from the uterine horns using a Leica MZ16SF stereomicroscope (Leica 

Microsystems, Richmond Hills, Ontario, Canada).   

 

2.5   Embryonic Ventricular Primary Culture and Drug Treatments 

 E11.5 embryos were removed from the uterus, the placenta was removed and the 

embryo was placed in a dish containing warmed PBS supplemented with 1X 

antibiotic/antimicotic (Gibco, Burlington, Ontario, Canada).  Whole hearts were dissected 

out of the embryos and the atria and outflow tracts were removed.  Right and left 

ventricles from each embryo were then placed into 0.2% v/v type I Collagenase 

(Worthington Biochemical Corp., Lakewood, New Jersey, USA) in PBS (PBS: 0.138 M 

NaCl, 0.0027 M KCl, pH 7.4), and rocked for 30 minutes at 37ºC to digest ventricular 

tissue.  Following the 30 minute incubation period, tissue was triturated using a 200µl 

pipette tip to mechanically dissociate cells from remaining tissue pieces.   Cells were then 

centrifuged at 4,000 rpm for 4 minutes, collagenase was removed, and the pellet was 

neutralized with two washes of 10% DMEM [(Dulbecco’s Modified Eagles Medium; 
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Wisent, Saint Bruno, Québec, Canada) containing 10% fetal bovine serum (FBS; Wisent)  

Cell number was then determined using a hemocytometer and cells were re-suspended in 

10% DMEM to achieve required cell numbers.  Cells were plated at various cell densities 

on either fibronectin (Sigma) coated 2 or 4-well chamber slides (Nunc, Rochester, New 

York, USA), 35mm dishes (Corning, Corning, New York, USA), or black-walled clear 

bottom 96-well plates (Greiner Bio-One, Monroe, North Carolina, USA, Catalogue # 

655809). 

 Nifedipine (Sigma) stock solution was prepared by dissolving 50mg of nifedipine 

in 1ml of DMSO (Thermo Fisher Scientific, Nepean, Ontario, Canada).  From this stock, 

working solutions of 150mM, 15mM and 1.5mM were prepared, aliquoted and stored at -

20°C protected from light.   For ventricular cell cultures receiving 100µM nifedipine 

treatment, 1µl of 150mM nifedipine stock solution was added per 1.5ml culture medium.  

Similarly, either 1µl of 15mM or 1.5mM nifedipine was added per 1.5ml culture medium 

in order to achieve a final concentration of 10µM or 1µM respectively.   Thus, the final 

concentration of DMSO in culture medium was maintained at 0.07% in different 

nifedipine treatments or control.  ANP (Bachem, King of Prussia, Pennsylvania, USA 

Catalogue #H-2100.0500) stock solution was prepared by dissolving 0.5mg of ANP in 

0.5ml sterile H2O (Ambion, USA), which was aliquoted and stored at -80°C.  From this 

stock solution, working solutions of 100ng/µl, 10ng/µl and 1ng/µl were prepared by 

serial dilution in sterile H2O (Ambion) immediately prior to use on the day of an 

experiment.  For ventricular cell cultures receiving 100ng/ml treatment, 1µl of 100ng/µl 

ANP was added per 1ml culture medium.  Similarly, either 1µl of 10ng/µl or 1ng/µl ANP 

solution was added per 1ml culture medium to achieve a final concentration of 10ng/ml 
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or 1ng/ml respectively.  Stock solution of NPRA/NPRB antagonist A71915 (Bachem, 

Catalogue # H-3048.0500) was prepared by dissolving 0.5mg A71915 in 0.5ml H20 

(Ambion), which was aliquoted and stored at -20°C.  For ventricular cell cultures 

receiving A71915 treatment, a final concentration of 1µM was achieved by adding 2.42µl 

of A71915 stock per 1ml culture medium.   

 

2.6   Tritiated-Thymidine Labeling  

Following the drug treatment period, medium was aspirated and new medium 

supplemented with tritiated [
3
H]-thymidine (GE Healthcare Life Sciences, New Jersey, 

USA) was added to each well at a concentration of 1.0 μCi per 1ml of medium for six 

hours at 37˚C.  After six hours, media containing [
3
H]-thymidine was removed and cells 

were rinsed with three washes of PBS and then fixed with ice cold methanol for 15 

minutes at 4°C.  Following fixation, cells were rinsed with three additional washes of 

PBS and then processed for immunofluorescence.  

 

2.7   Immune Cytochemistry 

 After methanol fixation (15 minutes at 4°C ), primary NCRL cultures used for 

thymidine incorporation assays were permeabilized in 0.1% v/v Triton X-100 (Sigma) for 

5 minutes.  Walls of the chamber slides were then removed and each slide was placed in a 

humid chamber and covered in blocking buffer solution [10% v/v goat serum (Gibco) 1% 

w/v bovine serum albumin (BSA; Thermo Fisher Scientific) in PBS] for one hour.  After 

1 hour, blocking buffer was tipped off and primary antibodies diluted in blocking buffer 
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were added at the following concentrations:  rabbit polyclonal anti-β-galactosidase (1:50) 

(Research Gift from Cappel, USA) and mouse monoclonal anti-sarcomeric myosin (1:50) 

(Developmental Studies Hybridoma Bank, University of Iowa, USA, Catalogue # MF20) 

for 1 hour at room temperature in a humid chamber.   Slides were then rinsed three times 

for five minutes each with PBS and incubated with secondary goat anti-mouse antibodies, 

conjugated to Alexa Fluor 488 (1:200) (Invitrogen) and goat anti-rabbit antibodies 

conjugated to Alexa Fluor 555 dye (1:200) (Invitrogen) for one hour.  After three washes 

with PBS (5 minutes each), cell nuclei were counterstained by immersion in a solution of 

1µg/ml Hoechst 33258 (Sigma) in PBS, air-dried and then processed for autoradiography 

described in the following section (Section 2.8). 

 For experiments where primary cultured E11.5 NCRL or ANF-LacZ cells were 

stained with X-gal (Goldbio, Missouri, USA) and processed for antibody 

immunolabelling, cells in 2 or 4 well chamber slides were fixed with Flow Fix (2.7% w/v 

cacodylic acid, 2.5% w/v paraformaldehyde, 1.66% w/v NaCl and ddH20, pH 7.4) for 30 

minutes at room temperature.  Walls of the chamber slides were then removed and each 

slide was placed in X-gal solution and incubated overnight at 37°C.  X-gal solution was 

prepared as follows:  0.01g of X-gal powder was added to 2.5 ml of N, N-Dimethyl 

Formamide (DMF, Sigma) to prepare the primary X-gal solution.  Once dissolved, the 

primary X-gal solution was added dropwise to an 80 ml PBS solution containing 200μl of 

1M MgCl2, 0.164 g potassium ferricyanide, and 0.212 g potassium ferrocyanide.  The 

following day, slides were rinsed in PBS and then subjected to the immunolabelling 

protocol exactly as described above.  Primary antibodies used for these experiments were 

diluted in blocking buffer at the following concentrations:  rabbit polyclonal anti- Cav1.2 
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L-type Ca
2+

 channel (1:50)(Santa Cruz Biotechnology Inc., Santa Cruz, California, 

Catalogue # sc-25686), rabbit polyclonal Connexin40 (1:50) (Alpha Diagnostics, San 

Antonio, USA, Catalogue # Cx40-A) and  mouse monoclonal MF20 (1:50)(DSHB).   In 

some experiments, primary cultured E11.5 CD1 ventricular cells were grown on 4-well 

chamber slides cells and fixed with 4%w/v paraformaldehyde for 15 minutes at room 

temperature.  After permeabilization with Triton X-100 (Sigma), cells were incubated at 

room temperature for 1 hour with blocking buffer supplemented with 0.3M glycine 

(Sigma).  Glycine reduced non-specific fluorescence by binding to free aldehyde groups, 

which would have otherwise been bound to primary and secondary antibodies and 

resulted in high background fluorescence.  Primary antibodies diluted in blocking buffer 

(10% goat serum, 1% BSA + 0.3M glycine) were added at the following concentrations:  

rabbit monoclonal MEF2c (1:400)(Cell Signaling Technology, Danvers Massachusetts 

USA, Catalogue # 5030) and mouse monoclonal anti mouse MF20 (1:50)(DSHB) 

overnight at 4ºC in a humid box.  Slides were then rinsed three times for five minutes 

each with PBS, labeled with secondary antibodies and nuclei were counterstained with 

Hoechst (1µg/ml) as described above.   

In the final processing step for all experiments, slides were rinsed extensively with 

PBS and mounted with 0.1% propyl gallate (Sigma) solution [(0.1% w/v propyl gallate, 

50% v/v glycerol (Thermo Fisher Scientific), 50% v/v PBS].  Cells were examined using 

a Leica DM2500 fluorescence microscope and images were captured using a Leica DFC 

500 digital acquisition system. 
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2.8   Tritiated-Thymidine Autoradiography  

 In some experiments, following the immunofluorescence labeling protocol, slides 

were brought to a dark-room where they were coated with Kodak autoradiography 

emulsion type NTB (MarketLINK Scientific, Burlington, Ontario, Canada) and placed in 

a light-tight box at 4°C for 3 days.  After 3 days, slides were developed in a dark room by 

placing them in Kodak D-19 developer (Sigma) for four minutes, rinsing them in ddH2O, 

and then placing them in Ilford rapid fixer (Polysciences, Pennsylvania, USA) for 4 

minutes.  Slides were then rinsed with warmed ddH2O and mounted using 0.1% propyl-

gallate solution.  Thymidine incorporation into the nuclei of cells in the S-phase of the 

cell cycle was identified by the presence silver grains in the nucleus.   Cells containing 

more than fifteen silver nuclear grains were considered to be undergoing DNA synthesis.   

 

2.9   Total RNA Extraction from Cells and Tissues 

 Approximately 20 ventricles (left and right) from E11.5 embryos were collected 

and pooled from multiple timed-pregnant females to obtain 50-100mg of tissue and then 

subjected to RNA extraction using the TRIzol (Invitrogen) method.  Ventricles obtained 

from embryos at later developmental (E14.5 and E16.5) or post-natal stages (neonatal and 

adult) were minced into smaller pieces and then the same amount of tissue (50-100mg) 

was collected and used for RNA extraction using TRIzol method.   Tissue samples were 

homogenized in 1ml TRIzol for approximately 1 minute using a power homogenizer.  For 

E11.5 ventricular cell cultures, cells were lysed directly in 35mm culture dishes by 

adding 1mL TRIzol reagent to the dish and passing the cell lysates through a pipette tip.  
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E11.5 cells collected after FACS were lysed by adding 0.5ml TRIzol to collection tubes 

and trituration using a pipette tip.   

After homogenization/lysis of tissues or cells, all samples were incubated at room 

temperature for 5 minutes to allow complete dissociation of nucleoprotein complexes.  

Following incubation, 0.2ml chloroform was added to each sample and shaken 

vigorously by hand for 15 seconds.  After incubation at room temperature for 3 minutes, 

samples were centrifuged at 13,300 rpm for 15 minutes at 4ºC.  Following centrifugation, 

the colorless aqueous phase containing RNA was carefully removed and transferred to a 

fresh tube. RNA was precipitated by adding 0.5ml isopropyl alcohol and samples were 

incubated for 10 minutes at room temperature.  Samples were then centrifuged at 13,300 

rpm for 10 minutes at 4ºC.  The resulting pellet was washed with 75% ethanol in nuclease 

free H2O (Ambion), air dried and then solubilized in nuclease free H2O (Ambion).  RNA 

content was quantified by measuring absorbance at 260nm and 280nm using a 

spectrometer (SmartSpec
TM

 Plus, Bio-Rad, Mississauga, Ontario, Canada).    

 

2.10   Fluorescence Activated Cell Sorting (FACS) 

 Ventricles from E11.5 ANF-LacZ embryos were isolated, pooled and digested in 

0.2% Type I collagenase (Worthington) for 30 minutes at 37ºC.  Cell pellets were then 

obtained by centrifugation and neutralized with 10% DMEM as described earlier (Section 

2.5).  To ensure that a single-cell suspension that was devoid of any undigested tissue 

was achieved; cell preparations were passed through a 40µm mesh filter.  Cells were then 

pelleted once more by centrifugation at 4,000 rpm for four minutes and prepared for 

FACS analysis by following the instructions of the FluoReporter LacZ Flow Cytometry 
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Kit (Invitrogen, Catalogue # F-1930) which was designed for detection of β-galactosidase 

activity in single cells.  First, cells were resuspended in staining medium (PBS, 4% v/v 

FBS, 10mM HEPES, pH 7.2) at a concentration of 10
7
 cells/ml and 100µl of the cell 

suspension was transferred to a borosilicate glass flow cytometer tube (Thermo Fisher 

Scientific).    The β-galactosidase substrate fluorescein di β-D-galactopyranoside (FDG) 

was then loaded into the cells by hypotonic shock for one minute at 37ºC in a water bath.  

At the end of one minute, FDG loading was stopped by the addition of 1.8ml ice-cold 

staining medium containing 1.5µM propidium iodide.  Ice-cold pipettes, pre-chilled at -

20ºC for 30minutes were used to transfer staining medium to the loaded cells.  Cells were 

then placed on ice and promptly used for flow cytometry analysis.   The flow cytometer 

(FACSAria, BD Biosciences, Franklin Lakes, New Jersey, USA), was calibrated to detect 

fluorescein, propidium iodide and forward scatter according to standard procedures.   

Unstained ANF-LacZ cells were used to set the background autofluorescence as 

recommended by the manufacturer.   Sorted cells were pelleted by centrifugation at 4,000 

rpm for four minutes and cell pellets were processed for RNA extraction using the TRIzol 

method described earlier (Section 2.9). 

 

2.11   RNA Quality Control 

To ensure a high level of RNA purity, only samples with 260:280 ratio >1.6 were 

used in subsequent gene expression experiments.  Additionally, to ensure a high level of 

RNA integrity, 2µg of RNA was electrophoreased on an agarose gel and stained with 

ethidium bromide.  Only samples which displayed two discreet bands corresponding to 

predominant ribosomal RNAs at ~5kb (28S) and ~2kb (18S) were used in subsequent 
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experiments.  Samples meeting these standards of quality control were then immediately 

converted into more stable cDNA sequences and stored at -20ºC until being used for real 

time quantitative PCR (qPCR) gene expression analysis experiments.   

 

2.12   RT-qPCR 

To generate complementary DNA (cDNA) sequences from RNA samples, an 

initial reaction mixture was prepared by adding  3µg of RNA (tissue samples) or 1 µg  of 

RNA (ventricular cells), 1µl of 10mM dNTPs (Invitrogen), 250ng random primers 

(Invitrogen) and RNAse-free H2O (Ambion) to a total of 12µl.  This mixture was then 

heated to 65ºC for 5 minutes.    Subsequently, 4µl 5X Superscript II first strand buffer 

(Invitrogen), 1µl of 0.1M Dithiothreitol (Invitrogen) and 1µl RNAse OUT (Invitrogen)  

was added to each reaction mixture, and samples were incubated at room temperature for 

two minutes.   Following incubation, 100U of Superscript II reverse transcriptase enzyme 

(SSII-RT) (Invitrogen) was added to each reaction tube and mixed gently using a pipette 

tip.  All tubes were then incubated at 25ºC for 10minutes, 42ºC for 50 minutes and then 

heat inactivated at 70ºC for 15 minutes.   

The cDNA templates were amplified by real time quantitative polymerase chain 

reaction (qPCR) using the primers listed in Table 2.12.1   The primers for NPRA, NPRC 

and GAPDH were generated using the NCBI primer design tool 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/).  For each of these primer pairs, the 

optimal annealing temperature was determined empirically by performing qPCR 

efficiency experiments.  Briefly, PCR products were purified using an Axygen (Union 

City, California, USA) purification kit, by following the manufacturer’s instructions.   A 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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10X serial dilution series of purified product was then generated, and subjected to qPCR 

analysis as described below.   From these experiments, the efficiency of each primer pair 

was calculated using previously described methods (Taylor et al., 2010).  The annealing 

temperature that yielded a reaction efficiency between 90-110% was used for subsequent 

gene expression analyses.   All other primer pairs were generated using the NIH qPCR 

primer data base (http://mouseprimerdepot.nci.nih.gov/).  An annealing temperature of 

60ºC was used for each of these primers pairs.   Each reaction mixture consisted 1.0µl of 

cDNA product, 1.0 µl of the forward and reverse primers (2.5µM), 1.0µl of 5X 

EVOlution EvaGreen® qPCR mix (Montreal Biotech Inc., Quebec City, Canada) and 

2.0µl RNAse/DNAse free H2O (Ambion).   All qPCR reactions were performed for 40 

cycles: 15sec at 95ºC, 60 sec at 60ºC using an ECO thermocycler (Illumina, San Diego, 

California, USA).   Following completion of the amplification cycles, melt curves were 

generated by an additional cycle using the following conditions:  15 sec at 95ºC, 15sec at 

60 ºC and 15sec at 95 ºC.  The melt curve was performed to confirm the amplification of 

a single primer product.  Additionally, qPCR amplification products were resolved by 

electrophoresis on a 1.5% agarose gel to confirm expected amplicon sizes.  

 Gene expression was normalized to the control housekeeping gene 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using the ΔΔCT method (Livak 

and Schmittgen, 2001).  The threshold of fluorescence (dRN) was set to 0.1 and was used 

to determine the threshold cycle (CT) value.  The CT value specifically refers to the cycle 

number at which the amplification plot for a particular gene intersects the dRn threshold. 

In a typical experiment where the relative expression of two genes was compared, the 

following sequence of calculations was performed to determine the 2
-ΔΔCT

 value for each 

http://mouseprimerdepot.nci.nih.gov/
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gene. 1- First, the ΔCT value for each gene was determined by subtracting the CT value of 

the control gene (GAPDH) from the CT value of the corresponding experimental gene.  2- 

The average of all ΔCT values was then calculated.  3- The average ΔCT value obtained in 

step 2 was then subtracted from the ΔCT values for each individual gene obtained in step 

1 to yield the ΔΔCT values. 4- The 2
-ΔΔCT

 was then calculated for each gene.  5- Finally, 

the relative expression of each gene was determined by dividing the 2
-ΔΔCT

 obtained for 

each gene by the 2
-ΔΔCT

 of one selected gene.  This maneuver enabled data to be 

expressed as the relative expression of each gene compared to the one selected gene, 

which was set to a value of 1.0.    

 

2.13   Ca
2+ 

Imaging using Fluo-8 

The effects of nifedipine on intracellular Ca
2+

 (designated as [Ca
2+

]i) were 

monitored using the Screen Quest™ Fluo-8 NW Calcium assay (AAT Bioquest Inc. 

California, USA), according to the manufacturer’s instructions.  The Ca
2+

 indicator 

molecule Fluo-8 readily crosses the cell membrane due to the presence of non-polar 

acetoxymethyl (AM) esters.  Once inside the cell, the lipophilic blocking groups are 

cleaved by non-selective esterases, resulting in a negatively charged molecule that 

remains inside cells.  In response to Ca
2+

 binding, Fluo-8 undergoes a very large increase 

in fluorescence that can be detected at an emission wavelength of 514nm and used to 

monitor fluctuations in [Ca
2+

]i.  Ventricles from E11.5 CD1 embryos were isolated, 

pooled and digested in 0.2% Type I collagenase (Worthington) for 30 minutes at 37ºC.  

Cell pellets were then obtained by centrifugation and neutralized with 10% DMEM as 

described earlier (Section 2.5).  Cells diluted in 10% DMEM were seeded in fibronectin 
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coated wells of 96-well black wall/clear bottom plates (Greiner Bio-One, Catalogue # 

655809) at a density of 25,000 cells/well.  After 4 hours, media was changed and 

replaced with 1% DMEM containing various concentrations of nifedipine (1µM, 10µM 

or 100µM) or vehicle (DMSO) for 1 hour at 37ºC.  After 1 hour cells were loaded with 

Fluo-8 dye loading solution (20μL of Fluo-8 NW stock solution  into 10ml of 1X assay 

buffer consisting of:  9 ml Hanks’ Buffer with 20mM HEPES and 1ml Pluronic F127 

Plus) for 15 minutes at room temperature.    The fluorescence intensity (corresponding to 

[Ca
2+

]i)  was calculated at several time points after stimulation with 1µM isoproterenol 

(ISO, Sigma) based on the intensity of green pixels (representing Ca
2+

 sensitive Fluo-8 

signal) via Colour-Subtractive Computer-Assisted Image Analysis software (Reindeer 

Graphics, Asheville, NC, USA) as previously described (Gaspard and Pasumarthi, 2008). 

 

 

2.14   Protein Extraction and SDS-PAGE Electrophoresis 

 Ventricles from various developmental stages were isolated, pooled and 

homogenized in 1ml Tumor Lysis Buffer (1% NP40, 5mM EDTA, 150mM NaCl, 50mM 

Tris/HCl pH8.0, 1µl PMSF and 1µl Aprotinin).  Each sample was then sonicated (Sonic 

Dismembrator, model 100; Thermo Fisher Scientific) three times at a setting of 3.5 and 

placed on ice for 15 minutes.  Detergent soluble cytosolic fractions and detergent 

insoluble membrane fractions were separated by high speed centrifugation at 13,300 rpm 

for 15 minutes at 4°C.   Equal volumes of protein extract,  containing 40µg of protein, 

were denatured in Laemmli buffer [62.5 mM Tris-HCl pH 6.8, 0.5ml β-mercaptoethanol, 

25% v/v glycerol, 2% w/v sodium dodecyl sulfate (SDS), 0.02% w/v bromophenol blue, 

and ddH2O)].  Samples were then boiled at 95ºC for 3 minutes and stored at -80ºC.   The 
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concentrations of all protein extracts were estimated against a BSA standard curve 

generated using Bradford Assay.   The principle of the Bradford method is based on a 

shift in the absorbance maximum of Coomassie Blue (Pierce, Rockford, Illinois, USA) 

from 465 mm to 595 mm when bound to protein  which results in color shift from brown 

to blue which can be measured using a spectrophotometer.   

 A total of 40µg of protein was separated on 12.5%  or 16.5% SDS-

polyacrylamide gels (0.375 M Tris/HCl pH 8.8, 0.08% w/v SDS, 12.5% w/v acrylamide, 

0.2% v/v ammonium persulphate (APS), 40µl TEMED using a 1x Tris-glycine migration 

buffer (25mM Tris base, 190 mM glycine and 0.1% SDS at 8.3 pH) at 100 volts in a 

Mini-PROTEAN 3 gel electrophoresis unit (Bio-Rad, Mississauga, Ontario, Canada).  

Separated proteins were transferred from the gel to a nitrocellulose membrane (GE 

Healthcare Life Sciences), by applying a constant current of 100 volts for one hour 

(Transfer buffer: 25mM Tris base, 190 mM glycine and 20% methanol at pH 8.3).  For 

detecting 3kD ANP peptide, transfer was performed using Tris-tricine buffer (Bio-Rad). 

Following the transfer, nitrocellulose membranes were stained with napthol blue (1% w/v 

napthol blue black, 45% v/v methanol, 45% v/v water, 10% v/v acetic acid) for 2 minutes 

to enable protein visualization and determine protein loading.  Nitrocellulose membranes 

were then rinsed in ddH20 and air dried prior to use for Western blot analyses.   

 

2.15   Western Blot Analysis 

 To detect a protein of interest, the nitrocellulose membrane was first incubated 

with two changes of fresh blocking buffer (5% w/v powdered milk and 3% w/v BSA in 

PBS with 0.1% w/v Tween) for 30 minutes each.   Next, membranes were incubated for 1 



 67 

 

hour with primary antibodies diluted in blocking buffer.  Primary antibodies used for 

Western blot analyses: rabbit polyclonal NPRA (1:200) (Santa Cruz, Catalogue # sc-

25485), NPRC (1:200) (Santa Cruz, Catalogue # sc-25487), ANP (1:200) (Chemicon 

International, Billerica, Massachusetts, USA, Catalogue # CBL66).    

Primary antibodies were removed and membranes were washed three times in 

PBS containing 0.1% Tween (0.1% PBST) for 15 minutes each with rocking and then 

incubated for 1 hour with secondary antibodies diluted in blocking buffer.  Secondary 

antibodies used: goat-anti-rabbit (1:2000) (Bio-Rad, Catalogue #172-1019) or goat-anti-

mouse (1:5000) (Bio-Rad, Catalogue #170-6516) antibodies conjugated to horse radish 

peroxidase.  After removal of secondary antibodies, membranes were washed three times 

in PBST for 15 minutes each with rocking.  Protein bands were detected by enhanced 

chemiluminescence method using ECL Plus Western Blotting Detection System (GE 

Healthcare Life Sciences) according to manufacturer’s instruction. 

 

2.16   Enzyme Linked Immunosorbant Assay (ELISA) 

Tissue lysates from ventricles of either E11.5 or neonatal hearts were generated as 

described earlier (Section 2.14).  Clear 96- well microtiter plates (Nunc, Catalogue # 

167008) were coated with tissue lysate samples in 100µl per well of carbonate buffer (pH 

9.6) overnight at 4°C.  The following day, liquid was discarded by inversion and each 

well was washed five times with PBST.  Each well was then blocked with 200µl of 

blocking buffer (5% BSA in PBST) at 37°C for 1 hour.  Blocking buffer was then 

discarded and the wells were rinsed once with PBST before incubating with primary 

mouse monoclonal anti-ANP antibodies (8ng) (Chemicon, Catalogue # CBL66) diluted 
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in 100µl ELISA diluent (1% BSA in PBST) for 2 hours at room temperature.  Primary 

antibodies were then removed and wells were washed five times for three minutes each 

with PBST.  Secondary goat-anti-mouse antibodies (1:5000)(Bio-Rad Catalogue # 170-

1019) conjugated to horse radish peroxidase diluted in 100µl of ELISA diluent were then 

added to each well for 2 hours at room temperature.   Secondary antibodies were 

discarded and each well was washed five times for three minutes each with PBST.  An 

aliquot of Ultra TMB-ELISA substrate (Pierce) was wrapped in foil to decrease exposure 

to light and equilibrated at room temperature.  A volume of 100µl of Ultra TMB-ELISA 

substrate was added to each well and allowed to incubate at room temperature for ~20 

minutes.  The reaction was stopped by adding 100µl of 2M sulphuric acid to each well.  

The absorbance was then measured immediately at 450nm using a BMG POLARstar 

Omega plate reader (BMG Labtech, Ortenberg, Germany).  The concentration of ANP 

was deduced by extrapolating absorbance readings from a standard curve generated using 

synthetic ANP (Bachem, Catalogue #H-2100.0500 ) and covered range of 40-0.3125ng. 

 

2.17   Second Messenger Assays: cGMP and cAMP 

 Ventricles from E11.5 CD1 embryos were isolated, pooled and digested in 0.2% 

Type I collagenase (Worthington) for 30 minutes at 37ºC.  Cell pellets were then obtained 

by centrifugation and neutralized with 10% DMEM as described earlier (Section 2.5).  To 

determine the level of cGMP in E11.5 cells, cGMP competitive immunoassays were 

performed using the two step protocol of the cGMP htrf assay kit (Cisbio, Bedford, 

Massachusetts, USA Catalogue # 62GM2PEB) according to the manufacturer’s 

instructions.   The principle of this assay was based on the competition between 
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endogenous cGMP and a d2-dye labelled cGMP analogue (d2-cGMP) for binding sites 

on anti-cGMP monoclonal antibodies labelled with Cryptate (mAb-Cryptate).  The 

specific signal which occurred due to the energy transfer between the d2-cGMP and 

mAb-Cryptate was inversely proportional to the concentration of endogenous cGMP 

contained within the experimental sample.   

 The two step protocol for the cGMP competitive immunoassay, consisting of a 

stimulation step and a detection step was performed as follows:  Step 1-Stimulation: A 

volume of 5µl of cells (64,000 cells) in 10% DMEM was added to the experimental wells 

of white 384-well low volume plates (Greiner Bio-One Catalogue # 784075).  

Additionally, 5 µl of dilution buffer consisting of drug compounds of interest, diluted in 

10% DMEM, was added to each experimental well to achieve a final volume of 

10µl/well.   The broad substrate phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine 

(IBMX; Sigma) was also included in the dilution buffer at a concentration of 500µM in 

order to prevent cGMP degradation.   The plate was then sealed and incubated at room 

temperature for 30 minutes.  Step 2- Detection:  A volume of 5µl d2-cGMP diluted in 

lysis buffer was added to each experimental well.  Importantly, d2-cGMP was omitted 

from negative control wells in order to determine non-specific signal.  A volume of 5µl 

mAb-Cryptate was added to each experimental well to achieve a total volume of 

20µl/well.  The plate was then sealed and stored at room temperature for one hour before 

being read on a POLARstar Omega plate reader (BMG Labtech).  The d2-cGMP 

fluorophore was excited at a wavelength of 337nm and emission was detected at 665nm 

and 620nm.  The calculation of the fluorescence ratio (665nm/620nm) was performed to 

minimize the photophysical interference which may have occurred due to medium 
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conditions such as the presence of serum.   Results were calculated using the 

665nm/620nm ratio and expressed as Delta F values using the following data reduction 

steps:  1- First the 665nm/620nm ratio for each well was multiplied by 10
4
, and the 

average values from replicate wells were calculated.  2- The Delta F values were 

calculated by subtracting the negative control 665/620 ratio value from the sample 

665/620 ratio value, dividing that by the negative control 665/620 ratio and multiplying 

by 100.   A cGMP standard curve was generated by plotting the Delta F values obtained 

from standards with known cGMP concentrations and covered an average range of 0.49-

500nM (final concentration of cGMP/well).  The cGMP concentrations in experimental 

samples were deduced by extrapolating the respective Delta F values from the standard 

curve. 

 To determine the level of cAMP in E11.5 cells, cAMP competitive immunoassays 

were performed using the two step protocol of the cAMP dynamic 2 htrf assay kit 

(Cisbio, Catalogue # 62AM4PEB) according to the manufacturer’s instructions.    The 

principle and the two-step protocol of the cAMP competitive immunoassays were 

identical to those described above for the cGMP assay, with one important exception: 

Step 1 (stimulation), 4,000 cells were added to each well (diluted in 5µl of 10% DMEM).  

The cAMP standard curve was generated by plotting the Delta F values obtained from 

multiple standards of known cAMP concentrations and covered an average range of 0.17-

712nM (final concentration of cAMP/well).   
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2.18   Immunohistochemistry  

2.18.1   Preparation and Processing of Paraffin Embedded Specimens  

 Embryos from E11.5 stage were harvested and placed in 10% neutral buffered 

formalin (10% NBF; Sigma) solution overnight at room temperature.  For embryos 

harvested from later developmental stages (E14.5 and E16.5) the heads were removed 

and then embryos were immersed in 10% NBF for 2-4 days.  The 10% NBF was then 

discarded and specimens were dehydrated with increasing concentrations of EtOH (70%, 

95%, 100%) and cleared with xylenes in a ASP300 tissue auto-processor (Leica).  

Specimens were then infiltrated with liquid paraffin (Tissue Prep, Thermo Fisher 

Scientific) held at the melting point (56-57ºC) for 1 hour, embedded in paraffin using 

embedding rings and cooled at 4ºC to solidify.  Thin, 10µm tissue sections were cut using 

a Shandon AS 325 microtome, (Thermo Fisher Scientific) transferred to a 45ºC water 

bath and then collected on Superfrost® Plus slides (Thermo Fischer Scientific).   Slides 

were allowed to air dry in a 37ºC incubator overnight and then stored at room until 

further processing.   

 Slides processed for immunohistochemistry were cleared using two washes of 

xylenes (15 minutes each), and then rehydrated with two changes of decreasing 

concentrations of ethanol (100%, 95%, 70%, 50%, ddH20) for two minutes each.   An 

antigen retrieval step was performed by boiling the samples in antigen retrieval buffer 

(10mM Sodium citrate di-hydrate, 0.05% v/v, pH 6.0 and ddH2O,) two times for thirty 

seconds each.   For immunofluorescence, slides were then placed in a humid chamber and 

covered in blocking buffer solution (10% goat serum, 1% BSA) for one hour at room 

temperature.  After 1 hour, blocking buffer was tipped off and primary antibodies diluted 

in blocking buffer were added overnight at 4ºC.  For these experiments, the following 
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primary antibody dilutions were used:  rabbit polyclonal ANP (1:100) (Santa Cruz, 

Catalogue # sc-20158) and mouse monoclonal phosphohistone- H3 (1:100) (PH3; Cell 

Signaling, Catalogue # 9701).  Slides were then rinsed three times for five minutes each 

with PBS and incubated with secondary goat anti-mouse antibodies, conjugated to Alexa 

Fluor 555 (1:200) (Invitrogen) and goat anti-rabbit antibodies conjugated to Alexa Fluor 

488 dye (1:200) (Invitrogen) for one hour.  After washing with PBS three times for five 

minutes each, cell nuclei were counterstained by immersing slides in a solution of 1µg/ml 

Hoechst 33258 (Sigma) in PBS.  Slides were then rinsed with PBS and mounted with 

0.1% propyl gallate solution. Tissue sections were examined using a Leica DM2500 

fluorescence microscope and images were captured using a Leica DFC 500 digital 

acquisition system.   

 

2.18.2   Preparation and Processing of Frozen Specimens 

Embryos from E11.5 stage were harvested and placed in a cryoprotectant 30% 

sucrose solution  overnight at 4ºC with rocking.  The following day, embryos were 

embedded in OCT medium (Sakura Finetek, Torrance, California, USA) using plastic 

embedding rings and frozen at -80ºC.  Thin, 10µm tissue sections were cut using a 

CM3050 S cryostat (Leica) and collected on Superfrost® Plus slides (Fisher Scientific).   

Slides processed for DAB (3, 3’ Diaminobenzidine) staining were fixed with ice cold 

methanol for 15 minutes at 4°C, rinsed with PBS and then  permeabilized in 0.1% Triton 

X-100 for 5 minutes.  Each slide was then placed in a humid chamber and covered with 

blocking buffer solution for one hour at room temperature.   After 1 hour, blocking buffer 

was tipped off and primary antibodies diluted in blocking buffer were added at the 
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following concentrations:  rabbit polyclonal NPRA (1:50) (Santa Cruz, Catalogue # sc-

25485) and rabbit polyclonal NPRC (1:50) (Santa Cruz, Catalogue # sc-25487) for 1 hour 

at room temperature in a humid chamber and subsequently at 4ºC overnight.  The 

following day, primary antibodies were tipped off and slides were rinsed with PBS three 

times for five minutes each before being incubated with secondary goat-anti-rabbit 

antibodies (Bio-Rad, Catalogue #172-1019) conjugated to horse radish peroxidase for 

one 1hour at room temperature.  After extensive rinsing, a single SIGMAFAST
TM 

DAB 

tablet (Sigma) was dissolved in 15ml ultrapure H2O by vortexing, and the resulting DAB 

solution was applied to tissue sections.  The subsequent chromogenic reaction was 

monitored by light microscopy at low power to assess the degree of color development.  

Reactions were allowed to proceed for ~5-10 minutes, and were stopped by tipping off 

DAB solution and rinsing slides extensively with PBS.  Slides were mounted with 0.1% 

propyl gallate solution, examined by light microscopy using a Leica DM2500 microscope 

and images were captured using a Leica DFC 500 digital acquisition system. 

 

2.19   Cell Transplantation and Nifedipine Treatments 

Ventricles from E11.5 NCRL embryos were isolated, pooled and digested in 0.2% 

Type I collagenase (Worthington) for 30 minutes at 37ºC.  Cell pellets were then obtained 

by centrifugation and neutralized with 10% DMEM as described earlier (Section 2.5) and 

re-suspended to a concentration of 60,000 cells/µl in sterile PBS. Adult (~12 weeks) male 

C57Bl/6 mice were anesthetized by 1.25g of 2,2,2-tribromethanol (Sigma) dissolved in 

1.25ml of Amyl Alcohol A730-1 (Fisher Scientific) added drop wise into 50ml of ddH2O 

(13µl of 2.5% tribromoethanol solution per gram body weight). To maintain anesthesia 
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mice were administered 2.5% isoflurane using an animal ventilator (100-cycles/minute 

and 0.3cc volume). Using thoracotomy, the trachea was exposed, intubated and 

connected to an animal volume-controlled ventilator (Harvard Apparatus Small Animal 

Ventilator Model 687, Holliston, Massachusetts, USA). The heart was then exposed via 

sternotomy with the use of small retractors. For each experiment, 3 X 10
5
 cells suspended 

in 5µl of PBS were injected directly into the left ventricle of the heart using a 28 gauge 

insulin ½ cc syringe.  The incisions were then closed with interrupted 4 – 0 sutures, and 

the endotracheal tube was gently retracted after voluntary respiration resumed. 

Analgesics, Buprenorphine (0.03-0.05mg/kg body weight, IP) and Ketoprofen (2mg/kg 

body weight, administered via SC route) were given prior to surgery and once every 12 

hours for the duration of the experimental protocol.   

Adult C57Bl/6 male mice were injected once daily with a dose of 5mg/kg 

(average mass of 25g per mouse was assumed) of nifedipine (Sigma) or an equal volume 

of 10% Captisol (Captisol, La Jolla, California, USA) vehicle solution (sterile H2O, 10% 

w/v Captisol).   A total volume of 150µl of nifedipine or vehicle was delivered via the 

subcutaneous delivery route on the day of the cell transplantation surgery and once daily 

for two subsequent days.   On the third day post-surgery, animals were sacrificed and 

processed for quantification of graft sizes as described below (Section 2.20).    

 

2.20   Quantification of Graft Sizes  

To determine the graft size obtained following intracardiac injection of E11.5 

NCRL ventricular cells,  adult mice were sacrificed 3 days post-cell injection by cervical 

dislocation,  hearts were rapidly excised and placed in Flow Fix (recipe described in 
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Section 2.7)  for 3 days at 4 ºC with rocking.   Heart sections (25µm) were then cut using 

a motorized advanced vibroslice (MA752 Campden Instruments Ltd., Lafayette, Indiana, 

USA) in a PBS tissue bath and placed in X-Gal solution overnight at 37 ºC to elicit a blue 

chromogenic signal from the transplanted NCRL cells.  The quantification of intracardiac 

grafts within 25µM tissue sections was performed via Colour-Subtractive Computer-

Assisted Image Analysis as previously described (Gaspard and Pasumarthi, 2008).   

Areas occupied with blue pixels, representing the NCRL cardiac cell graft, were assessed 

from photomicrographs using image processing software developed by Reindeer 

Graphics (Asheville, North Carolina, USA). The surface area of the graft was calculated 

based on the area occupied by blue pixels.  The approximate total volume of the graft for 

each heart was then calculated by multiplying the surface area of each section by 25µm.  

After quantification, tissue sections containing transplanted NCRL cells were placed in a 

cryoprotectant 30% sucrose solution overnight at 4ºC with rocking.  The following day, 

tissue sections were stacked and placed in OCT medium using embedding rings and 

frozen at -80ºC until further processing for Hematoxylin & Eosin staining described in 

the following section (Section 2.21).  

 

2.21   Hematoxylin & Eosin (H&E) Staining on Adult Heart Sections  

 Adult heart tissue sections (25µm) that were stacked in OCT were cut into smaller 

(10µm) sections using a Leica CM3050 S Cryostat and sections were collected on 

Superfrost® Plus slides (Fisher Scientific).    Heart sections processed for H&E staining 

were immersed in instant hematoxylin solution (Thermo Electron Corporation, Pittsburg, 

Pennsylvania, USA) for 2 minutes and then rinsed under running water.  Slides were then 
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immersed in a solution consisting of 0.25% HCl, washed under running water, and then 

immersed in bluing agent (0.05% lithium carbonate).  Slides were then rinsed under 

running water and immersed in the following solutions for 30 seconds each:  95% 

ethanol, 95% ethanol, 100% ethanol and xylenes.  Finally, slides were mounted with 

Cytoseal-60 (Richard-Allan Scientific, Kalamazoo, Michigan, USA), allowed to air dry 

and then examined by light microscopy using a Leica DM2500 microscope.   

 

2.22   Electrocardiograms (ECG)  

Prior to ECG recordings, mice were anesthetized by inhalation of 2.5% isoflurane 

using an animal ventilator (100-cycles/minute and 0.3cc volume).  The ECG signal was 

obtained from using a bipolar 3-electrode 3-lead system.   For this purpose, electrodes 

(AD Instruments, Inc. 2205 Executive Circle, Colorado Springs, USA) were gently 

placed under the skin in the left and right regions of the pectoral muscles of mice and 

under the skin of the left hind limb.  ECG signals were recorded using Bio AMP and 

Power Lab 8/30 hardware and analyzed via Lab Chart 7 v.7.3.7 software provided by AD 

Instruments.  ECGs were recorded at a sampling rate of 1 kHz using the Lab Chart 

software.   Recordings were performed for a minimum of 2 minutes at baseline, and for a 

minimum of 20 minutes after dobutamine (Sigma) injections (1.5µg/g). At least 10 beats 

were averaged to determine the heart rate (beats per minute), RR, PR, QT, QRS, and P 

duration.  Body temperature of all mice was maintained at 37ºC by placing the mouse on 

a small animal heating plate (Physitemp, Instruments Inc. Clifton, New Jersey, USA, 

Model # TCAT-2LV) and body temperature was continuously monitored using a rectal 

probe.  
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2.23   Statistical Analyses 

Data are presented as mean ± standard error of the mean (SEM).  Between groups 

comparisons were analyzed by ANOVA and Tukey multiple comparisons post hoc test.  

A two-tailed unpaired t-test was used to compare between two groups only.  Significance 

for all analyses was assigned at p<0.05.  For each experiment, the number of 

experiments/replicates is indicated in the corresponding figure legend.    
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Primer Name Primer Sequence (5’3’) Expected band sizes (bp)      

Nkx2.5-S GCCCTGTCCCTCGGATTTCACACC 

583 264 Nkx2.5-AS ACGCACTCACTTTAATGGGAAGAG 

Cre-S GATGACTCTGGTCAGAGATACCTG 

Rosa 1 AAAGTCGCTCTGAGTTGTTAT 

320 650 Rosa 2 GCGAAGAGTTTGTCCTCAACC 

Rosa 3 GGAGCGGGAGAAATGGATATG 

Npr1-S GCATGGTTCAGCTCTAAGAC 

500 339 Npr1-AS CTAACCCTGTGAACTGTAAGC 

Neo-AS CCTTCAGTTATCTACATCTGC 

Cx40-S CTCCAATTAACTCCTTGTGAGCC 

450 380 Cx40-AS AGGCTGAATGGTATCGCACC 

Neo-AS CTTGCCGAATATCATGGTGG 

ANF-LacZ F ATCCTTTGCGAATACGCCCACGCG 
310 N/A 

ANF-LacZ R GCTGGTCACTTCGATGGTTTGCCC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.3.1: List of primers used for genotyping and expected band sizes. 
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Figure 2.3.1:  Expected band sizes from genotyping of various mouse strains. A) 

Nkx2.5-Cre (NC). B) Rosa-LacZ (RL). C) NPRA knockout (Npr1gene). D) Cx40
egfp/+

. E) 

ANF-LacZ. 
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Table 2.12.1:  List of primers used for real time quantitative PCR and expected 

amplicon sizes. 
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Primer Name Primer Sequence (5’3’) 
Expected Amplicon 

Sizes (bp) 

GAPDH-F TCGTCCCGTAGACAAAATGG 
132 

GAPDH-R TTGAGGTCAATGAAGGGGTC 

Cav1.1-F TCCTAATCGTCATCGGCAGC 
94 

Cav1.1-R CCTCCACCCAGGCAATACAG 

Cav1.2-F AGCAAGAACCACTGCGGAT 
106 

Cav1.2-R GAAGAAATGCAGCAACAGCC 

Cav1.3-F CATCCCATTCCCTGAAGATG 
99 

Cav1.3-R TTCAGAAATGTCTCCACTGTAAAAA 

Cav3.1-F TCCTGGTCAATACCCTCAGC 
97 

Cav3.1-R AGGCTGGTGAAGACGATGTT 

Cav3.2-F CCGAGGAGGCGATACTGG 
130 

Cav3.2-R CTCGGTCATGGTGGCAGA 

Cyclin D1-F CTCCTCTCCAAAATGCCAG 
112 

Cyclin D1-R GGGTGGGTTGGAAATGAACT 

Cyclin D2-F CAGCAGGATGATGAAGTGAACACA 
168 

Cyclin D2-R GGATCCGGCGTTATGCTGCTCTT 

CDK4-F TGCCAGAGATGGAGGAGTCT 
109 

CDK4-R TTGTGCAGGTAGGAGTGCTG 

Cyclin E-F TGTGAAAAGCGAGGATAGCA 
139 

Cyclin E-R GATTTTCCGAGGCTGAATG 

Cyclin B1-F TGTGTGAACCAGAGGTGGAA 
114 

Cyclin B1-R GGCTTGGAGAGGGATTATCA 

p21-F GAAACGCTTTCTGAGTTCGG 
144 

p21-R GGGTCCTTTGAACTGGCTTC 

p27-F GTGGACCAAATGCCTGACTC 
126 

p27-R TTCTTCTGTTCTGTTGGCCC 

 

 



 82 

 

 

Primer Name Primer Sequence (5’3’) 
Expected Amplicon 

Sizes (bp) 

GATA4-F CTGGAAGACACCCCAATCTC 
100 

GATA4-R CCATCTCGCCTCCAGAGT 

Hand2-F CGGAGATCAAGAAGACCGAC 
96 

Hand2-R TGGTTTTCTTGTCGTTGCTG 

MEF2C-F TGGAGAGATGAAGTGAAGCG 
93 

MEF2C-R GCACAGCTCAGTTCCCAAAT 

Tbx5-F TGGTTGGAGGTGACTTTGTG 
101 

Tbx5-R GGCAGTGATGACCTGGAGTT 

ANP-F GGACTAGGCTGCAACAGCTTCCG 
119 

ANP-R CCAAGCTGCGTGACACACCAC 

NPRA-F CCGATACTGCCTCTTTGGAG 
116 

NPRA-R CATCGAACTCTTCCAGCACA 

NPRC-F ACAGCTCTCCTTGCAAATCATCAGG 
184 

NPRC-R CGC AGC TCT CGA TGC TTC CCG 

Cx40-F CAGAGCCTGAAGAAGCCAAC 
137 

Cx40-R GACTGTGGAGTGCTTGTGGA 

HCN4-F CCTCCTGCGCCTCTTGAGGCTTT 
119 

HCN4-R TGCCAATGAGGTTCACGATGCGT 
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CHAPTER 3:   THE EFFECTS OF CALCIUM CHANNEL 

BLOCKADE ON PROLIFERATION AND DIFFERENTIATION OF 

CARDIAC PROGENITOR CELLS 

 

 

3.1   Background and Hypothesis 

Globally, cardiovascular diseases remain the number one cause of mortality 

(World Health Organization Statistics, www.who.int).   Owing to a very low capacity of 

post-natal cardiomyocytes to divide (Pasumarthi and Field, 2002), cardiomyocytes lost to 

disease or injury are replaced by fibrotic scar tissue rather than new viable 

cardiomyocytes.   While the presence of several endogenous cardiac stem/progenitor cells 

have been documented in the adult heart (Hierlihy et al., 2002; Beltrami et al., 2003; Oh 

et al., 2003) , they appear to be inadequate to respond to the massive cell loss associated 

with many forms of cardiovascular disease.  Currently, pharmacological therapies and 

surgical interventions can slow the progression of heart disease, but cannot replace the 

lost cardiomyocytes.   To this end, donor cell transplantation is emerging as a favorable 

strategy to restore heart function by replenishing the diseased heart with new functional 

cardiomyocytes (McMullen and Pasumarthi, 2007).   

 The discovery of functional coupling between transplanted fetal cardiomyocytes 

and host myocardium was a significant step towards the use of cell based therapies for 

myocardial repair (Rubart et al., 2003; Roell et al., 2007; Shiba et al., 2012).   One of the 

major hurdles remaining in the cell transplantation field is the ability of transplanted cells 

to form larger graft sizes (Laflamme and Murry, 2005).    A hallmark feature of 

embryonic cardiac progenitor cells (CPCs) is a high intrinsic capacity for proliferation 

which could in principle translate into larger graft sizes.   Furthermore, CPCs have the 

http://www.who.int/
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ability to differentiate into mature cardiomyocyte lineages (McMullen et al., 2009) and 

therefore have the potential to couple functionally with host myocardium.   Based on 

these features, we believe that CPCs represent a promising candidate cell type for use in 

cell based therapies for myocardial repair.   Previously, our group described the existence 

of CPCs in the embryonic heart at the post-chamber formation stage of E11.5 (Zhang and 

Pasumarthi, 2007; McMullen et al., 2009).   We have also demonstrated that E11.5 cells 

containing a significantly higher proportion of CPCs can repopulate diseased hearts at a 

higher efficiency compared to E14.5 cells (unpublished data, manuscript in preparation).    

Currently, it is unclear whether existing cardiovascular drugs would have detrimental or 

protective effects on CPC transplantation.     

 Previously, it was shown that embryos exposed to the dihydropyridine (DHP) 

Ca
2+

 channel antagonist nifedipine displayed cardiac morphological abnormalities and 

altered expression of cardiac genes (Porter et al., 2003).   Currently, our understanding of 

the molecular mechanisms underlying impaired cardiogenesis in response to Ca 
2+

 

channel blockade remains incomplete.  Thus, we tested the hypothesis that Ca
2+

 

channel blockade by nifedipine disrupts the normal program of proliferation and 

differentiation of E11.5 CPCs and cardiomyocytes.    As a corollary, we also tested the 

hypothesis that systemic administration of nifedipine would have a detrimental effect on 

graft size formation following transplantation of E11.5 cells (mixed population of CPCs 

and cardiomyocytes) 
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3.2   Specific Aims 

 

1.  Determine the effects of nifedipine on proliferation of E11.5 CPCs and 

cardiomyocytes in vitro.  

 

2.  Investigate the effects of nifedipine on myofibrillogenesis of E11.5 cardiomyocytes.  

3.  Determine the effects of systemic administration of nifedipine on graft size formation 

following transplantation of E11.5 cardiac cells.  

 

 

 
3.3   Results 

 

3.3.1   Conditional Activation of β-galactosidase in Embryonic Cardiac Cells using 

Nkx2.5-Cre and Rosa LacZ Double Transgenic Mouse Model 

 

The primary aim of this research study was to investigate the effects of Ca
2+ 

channel inhibition on CPC and cardiomyocyte populations in the E11.5 heart.   To 

distinguish cardiac cells from non-cardiomyogenic cell types found in the embryonic 

heart, we employed a double transgenic mouse model system which genetically labels all 

cells derived from the initial Nkx2.5 expressing cell lineage.   The Nkx2.5-Cre transgenic 

strain (designated NC) was engineered to have an internal ribosomal entry sequence 

(IRES) and Cre-recombinase (Cre) coding sequence inserted into the 3’ untranslated 

region of the Nkx2.5 gene (Stanley et al., 2002).  Cre, a recombinase protein from the 

bacteriophage P1, mediates site specific recombination between specific DNA sequences 

known as LoxP sites, resulting in removal of intervening DNA sequences.   

The ROSA- Lac Z  reporter strain (designated RL) was engineered to have a 

transcriptional terminator stop cassette proximal to the β-galactosidase (LacZ) coding 

sequence (Soriano, 1999).  The stop cassette harbors a neomycin selection gene plus 



 86 

 

triple polyadenylation sites, and is flanked by LoxP sites.   Upon translation of Nkx2.5 in 

the initial heart cell population of the double transgenic mice (designated NCRL), the 

Cre- recombinase gene was co-translated.  The resulting Cre-protein excised the floxed 

stop cassette from ROSA-Lac Z transgene, allowing the expression of the Lac Z reporter, 

and detection of Nkx2.5
+
 cell lineages thereafter (Figure 3.3.1A-C).  Homozygous NC 

and RL mouse lines were routinely crossed to generate E11.5 embryos heterozygous for 

both transgenes.   To confirm the double transgenic genotype of embryos used for 

experimental purposes, the atria were carefully dissected from each heart, and incubated 

in X-Gal (chromogenic β-gal substrate) solution in order to visualize the insoluble blue 

reaction product (Figure 3.3.1D).  In preliminary studies, non-transgenic atria were 

shown to be negative in response to X-gal staining (data not shown).   

 

3.3.2   Voltage Sensitive L-type and T-type Ca
2+

 Channels are Expressed in the 

Embryonic Ventricles 

         
Dihydropyridine (DHP) Ca

2+
 channel antagonists potently inhibit voltage gated L-

type Ca
2+

 channels (IC50< 1µM)(Katzung, 2009) while at higher concentrations they can 

inhibit both L-Type and T-type Ca
2+

 channels (IC50 10-100µM)(Perez-Reyes et al., 

2009).   To gain insight into the specific complement of voltage sensitive Ca
2+

 channels 

expressed in the murine embryonic ventricles, we determined the relative abundance of 

mRNA for several L-type Ca
2+ 

channel isoforms (Cav1.1, Cav1.2 and Cav1.3) as well as 

T-type Ca
2+ 

channel isoforms (Cav3.1 and Cav3.2) by real time quantitative polymerase 

chain reaction (qPCR) at E11.5 and also at later developmental/post-natal stages.   In 

preliminary experiments, it was determined that glyceraldehyde 3-phosphate 
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dehydrogenase (GAPDH) expression levels remained unchanged across all 

developmental and postnatal stages examined, and was therefore used as an internal 

control gene to normalize data by correcting for variations in quantities of cDNA used as 

template (Figure 3.3.2A&B).  At the E11.5 stage, the L-type Ca
2+ 

channels Cav1.2 and 

Cav1.3 were the predominant Ca
2+ 

channel isoforms expressed at the mRNA level (Figure 

3.3.3A).  At this stage, both T-type Ca
2+ 

channel isoforms (Cav3.1 and Cav3.2) were also 

expressed, albeit at lower levels compared to the L-Type Ca
2+ 

channels (Figure 3.3.3A).    

To monitor fluctuations in Ca
2+

 channel expression in the ventricles throughout 

cardiac development, the relative abundance of each L-type and T-type Ca
2+

 channel 

isoform was also determined at later embryonic and postnatal stages (E14.5, E16.5, 

Neonatal and Adult).  Results from these developmental analyses, which are presented in 

Figure 3.3.4A-E, revealed several notable trends: 1) the relative expression of Cav1.3 and 

Cav3.2 were highest at E11.5 and progressively declined at later developmental stages 

(Figure 3.3.4C&E).  2) Relative expression of Cav1.2 remained relatively constant across 

all developmental and postnatal stages (Figure 3.3.4B).  3) Expression of Cav1.1was 

barely detectable during the entire embryonic and neonatal period but then increased 

~300 fold at the Adult stage (Figure 3.3.4A).  4) Expression of Cav3.1 progressively 

increased during the developmental and perinatal period before dropping precipitously at 

the Adult stage (Figure 3.3.4D).  A side-by-side comparison of the relative expression 

levels of each L-type and T-type Ca
2+

 channel isoform at E11.5, E14.5, E16.5, Neonatal 

and Adult stages also provides a more clear indication of the predominant Ca
2+

 channel 

isoforms expressed at each individual stage (Figure 3.3.4F).  
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3.3.3   Characterization of Ca
2+

 Influx in Isoproterenol Stimulated Cells Treated 

with Nifedipine           

 

 Based on the knowledge that nifedipine can inhibit L-type and T-type Ca
2+

 

channels with either high or low potency respectively,  we examined the effects of 

various concentrations of nifedipine on intracellular Ca
2+ 

(denoted as [Ca
2+

]i) fluctuations 

in the embryonic ventricular cell population.  Acutely isolated E11.5 ventricular cells 

were plated in 96- well clear bottom plates and incubated with various doses of nifedipine 

(1µM, 10µM or 100µM) or vehicle (DMSO) for 1 hour.  The [Ca
2+

]i
 
 levels were then 

monitored in randomly selected fields at baseline and in response to isoproterenol (ISO) 

stimulation using the Ca
2+

 sensitive indicator Fluo-8 AM.  The Acetoxymethyl (AM) 

esters that are attached to Fluo-8 molecules are non-polar groups that readily cross the 

cell membrane and then get rapidly hydrolyzed by intracellular esterases to generate 

charged groups that are retained within the cell.  Upon binding to Ca
2+

, Fluo-8 undergoes 

a >200 fold increase in fluorescence intensity which can be detected as emitted 

fluorescence at a wavelength of 514nm and used to monitor fluctuations in [Ca
2+

]i
 
 levels.   

In cultures pre-incubated with vehicle for 1 hour, stimulation with ISO (1µM) resulted in 

[Ca
2+

]i
 
 oscillations that were readily observable in a significant proportion of the total 

cell population from each field examined.  By contrast, in cultures pre-incubated for 1 

hour with either 1µM or 10µM nifedipine, [Ca
2+

]i
 
 oscillations were observably smaller in 

amplitude and could only be detected in a relatively small proportion of the total cell 

population.  Finally, in cultures pre-incubated with 100µM nifedipine for 1 hour, [Ca
2+

]i
 
 

oscillations were barely detectable and were present in only a very small proportion of 

the total cell population.    
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To quantify these observations, the average change in fluorescence intensity 

(corresponding to [Ca
2+

]i) that occurred in response to stimulation with ISO was 

calculated from randomly selected fields using Colour-Subtractive Computer-Assisted 

Image Analysis software as previously described (Gaspard and Pasumarthi, 2008).  For 

these experiments, the baseline fluorescence intensity was set to a value of 1.0 and data 

are expressed as fold change at 1, 3 and 5 minute time points following ISO stimulation. 

In cultures pre-incubated with vehicle for 1 hour, ISO induced a significant increase in 

[Ca
2+

]i compared to baseline at 3 and 5 minute time points (3 minutes: 5.4 ± 0.7 fold vs. 

baseline, 5 minutes: 5.6 ± 0.6 fold vs. baseline ) (Figure 3.3.5B&F).  In cultures pre-

incubated with 1µM nifedipine,  an increase in [Ca
2+

]i was observed at the 5 minute time 

point and this value did not differ in magnitude compared to control (5.9 ± 0.7 fold vs. 

baseline) (Figure 3.3.5C&F).   By contrast, pre-incubation with 10µM nifedipine blunted 

the increase in [Ca
2+

]i at 5 minutes compared to both control and 1µM values  (2.4 ± 0.3 

fold vs. baseline) (Figure 3.3.5D&F).   Pre-incubation with 100µM nifedipine essentially 

abolished any ISO stimulated increase in [Ca
2+

]i (1.1 ± 0.1 fold vs. baseline) (Figure 

3.3.5E&F).  These results, together with Ca
2+

 channel gene expression data (Figure 

3.3.3),  support the idea that Ca
2+

 channels with variable sensitivities to DHP Ca
2+

 

channel antagonists exist in the ventricular myocardium at E11.5, and could be members 

of both the L-type and T-type families of voltage gated Ca
2+

 channels.   
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3.3.4    Nifedipine Causes a Decrease in DNA Synthesis in Cardiac Progenitor Cells   

and Cardiomyocyte Populations 

          

Intracellular Ca
2+

 signalling cascades are well known regulators of cell 

proliferation in numerous cell types.  Thus, we investigated the effects of Ca
2+

 channel 

blockade on proliferation kinetics of primary cultured E11.5 ventricular cells.   The 

concentrations of 10µM and 100µM were selected for these analyses with the intention of 

either inhibiting L-type Ca
2+

 channels only (10µM) or both L-type and T-type Ca
2+

 

channels (100µM).  For these experiments, double transgenic embryos (NCRL) with 

genetically labelled Nkx2.5
+
 lineage (express β-gal) were used to identify cardiac cells in 

culture, while immunolabelling for the differentiation marker sarcomeric myosin (MF20 

antibodies) was used to confirm the identities of cardiomyocytes (Figure 3.3.6A-D).  

Using this model system, cells positive for β-Gal, but not MF20 (β-Gal
+
/ MF20

-
) were 

considered to be CPCs since previously we demonstrated that Nkx2.5
+
/MF20

-
 cells 

differentiate into MF20
+
 expressing cardiomyocytes in vitro (McMullen et al., 2009).  

Conversely, cells positive for both β-Gal and MF20 (β-Gal
+
/ MF20

+
) were considered to 

be cardiomyocytes.   Finally, cells that were negative for both β-Gal and MF20 (β-Gal
-
/ 

MF20
-
) were classified as non-cardiomyogenic cells. 

Following a 16 hour incubation period with either vehicle or nifedipine (10µM or 

100µM), rates of proliferation were determined using a tritiated [
3
H]-thymidine 

incorporation assay.  The principle of this assay is based on uptake of the radiolabelled 

thymidine analogue, [
3
H]-thymidine, by cells undergoing de novo DNA synthesis during 

the S-phase of the cell cycle.   Following autoradiographic processing, incorporation of 

[
3
H]-thymidine into cells in the S-phase can be readily detected by the presence of 
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distinct silver grains in the nucleus (Figure 3.3.7).   The percentage of cells in the S-phase 

out of the defined cell population was referred to as the labelling index (LI).  

In vehicle treated control cultures, the CPC population had an average LI of 42.7 

± 4.2 %) which was significantly higher compared to the LI observed in the 

cardiomyocyte population (14.0 ± 3.4%) and was consistent with the inverse relationship 

that is known to exist between proliferation and differentiation during cardiogenesis 

(Figure 3.3.8A&B).  Treatment with 10µM nifedipine was associated with a significant 

reduction in the LI of the CPC population (25.6 ± 3.9%), but did not have any effect on 

the LI of cardiomyocytes (11.9 ± 2.2%) (Figure 3.3.8A&B).  By contrast, treatment with 

100µM nifedipine drastically reduced proliferation in both the CPC (8.07 ± 4.1%) and 

cardiomyocyte (1.7± 0.3%) cell populations (Figure 3.3.8A&B).   Furthermore, it was 

demonstrated that nifedipine treatment was associated with a dose dependent reduction in 

DNA synthesis of the non-cardiomyogenic cell population (β-gal
-
/MF20

-
) that was 

quantitatively similar to that observed in the CPC population (Figure 3.3.8C). 

Based on the observation that 10µM nifedipine was associated with reduced 

proliferation of CPCs but not cardiomyocytes, we speculated that L-type Ca
2+

 current 

may play a more prominent role in regulating proliferation in CPCs.  To gain insight into 

this issue, E11.5 NCRL primary cultures were generated and co-immunolabelled with 

MF20 and Cav1.2 L-type Ca
2+

 channel specific antibodies.  Slides were also incubated 

overnight in X-gal in order to confirm the identities of cardiomyogenic cells.   

Interestingly, results from these experiments demonstrated that Cav1.2 immunoreactivity 

was strong in the nucleus/perinuclear region of the CPCs and cardiomyocytes, while 
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labelling of the plasma membrane tended to be more prominent in CPCs compared to 

cardiomyocytes (Figure 3.3.9).    

 

3.3.5   Ca
2+

 Channel Blockade with Nifedipine is Associated with Gene Expression 

Changes in Cell Cycle Regulating Genes   

 

To gain insight into potential molecular mechanisms underlying the effects of 

Ca
2+

 channel blockade on CPC and cardiomyocyte proliferation, we examined the effects 

of nifedipine on the expression of several positive and negative cell cycle regulating 

genes.  Primary cultured E11.5 ventricular cells were incubated with either vehicle or 

nifedipine (10µM or 100µM) for 16 hours and subsequently analyzed for changes in 

expression of the positive cell cycle regulators Cyclin D1, Cyclin D2, CDK4, Cyclin E 

and Cyclin B1 as well cell cycle inhibitors p21 and p27.  Using vehicle (DMSO) treated 

cultures as a point of reference (i.e. expression=1.0), results from these analyses, (Figure 

3.3.10, and summarized in Table 3.3.1), demonstrated that treatment with either 10µM or 

100µM nifedipine was associated with a significant reduction in expression in Cyclin B1 

compared to control (10µM: 0.7 ± 0.06 and 100µM: 0.7 ± 0.02), while other positive cell 

cycle genes remained unchanged.   Additionally, 100µM nifedipine, but not 10µM, was 

associated with a ~ 2 fold increase in expression of the cell cycle inhibitor p27 (1.9 ± 0.2) 

but had no effect on expression of p21.    

Thus far, work from Chapter 3 has demonstrated the nifedipine mediated Ca
2+

 

channel blockade was associated with reduced rates of proliferation of CPCs and 

cardiomyocytes isolated from the E11.5 ventricles.  Furthermore, the higher potency of 

nifedipine on inhibition of CPC versus cardiomyocyte proliferation highlights the 
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possibility that different Ca
2+

 channel isoforms with varying sensitivities to DHP 

antagonists may differentially regulate proliferation kinetics in these two distinct cell 

populations.   Because intracellular Ca
2+

 signalling cascades have also been implicated as 

critical regulators of cardiomyocyte differentiation, we next sought to characterize the 

effects of nifedipine on myofibrillogenesis.   

 

3.3.6   Ca
2+ 

Channel Blockade is Associated with High Levels of Sarcomeric 

Disorganization in Embryonic Cardiomyocytes 

 

To determine the effects of Ca
2+

 blockade on cardiomyocyte differentiation, we 

characterized the effects of nifedipine on the integrity of the contractile apparatus of 

E11.5 cardiomyocytes (β-gal
+
/MF20

+
) based on immunolabelling with antibodies against 

sarcomeric myosin (MF20).  In control cultures incubated with vehicle (DMSO) for 16 

hours, the vast majority of MF20
+
 cardiomyocytes displayed organized muscle fiber 

bundles and a stellate morphology, which is characteristic of embryonic cardiomyocytes 

(Figure 3.3.11A).  By contrast, in cultures treated with 10μM or 100μM nifedipine, 

cardiomyocytes generally appeared smaller in size and displayed poorly formed 

sarcomeric structures that were highly disorganized and/or misshaped (Figure 

3.3.11B&C).  To quantitatively measure of the impact of nifedipine on cardiomyocyte 

differentiation, the average cell size of cardiomyocytes from each treatment group was 

determined by measuring cell surface areas using Colour-Subtractive Computer-Assisted 

Image Analysis software (Gaspard and Pasumarthi, 2008).   Results from these analyses 

demonstrated that the average surface area of cardiomyocytes from control cultures was 

~2500 μm
2
 (Figure 3.3.11D).  Compared to control, significant reductions in 
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cardiomyocyte surface area were observed in response to either 10μM (~1000μm
2
) or 

100μM (~400μm
2
) nifedipine (Figure 3.3.11D).  

To determine whether nifedipine treatment was associated with altered 

differentiation kinetics, the relative abundance of CPCs (β-Gal
+
/ MF20

-
), cardiomyocytes 

(β-Gal
+
/ MF20

+
) and non-cardiomyogenic (β-Gal

-
/ MF20

-
) was quantified from control 

and nifedipine treated cultures.   In control cultures, the cell population was composed of 

49.3 ± 3.5% cardiomyocytes 40.1 ± 4.2% CPCs, and 11.1 ± 4.4% of non-cardiomyogenic 

cells (Figure 3.3.12).  While the relative distribution of each cell type did not change in 

response to 10μM nifedipine treatment, a significant increase in relative proportion of 

cardiomyocytes (63.4 ± 1.8%) and a trend toward a decrease in CPCs (28.8 ± 1.4%) was 

observed in response to 100µM nifedipine (proportion of non-cardiomyogenic cell 

population did not change; 8.9 ± 1.2%).       

To investigate potential molecular mechanisms underlying impaired 

myofibrillogenesis, we examined whether nifedipine had any effect on expression of a 

panel of transcription factors required for proper cardiogenesis including GATA4, 

Hand2, MEF2c and Tbx5.  Compared to DMSO controls (Expression=1.0), it was 

determined that 100µM, but not 10µM nifedipine was associated with a modest but 

significant reduction of Tbx5 expression (0.7 ± 0.08), while GATA4, Hand2 and MEF2c 

levels remained unchanged (Figure 3.3.13A-D).    Previously, it was demonstrated that 

translocation of MEF2c to the nucleus was critical for proper myofibrillogenesis and 

occurred via a Ca
2+

 dependent processes (Lynch et al., 2005).  Based on this knowledge, 

we investigated the subcellular localization of MEF2c in E11.5 cardiomyocytes treated 

with either DMSO or 100µM nifedipine.  In control cultures, intense MEF2c labelling 
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was readily observed in the nucleus, along with lower levels in the cytoplasmic 

compartment detected as small punctae (Figure 3.3.14A-D).  By stark contrast, in 

cardiomyocytes from 100µM treated cultures, immunoreactive MEF2c was very faint in 

the nucleus, and mostly confined to the cytoplasm as small punctae (Figure 3.3.14E-H).    

As a readout of whether this mislocalization of MEF2c in the cytoplasm was associated 

with altered transcriptional activity, we quantified the expression of a known MEF2c 

target gene ANP (Nppa), in response to 100µM nifedipine.  Compared to DMSO treated 

cultures (expression=1.0), a significant reduction in ANP gene expression (0.7±0.06) was 

measured in cultures treated with 100µM nifedipine (Figure 3.3.15).    

 

3.3.7   Nifedipine has Detrimental Effects on Graft Size Formation Following 

Injection of E11.5 Ventricular Cells into Recipient Hearts  

 

The in vitro data presented thus far in Chapter 3 have provided evidence that 

pharmacological Ca
2+

 channel blockade with the DHP Ca
2+

 channel antagonist nifedipine 

disrupts the normal program of proliferation and differentiation of E11.5 CPCs and 

cardiomyocytes.  Based on this knowledge, we further hypothesized that the detrimental 

effects of nifedipine seen in vitro would translate into smaller graft size formation in vivo 

following cell transplantation.  To test this hypothesis, approximately 3x10
5
 ventricular 

cells, acutely isolated from E11.5 double transgenic (NCRL) embryos, were transplanted 

via direct intracardiac injection into the left ventricles of healthy C57Bl/6 mice.   

Recipient mice subsequently received daily doses of either nifedipine (5mg/kg) or an 

equal volume of vehicle (10% captisol) for 3 days beginning on the day of the 

transplantation surgery.   On the third day post-surgery, animals were sacrificed and 



 96 

 

processed for quantification of graft sizes.  Briefly, excised hearts were fixed, sliced into 

~25µm sections, and then incubated in X-gal solution in order to visualize transplanted 

NCRL cells within the host tissue (blue reaction product).  Areas occupied by blue pixels, 

corresponding to transplanted cells, were then quantified to estimate the total graft 

volume from each recipient heart using Colour-Subtractive Computer Assisted Image 

Analysis software (Gaspard and Pasumarthi, 2008).  

 In recipient mice receiving once daily doses of vehicle for 3 days, distinct regions 

of transplanted E11.5 cells were visible and tended to be spread out over relatively large 

surface areas (Figure 3.3.16A&B).  By contrast, in mice receiving daily injection of 

nifedipine (5mg/kg dissolved in 10% captisol), engrafted regions tended to be smaller 

(Figure 3.3.16C&D).   Quantification of the graft volume from recipient hearts confirmed 

that the average graft volume from vehicle treated recipients (0.045 ± 0.01 mm
3
) was in 

fact significantly larger compared to the nifedipine treated group (0.0033 ± 0.001 mm
3
) 

(Figure 3.3.16E).    
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Figure 3.3.1:  Conditional activation of the LacZ reporter gene genetically labels the 

Nkx2.5
+
 cell lineage.  A)  Schematic representation of Nkx2.5-Cre transgene (NC), 

engineered to have an internal ribosomal entry sequence (IRES) and Cre-recombinase 

(Cre) coding sequence inserted into the 3’ untranslated region of the Nkx2.5 gene.  B)  

Schematic representation of Rosa-LacZ (RL) reporter strain, engineered to have a 

transcriptional terminator stop cassette proximal to the β-galactosidase (LacZ) coding 

sequence which is flanked by LoxP sites.  C) In double transgenic (NCRL) embryos, 

translation of Nkx2.5 in the initial heart cell population resulted in the co-translation of 

the Cre- recombinase gene.  The resulting Cre-protein excised the floxed stop cassette 

from ROSA-Lac Z transgene, allowing the expression of the Lac Z reporter, and detection 

of Nkx2.5
+
 cell lineages thereafter.  D) Confirmation of the double transgenic genotype 

of embryos was accomplished by incubating atria from each heart in X-Gal solution in 

order to visualize the insoluble blue reaction product.   
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Figure 3.3.2: Validation of GAPDH as internal control gene.  A)  Amplification plot 

of GAPDH shows all samples crossed the threshold (ΔRn=0.1) at approximately the 

same cycle number (average CT = 15.5 ± 0.08).  B) Tabular summary of the average 

GAPDH CT values obtained from multiple samples at each developmental stage.  

Because GAPDH was shown not to vary significantly between developmental and post-

natal stages, it was used as a reference gene in subsequent experiments to normalize data 

by correcting for variations in quantities of cDNA used as template.  N=5-6 independent 

RNA extractions/developmental stage, analyzed in duplicate for each extraction.  One 

way ANOVA with Tukey post hoc test.  
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Figure 3.3.3:  L-type and T-type Ca
2+

 channel expression in E11.5 ventricles.  A) The 

relative expression levels of L-type Ca
2+

 channel isoforms (Cav1.1, Cav1.2 and Cav1.3) 

and T-type Ca
2+

 channel isoforms (Cav3.1 and Cav3.2) were measured in cardiac 

ventricles at E11.5 by real time quantitative PCR (all samples normalized to GAPDH).   

At this stage of development, the L-type Ca
2+

 channels Cav1.2 and Cav1.3 were the 

predominant Ca
2+ 

channel isoforms expressed. The T-type Ca
2+ 

channels Cav3.1 and 

Cav3.2 were also expressed, albeit at lower levels.  Expression of Cav1.1 was virtually 

undetectable. B) Representative melt curve used to confirm the amplification of a single 

PCR product (example provided is Cav1.3). N=3-4 independent RNA 

extractions/developmental stage, analyzed in duplicate for each extraction.  Each bar 

represents mean ± SEM. *p <0.05 vs. Cav1.3; # p <0.05 vs. Cav1.2, One-way ANOVA 

with Tukey post hoc test.  
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Figure 3.3.4: Developmental profiles of L-type and T-type Ca
2+

 channel isoforms.  

The relative expression of each Ca
2+

 channel isoform was determined in relation to the 

E11.5 stage (E11.5 expression=1.0).  A) Expression of Cav1.1 was barely detectable 

throughout development and increased significantly at the adult stage.  B) Relative 

expression of Cav1.2 did not vary significantly between any stages examined. C)  

Expression of Cav1.3 was highest at early developmental stages (E11.5 and E14.5) and 

then declined significantly later in development (E16.5-Adult). D)  Expression of Cav3.1 

showed a progressive increase during development and then dropped precipitously at the 

Adult stage.  E) Expression of Cav3.2 was highest at E11.5 and then progressively 

declined at later developmental stages. F) Side-by-side comparison of the relative 

expression levels of each L-type and T-type Ca
2+

 channel isoform at E11.5, E14.5, E16.5, 

Neonatal and Adult stage (statistics not shown for F).  N=3-4 independent RNA 

extractions/developmental stage, analyzed in duplicate for each extraction.  Each bar 

represents mean ± SEM. Statistical differences are indicated under the appropriate graph 

for A-E.  One-way ANOVA with Tukey post hoc test.  
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Figure 3.3.5:  The effects of Ca
2+

 channel blockade on isoproterenol induced 

fluctuations in intracellular Ca
2+

.   Acutely isolated E11.5 ventricular cells were 

incubated with various doses of nifedipine (1µM, 10µM or 100µM) or vehicle (DMSO) 

for 1 hour.  The average change in fluorescence intensity (corresponding to intracellular 

Ca
2+

 levels) was then monitored in randomly selected fields at baseline and in response to 

isoproterenol (ISO; 1µM) stimulation using the Ca
2+

 sensitive indicator Fluo-8 AM.  A) 

Representative micrograph of baseline fluorescence levels at time 0 (Fluorescence 

intensity =1.0).   B-E) Representative micrographs taken 5 minutes post-ISO stimulation 

from cultures incubated with DMSO (B), 1µM nifedipine (C), 10µM nifedipine (D) or 

100µM nifedipine (E).  F) Quantification of changes in fluorescence intensity that 

occurred in response to stimulation with ISO at 1, 3 and 5 minute time points. N=9 (3 

independent experiments, 3 random fields/experiment).  Data represent mean ± SEM 

*p<0.05 vs. DMSO and 1µM, #p<0.05 vs. 1µM, 10µM and 100µM. One-way ANOVA 

with Tukey post hoc test. Scale bar=100µM.  
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Figure 3.3.6:  Identification of E11.5 cardiac progenitor cells and cardiomyocytes in 

culture.   Double transgenic embryos (NCRL) with genetically labelled Nkx2.5
+
 lineage 

(express β-gal) were used to identify cardiac subpopulations in E11.5 primary ventricular 

cell cultures. A-D) The same field of cells stained with Hoechst nuclear stain (A), β-

galactosidase antibodies (β-Gal)(B), sarcomeric myosin antibodies (MF20)(C) and 

merged images (D). Cells positive for β-Gal, but not MF20 (β-Gal
+
/ MF20

-
) were 

classified as cardiac progenitor cells (arrow), while cells positive for both β-Gal and 

MF20 (β-Gal
+
/ MF20

+
) were considered to be cardiomyocytes (asterisk).  Cells that were 

negative for both β-Gal and MF20 (β-Gal
-
/ MF20

-
) were classified as non-

cardiomyogenic cells (arrow head). Scale bar=25µm.  
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Figure 3.3.7:  Visualization of cells in the S-phase of the cell cycle using a tritiated 

[
3
H]- thymidine incorporation assay.  Following autoradiographic processing, 

incorporation of [
3
H]-thymidine into cells in the S-phase could be readily detected by the 

presence of distinct silver grains in the nucleus. A) Bright field image of three cells, two 

of which are synthesizing new DNA(arrows), and one that is not (arrowhead).   

B) Hoechst nuclear staining of the same three cells.  Scale bar= 25µm.  
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Figure 3.3.8:  The effects of Ca
2+ 

channel blockade on proliferation of E11.5 cardiac 

cell populations.  Using a [
3
H] - thymidine incorporation assay, the labelling index (LI; 

percentage of cells in the S-phase out of the defined cell population) was determined for 

subpopulations of E11.5 ventricular cells.  A)  In the cardiac progenitor cell (CPC) 

population (β-gal
+
/MF20

-
), a progressive decrease in LI was observed in response to 

either 10µM or 100µM nifedipine.  B)  In the cardiomyocyte (CM) population (β-

gal
+
/MF20

+
) LI was unchanged in response to 10µM nifedipine, but was dramatically 

reduced in response to 100µM nifedipine.  C)  The LI of the non-cardiomyogenic (Non-

CM) cell population (β-gal
-
/MF20

-
) was also significantly reduced in response to 100µM 

nifedipine. N=3-4 experiments/treatment group, ~400 cells counted/experiment. Each bar 

represents mean ± SEM. *p<0.05, One-way ANOVA with Tukey post hoc test. 
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3.3.9:  Immunolabelling of Cav1.2 L-type Ca
2+ 

channels in E11.5 cardiac progenitor 

cells and cardiomyocytes. Double transgenic embryos (NCRL) with genetically labelled 

Nkx2.5
+
 lineage (express β-gal) were used to identify cardiac subpopulations in E11.5 

primary ventricular cell cultures by the presence of blue chromogenic signal following 

overnight incubation in X-gal solution (A&D).  Immunolabelling with antibodies against 

sarcomeric myosin (MF20; green) was used to confirm the identities of cardiomyocytes 

(CM).  The top panel (A-C) shows two cardiomyocytes (X-gal
+
/MF20

+
; indicated by 

arrows) with strong Cav1.2 (red) immunoreactivity in the nucleus/perinuclear area, but 

not around the plasma membrane.  A non-cardiomyogenic cell in the same field (X-gal
-

/MF20
-
; indicated by arrowhead) did not show immunoreactivity in either the nucleus or 

around the plasma membrane.  The bottom panel (D-F) shows a single cardiac progenitor 

cell (CPC) (X-gal
+
/MF20

-
) with strong immunoreactivity in the nucleus and around the 

plasma membrane (small arrows).  Scale bar=10µm.  
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Gene 10µM 100µM 

CYCLIN D1 ↔ ↔ 
CYCLIN D2 ↔ ↔ 
CYCLIN E ↔ ↔ 

CYCLIN B1 ↓ ↓ 
CDK4 ↔ ↔ 

P27 ↔ ↑ 
P21 ↔ ↔ 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.3.1:  Summary of the effects of Ca
2+

 channel blockade on expression of cell 

cycle regulating genes. Compared to vehicle (DMSO) treated control cultures 

(expression=1.0), treatment of E11.5 ventricular cell cultures with 10µM or 100µM 

nifedipine was associated with a significant reduction in expression of the positive cell 

cycle regulator Cyclin B1 (10µM: 0.7 ± 0.06 and 100µM: 0.7 ± 0.02).  Moreover, 

100µM nifedipine (but not 10µM) was associated with a significant increase in the 

expression of the cell cycle inhibitor p27 (1.9 ± 0.2). N=3-5 experiments/treatment group. 

↓= significant decrease, ↑= significant increase, ↔ = no change. Statistical significance 

assigned at p<0.05, One-way ANOVA with Tukey post hoc test.   
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Figure 3.3.10:  Graphical summary of the effects of Ca
2+

 channel blockade on 

expression of cell cycle regulating genes. Compared to vehicle treated control cultures 

(expression=1.0), treatment of E11.5 ventricular cell cultures with 10µM or 100µM 

nifedipine was associated with a significant reduction in expression of the positive cell 

cycle regulator Cyclin B1 (10µM: 0.7 ± 0.06 and 100µM: 0.7 ± 0.02).  Moreover, 

100µM nifedipine (but not 10µM) was associated with a significant increase in the 

expression of the cell cycle inhibitor p27 (1.9 ± 0.2). N=3-5 experiments/treatment group, 

analyzed in duplicate for each experiment.  Each bar represents mean ± SEM. Meaning of 

each symbol is indicated under the appropriate graph. One-way ANOVA with Tukey post 

hoc test.  
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Figure 3.3.11: The effects of Ca
2+

 channel blockade on sarcomeric organization of 

E11.5 cardiomyocytes.  A) In vehicle (DMSO) treated control cultures, the vast majority 

of MF20
+
 cardiomyocytes displayed organized muscle fiber bundles and a stellate 

morphology, which is characteristic of embryonic cardiomyocytes.  B&C)  In cultures 

treated with either 10µM (B) or 100µM (C) nifedipine, cardiomyocytes generally 

appeared smaller in size and displayed poorly formed sarcomeric structures that were 

highly disorganized and/or misshaped compared to cardiomyocytes from control cultures. 

D)  Quantification of cardiomyocyte size (surface area) confirmed that nifedipine 

treatment was associated with a significant reduction in cell size. N=3 independent 

experiments/treatment group, ~50 cells measured/experiment. Each bar represents mean 

± SEM. *p<0.05, One-way ANOVA with Tukey post hoc test. Scale bar=25µM.  
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Figure 3.3.12:  The effects of Ca
2+

 channel blockade on the relative distribution of 

E11.5 cardiac cell populations.  In vehicle (DMSO) treated control cultures, the relative 

distribution of cardiomyocytes (CM), cardiac progenitor cells (CPC) and non-

cardiomyogenic cells (Non CM) was determined to be 49.3 ± 3.5%(CM),  40.1 ± 4.2% 

(CPC), and 11.1 ± 4.4 % (Non CM).  A significant increase in relative proportion of 

cardiomyocytes (63.4 ± 1.8%) and a trend toward a decrease in CPCs (28.8 ± 1.4%) was 

observed in response to 100µM nifedipine, while the non-cardiomyogenic cell population 

remained relatively constant across all treatments. N=3-4 experiments/treatment group, 

~400 cells counted/experiment. Each bar represents mean ± SEM. *p<0.05, One-way 

ANOVA with Tukey post hoc test. 
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Figure 3.3.13:  Graphical summary of the effects of Ca
2+

 channel blockade on 

expression of differentiation marker genes.  Compared to vehicle (DMSO) treated 

control cultures (expression=1.0), treatment of E11.5 ventricular cell cultures with 

100µM nifedipine was associated with a significant reduction in expression of Tbx5  

(0.7 ± 0.08), while expression of all other genes tested remained unchanged in response 

to either 10µM or 100µM nifedipine.  N=3-5 experiments/treatment group, analyzed in 

duplicate for each experiment. Each bar represents mean ± SEM. *p<0.05 vs. DMSO, 

One-way ANOVA with Tukey post hoc test.  



 114 

 

Figure 3.3.14: Subcellular localization of MEF2c in response to Ca
2+

 channel 

blockade.  E11.5 ventricular cell cultures were incubated with either DMSO or 100µM 

nifedipine for 16 hours, and then immunolabelled with MEF2c (red) as well as MF20 

(green) antibodies to identify cardiomyocytes.  Panel A-D) In cardiomyocytes from 

control cultures, MEF2c labelling was very strong in the nucleus (thick arrows), and also 

observed as small punctae in the cytoplasm (thin arrows). Panel E-H) By contrast, in 

cardiomyocytes from 100µM nifedipine treated cultures, immunoreactive MEF2c was 

very faint in the nucleus (thick arrows). In addition, some small punctae could be 

observed in the cytoplasmic compartment (thin arrows). Scale bars= 25µM.  
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Figure 3.3.15: Effects of Ca
2+

 channel blockade on expression of atrial natriuretic 

peptide. Compared to DMSO treated control cultures (expression=1.0), a significant 

reduction in expression of ANP (0.7 ± 0.06) was observed in response to 100µM 

nifedipine. N=4-5 experiments/treatment group, analyzed in duplicate for each 

experiment. Each bar represents mean ± SEM. *p<0.05, two-tailed unpaired t-test. 
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Figure 3.3.16:  The effects of nifedipine on graft size formation following injection of 

E11.5 ventricular cells into recipient hearts.   Approximately 3x10
5
 ventricular cells, 

acutely isolated from E11.5 double transgenic (NCRL) embryos, were transplanted via 

direct intracardiac injection into the left ventricles of healthy recipient mice. Mice were 

divided into two groups which received either daily doses of nifedipine (5mg/kg) or an 

equal volume of vehicle (10% captisol) for 3 days.  Subsequently, hearts were excised, 

sectioned and incubated in X-gal solution in order to visualize transplanted NCRL cells 

within the host tissue (blue; arrows). A&B) In vehicle treated animals, distinct regions of 

transplanted E11.5 cells were visible and tended to be spread out over relatively large 

surface areas (A=H&E and B=Brightfield). C&D) By contrast, in mice receiving daily 

injection of nifedipine, engrafted regions tended to be smaller (C=H&E and 

D=Brightfield). E) Quantification of the graft volumes confirmed that nifedipine was 

associated with a significant reduction in graft size. N=3 independent 

experiments/treatment group. Each bar represents mean ± SEM. *p<0.05, two-tailed 

unpaired t-test. 
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CHAPTER 4:  CHARACTERIZATION OF THE EFFECTS OF 

NATRIURETIC PEPTIDE SIGNALLING SYSTEMS ON 

PROLIFERATION OF CARDIAC PROGENITOR CELLS 

 

4.1   Background and Hypothesis 

It is well established that atrial natriuretic peptide (ANP) is synthesized and stored 

primarily in atrial cardiomyocytes of the post-natal heart, and  gets released into the 

circulation as part of the heart’s endocrine function to regulate body fluid homeostasis 

(Potter et al., 2006).   In the ventricles of the adult heart, ANP expression is normally 

very low, but increases under pathological conditions and functions locally in an 

autocrine/paracrine fashion to antagonize hypertrophic cardiomyocyte growth (Chien et 

al., 1991; Kilic et al., 2007).    

In the mammalian embryonic heart, ANP mRNA expression is first detectable in 

the primitive heart tube in cardiomyocytes destined to form both the atrial and ventricular 

chambers (Zeller et al., 1987).  As development proceeds, however, ANP mRNA 

expression levels gradually decline in the ventricles but remain high in the atria.  Based 

on the dynamic spatio-temporal expression of ANP in the ventricles during cardiogenesis, 

it has been speculated that ANP may be an important autocrine/paracrine regulator of 

cardiac cell growth in this compartment (Zeller et al., 1987; Cameron and Ellmers, 2003).  

Currently, however, specific gaps in our knowledge exist regarding whether ANP mRNA 

produced in the embryonic murine ventricles is also translated into biologically active 

protein that gets actively secreted into the extracellular environment.  Furthermore, it 

remains uncertain whether ANP receptor mediated signalling systems are biologically 

intact in the embryonic ventricles.   



 120 

 

Previous studies showed that ANP could either increase or decrease proliferation 

of embryonic/fetal cardiomyocytes from the avian or ovine heart respectively (Koide et 

al., 1996; O'Tierney et al., 2010).    The effects of ANP on proliferation of either CPCs or 

cardiomyocytes from earlier developmental stages have not yet been explored.  Thus, we 

hypothesized that ANP is secreted by embryonic ventricular cells and acts as an 

autocrine/paracrine factor to regulate proliferation of CPCs and/or cardiomyocytes 

from the E11.5 heart.  

 

 

4.2   Specific Aims 

 

1.  Confirm the expression of ANP mRNA and protein in the murine ventricles at E11.5.  

 

2.  Determine whether ANP is actively secreted by primary cultured E11.5 ventricular 

cells.  

 

3.  Characterize the expression pattern and biological activity of ANP high affinity 

receptors (NPRA and NPRC) in ventricular cells at E11.5. 

 

 
4.3   Results 

 

4.3.1   ANP mRNA and Immunoreactive Protein are Expressed in the Ventricles at 

E11.5    

 

 The temporal pattern of ANP gene expression in mouse cardiac ventricles was 

determined by quantifying the relative abundance of mRNA transcripts at E11.5 and 

several other advanced developmental and post-natal stages by real time quantitative 

polymerase chain reaction (qPCR) (Figure 4.3.1A&B).  Because expression levels of 
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GAPDH remained unchanged across all developmental and post-natal stages (Chapter 3, 

Figure 3.3.2), this gene was used to normalize data by correcting for variations in 

quantities of cDNA used as template.  The highest level of ANP mRNA expression was 

observed at E11.5 and gradually declined at later developmental and post-natal stages 

(Figure 4.3.1A&B).  Using E11.5 as a point of reference (i.e. expression=1.0), there was 

an approximately 2 fold decrease in ANP mRNA at E14.5 (0.51± 0.03 vs. E11.5).  Gene 

expression did not vary significantly between E14.5, E16.5 and Neonatal (day 1) stages, 

but decreased significantly at Adult stages (~ 10 fold decrease from E11.5 to Adult 

stage). 

  To confirm that ANP mRNA was translated into immunoreactive protein, an 

enzyme linked immunosorbant assay (ELISA) was used to quantify ANP protein from 

ventricular tissue lysates at both E11.5 and neonatal stages.  Consistent with mRNA 

expression data, the concentration of ANP protein in the ventricles at E11.5 was 

approximately 2 fold higher compared to the neonatal stage (E11.5: 4.3 ± 0.7ng ANP/µg 

of lysate vs. Neonatal: 2.3ng ± 0.5ng ANP/µg of lysate) (Figure 4.3.2).   

 

4.3.2   Spatial Expression Pattern of Immunoreactive ANP in the Embryonic Heart 

at E11.5 and E14.5  

 

To gain information on the spatial expression pattern of ANP in the murine 

embryonic heart, immunohistochemistry using ANP specific antibodies was performed 

on thin tissue sections from embryos at the midgestational stages of E11.5 and E14.5.  At 

E11.5, the murine ventricles are composed of loosely packed trabeculated myocardium 

projecting into the lumen and a surrounding compact layer (Figure 4.3.3A&B).    At the 
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E11.5 stage, we observed regions of strong immunoreactive ANP labelling in specific 

regions of the atria and also the trabeculae of the left ventricle (Figure 4.3.3B).   ANP 

expression was also detectable, albeit at lower levels, in the trabecular myocardium of the 

right ventricle in some sections but was essentially absent from the developing compact 

myocardium of both ventricles (Figure 4.3.3B).  

Between the stages of E11.5 and E14.5, the relative area occupied by the 

trabecular myocardium decreases, as the compact layer increases in thickness due to 

rapid cell proliferation in this compartment (Kirby, 2007).  At E14.5, ANP expression 

remained restricted primarily to the trabecular myocardium of the left ventricle, and was 

essentially absent from the thickening compact zone of the myocardial free wall (Figure 

4.3.4B).   Collectively, analyses of temporal and spatial expression patterns of ANP in the 

developing mouse ventricles revealed that 1) ANP mRNA and protein were expressed at 

higher levels in the ventricles at the E11.5 stage compared to later developmental and 

post-natal stages, and 2) high levels of immunoreactive ANP expression were spatially 

restricted to the myocardial trabeculae at midgestational stages, which is consistent with 

expression patterns reported in the embryonic and fetal rat heart (Toshimori et al., 

1987a).   

 

4.3.3   Determination of ANP Secretion from Cultured E11.5 Ventricular Cells 

 

 To achieve an autocrine/paracrine effect, embryonic ventricular cells would be 

required to actively secrete ANP into their surrounding environment.  To gain insight into 

this issue, ANP protein levels were measured by Western blot analyses in culture media 

samples collected from primary cultured E11.5 ventricular cells.   Following a 24 hour 
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incubation period, conditioned media samples were separated by electrophoresis, 

transferred to a nitrocellulose membrane and probed using ANP specific antibodies.  

Results from these analyses revealed prominent immunoreactive bands at 34kD and 

17kD as well as a band of weaker intensity at 3kD in conditioned media collected from 

ventricular cell cultures but not in control media samples that were not exposed to cells 

(Figure 4.3.5A).   The 17kD band corresponds to the expected molecular weight of 

proANP, while the 3kD band corresponds to the proteolytically processed and 

biologically active form of ANP.  The band seen at 34kD is presumably a dimer of 17kD 

proANP.  To confirm whether the weak intensity of the 3kD ANP band was due to poor 

retention of smaller peptides on nitrocellulose after a long transfer period (1 hour used in 

initial experiments), we next performed transfer for a shorter, 17 minute period.  Under 

these conditions, the 3kD band appeared to be more prominent in conditioned media 

samples collected from E11.5 cultures (Figure 4.3.5B).   Thus, results from Western blot 

analyses provided evidence that ANP was actively secreted from E11.5 ventricular cells 

and also provided confirmation that proANP was cleaved into its biologically active 

form.    

 

4.3.4   Natriuretic Peptide Receptor (NPR) Expression Patterns in the Embryonic 

Heart 

 

 An additional prerequisite condition for ANP to achieve an autocrine/paracrine 

effect would be expression of ANP high affinity receptors by either ANP secreting cells 

or those in close proximity.  Quantitative analyses of mRNA transcripts for ANP high 

affinity receptors (NPRA and NPRC) revealed that both receptor subtypes were present at 

E11.5 and at later developmental stages and displayed differential expression patterns 
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(Figure 4.3.6A&B).   Specifically, NPRA gene expression was lowest at E11.5 and 

increased significantly during the gestational period achieving a peak in expression levels 

at the Neonatal stage (Neonatal ~3 fold higher vs. E11.5).   In contrast, NPRC gene 

expression was highest at E11.5 and decreased significantly by E16.5 and remained low 

at subsequent post-natal stages (E11.5 expression was ~2 fold higher vs. E16.5).   Side 

by side comparison of NPRA and NPRC expression at each developmental stage more 

clearly illustrates the receptor subtype switch that occurred from early to late 

developmental stages (Figure 4.3.7).    

Western blot analyses were used to confirm the presence of NPRA and NPRC at 

the protein level at all developmental/post-natal stages using NPRA and NPRC specific 

antibodies (Figure 4.3.8A&B).  Distinct bands were detected at 120kD and 66kD, 

corresponding to expected molecular weights of NPRA and NPRC respectively.  The 

developmental changes in immunoreactive NPRA (Figure 4.3.8A) appeared to be 

consistent with gene expression data obtained by qPCR analysis (Figure 4.3.6A).  

Specifically, both of these analyses revealed an apparent increase in NPRA levels from 

E11.5 to E14.5 as well as a peak in expression at the neonatal stage.  Also consistent with 

qPCR analyses of NPRC (Figure 4.3.6B), levels of immunoreactive protein appeared to 

higher at the gestational stages tested (E11.5, E14.5 and E16.5) compared to post-natal 

stages (Figure 4.3.8B).    To gain insight into the spatial distribution patterns of NPR 

subtypes in the embryonic heart, immunohistochemical analyses (3, 3’ Diaminobenzidine 

staining method) were performed on thin tissue sections obtained from E11.5 hearts using 

NPRA and NPRC specific antibodies (Figure 4.3.9A&B).  Immunoreactive NPRA and 

NPRC were both broadly expressed in the ANP rich trabecular myocardium as well as 
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the ANP negative compact myocardium, with minimal expression observed in adjacent 

endocardial cushion tissue (Figure 4.3.9A&B).    

 

4.3.5   Determination of the Effects of ANP on cGMP Production in E11.5 

Ventricular Cells 

 

 Ligand binding of ANP to receptor guanylyl cyclases (NPRA and NPRB) has 

been shown to stimulate production of the second messenger molecule cGMP in various 

cell types including cardiomyocytes from near term fetal sheep (O'Tierney et al., 2010).   

To determine whether these signal transduction pathways were biologically intact at 

earlier developmental stages we determined the effects of ANP on cGMP production in 

acutely isolated E11.5 ventricular cells using a competitive immunoassay approach.  The 

principle of this assay was based on the competition between endogenous cGMP and a 

cGMP analogue labelled with an energy donor molecule (d2-cGMP) for binding sites on 

anti-cGMP monoclonal antibodies labelled with Cryptate (mAb-Cryptate) (Figure 

4.3.10).  The specific signal that occurred due to the energy transfer between the d2-

cGMP and mAb-Cryptate yielded a Delta F value that was inversely proportional to the 

concentration of endogenous cGMP.  The obtained Delta F values could then be 

extrapolated from the cGMP standard curve (Figure 4.3.11) to deduce cGMP 

concentrations in each experimental sample.  

To determine the optimal cell density for competition assays, a range of E11.5 

ventricular cell densities were tested in the presence or absence of 1µg/ml ANP (Figure 

4.3.12).   Optimal cell density was selected based on the following criteria: 1) basal level 

of cGMP production was within the linear range of the standard curve and 2) a maximal 
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increase in signal amplitude between inactivated state (basal cGMP production), and 

activated condition (ANP stimulated cGMP production) was achieved.  Using these 

selection criteria an optimal cell density of 64,000 cells per well was determined and used 

for all subsequent experiments (Figure 4.3.12).  

To determine the effects of exogenous ANP treatment on cGMP production, 

E11.5 cells were stimulated with various concentrations of ANP (1, 10, 100, 1000 ng/ml).   

The level of cGMP measured under basal conditions was 19.1 ± 2.6 nM/ 64,000 cells 

(Figure 4.3.13).   Due to considerable variability in basal levels of cGMP between 

independent experiments, basal levels from each experiment were set to a value of 1.0 

and data represent fold change in cGMP concentration in response to different doses of 

ANP (Figure 4.3.13).   At the two lowest concentrations of ANP tested (1ng/ml and 

10ng/ml), there was no significant increase in cGMP observed compared to control 

(Figure 4.3.13).   By contrast, 100ng/ml ANP was able to induce a significant, 1.4 fold 

increase in cGMP production (1.4 ± 0.09 vs. basal).  A ten-fold higher dose of ANP 

(1000ng/ml) did not result in a further significant increase in cGMP production compared 

to 100ng/ml (100ng/ml: 1.4 ± 0.09 vs. 1000ng/ml: 1.7 ± 0.2) (Figure 4.3.13).    

 

4.3.6   Determination of the Effects of ANP on cAMP Production in E11.5 

Ventricular Cells  

 

While NPRC was initially believed to serve only as a clearance receptor (Maack 

et al., 1987),   there is substantial evidence that this receptor couples to inhibitory (Gi) 

proteins to inhibit adenylyl cyclase and reduce cAMP production (Anand-Srivastava et 

al., 1986).   Using a competitive immunoassay approach analogous to that described 
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above for cGMP, we examined the effects of exogenous ANP on cAMP production in 

E11.5 cells under basal conditions or in the presence of the non-selective β-adrenergic 

agonist, isoproterenol (ISO; 100nM). 

Concentrations of cAMP for all experimental samples were extrapolated from a 

standard curve (Figure 4.3.14) generated using the same experimental procedure 

described for cGMP experiments.   To determine the optimal cell density for cAMP 

experiments, a range of E11.5 ventricular cell densities were tested in the presence or 

absence of the direct activator of adenylyl cyclase, Forskolin (1µM) (Figure 4.3.15).  A 

cell density of 4,000 cells/well was selected based the same two evaluation criteria 

described above for cGMP competition assays.   Under basal conditions, the level of 

cAMP in E11.5 cells was 7.3 ± 1.6nM.  Data in Figure 4.3.16 are expressed as fold 

change in cAMP concentrations compared to basal to normalize the baseline values 

obtained for individual experiments.  Compared to baseline, ANP (1-100ng/ml) had no 

effect on levels of cAMP production (Figure 4.3.16).   By contrast, stimulation with ISO 

(100nM) alone was able to induce a ~ 4 fold increase in cAMP levels compared to basal 

controls (Basal: 7.3 ± 1.6nM vs. ISO: 26.5± 9.1nM). When cells were co-treated with 

ISO (100nM) and ANP (100ng/ml), a modest reduction in cAMP production compared to 

ISO alone was observed but this result was variable between experiments and did not 

reach statistical significance (Figure 4.3.16).     

Overall, based on collective data from cGMP and cAMP second messenger 

assays, we concluded that ANP mediated signal transduction pathways involving 

production of cGMP were biologically active in E11.5 ventricular cells.  Conversely, our 

data could not provide substantial evidence that ANP signal transduction pathways 
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coupled to adenylyl cyclase activity were biologically intact under our experimental 

conditions.  Furthermore, we concluded that ANP mediated guanylyl cyclase activity was 

via NPRA rather than NPRB based on previous in vitro data that showed ANP was able 

to elicit half-maximal production of cGMP via NPRA at a concentration of 3nM while 

25µM ANP was required to achieve the same effect via NPRB (Schulz et al., 1989) (for 

our cGMP assays 100ng/ml was used and corresponds to ~30nM).   

 

4.3.7   ANP High Expression Zones are Associated with a Low Mitotic Index in the 

E11.5 Ventricles 

 

Thus far, work from Chapter 4 has provided evidence that the following 

prerequisites for ANP autocrine/paracrine signalling were met in the ventricles at the 

E11.5 developmental stage: 1) ANP mRNA was translated into immunoreactive ANP 

protein, 2) ANP was actively secreted into the extracellular compartment and 3) ANP 

high affinity receptor subtypes (NPRA and NPRC) were expressed and coupled to signal 

transduction pathways involving guanylyl cyclase activity and production of cGMP.  

Based on these results, we proceeded to investigate the effects of ANP on proliferation of 

E11.5 cardiac progenitor cell (CPC) and cardiomyocyte populations.   

As a first approximation toward determining whether regions of high ANP 

expression observed in the heart at E11.5 (See Figure 4.3.3) were associated with indices 

of proliferation that differed from regions of low ANP expression, thin tissue sections of 

the E11.5 heart were co-immunolabelled with antibodies against ANP and 

phosphohistone H3 (PH3).   Phosphorylation of histone H3 occurs in the nucleus of cells 

in the mitosis phase of the cell cycle and is considered a reliable indicator of cell 
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proliferation (Hans and Dimitrov, 2001).  In the ANP rich trabecular region of the left 

ventricle, there was an observably lower number of PH3
+
 nuclei compared to the adjacent 

compact layer (Figure 4.3.17A).  Similarly, in the right ventricle, PH3
+
 nuclei appeared to 

be less abundant in the trabecular myocardium despite having lower levels of 

immunoreactive ANP (Figure 4.3.17B).    

To determine the mitotic indices in the left and right ventricles, the percentage of 

PH3
+
 nuclei out of the total number of nuclei was determined in regions of both high 

(designated ANP
+
) and low ANP (designated ANP

-
) expression that were defined based 

on immunolabelling with ANP specific antibodies.   Results from these analyses 

confirmed that, in the left ventricle, the ANP
+
 region had a significantly lower mitotic 

index compared to ANP
- 
regions (ANP

+
 : 0.6 ± 0.07% vs. ANP

-
:  1.5 ± 0.1%) (Figure 

4.3.17C).   Because it was difficult to reliably distinguish between ANP
+
 and ANP

-
 

regions in the right ventricle, the mitotic index was determined in the trabecular versus 

the compact myocardium.  From these analyses, it was determined that the mitotic index 

was significantly lower in the trabecular myocardium compared to the surrounding 

compact layer (Figure 4.3.17D) (Trabecular: 0.8 ± 0.1% vs. Compact: 1.5 ± 0.06%).   

 

4.3.8   Effects of Exogenous ANP on Proliferation of E11.5 Cardiac Progenitor Cells 

and Cardiomyocytes  

 

 Based on our data that showed ANP was able to stimulate guanylyl cyclase 

activity (Figure 4.3.13), we proceeded to investigate the effects of ANP on proliferation 

of E11.5 CPCs and cardiomyocytes in the presence or absence of the receptor guanylyl 

cyclase antagonist A71915.   As an index of proliferation, primary cultured cells were 
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subjected to a [
3
H] - thymidine incorporation assay following 24 hours of incubation with 

either ANP alone (1-100ng/ml) or co-treatment with ANP (100ng/ml) and A71915 (1µM, 

added 30 minutes prior to ANP).   For these experiments, cultures were generated from 

ventricles of double transgenic (NCRL) embryos to enable distinction between CPCs and 

cardiomyocytes based on a combination of genetic labelling for Nkx2.5 and 

immunolabelling for the differentiation marker sarcomeric myosin as described earlier 

(See Chapter 3, Figure 3.3.6).   

In vehicle (H2O) treated control cultures, the CPC population had an average 

labelling index (LI; percentage of labelled nuclei/ total number of nuclei) of 53.8 ± 5.6%, 

which was significantly higher compared to the LI observed in the cardiomyocyte 

population (15.2 ± 3.2%) (Figure 4.3.18A&B).    In parallel experiments, ANP (1-

100ng/ml) was shown to cause a dose dependent decrease in proliferation of CPCs that 

reached statistical significance at the concentration of 100ng/ml (30.5 ± 0.5%) (Figure 

4.3.18A) but had no effect on the cardiomyocyte population (Figure 4.3.18B).   To 

investigate whether the decrease in proliferation observed in the CPC population could be 

mediated by the ANP/NPRA signalling axis, separate E11.5 cultures were pre-incubated 

with A71915 (1µM) for 30 minutes prior to addition of 100ng/ml ANP for an additional 

24 hours.  Results indicated that the reduction in proliferation associated with 100ng/ml 

ANP was abolished in response to pre-incubation with A71915 (49.9 ± 3.1%) in the CPC 

population (Figure 4.3.18A).   
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Figure 4.3.1:  Developmental profile of ANP mRNA expression.  A) The relative 

expression levels of ANP mRNA (normalized to GAPDH) were measured in cardiac 

ventricles at E11.5-Adult stages by real time quantitative PCR.  The E11.5 stage served 

as the reference (i.e. expression=1.0) to which all other developmental stages were 

compared.  Expression of ANP was highest at the E11.5 stage and showed a general trend 

toward lower expression levels at later developmental stages.  B)   Amplification plot 

from a representative qPCR experiment.  The CT value used to calculate the relative 

expression of each sample corresponded to the cycle number at which its amplification 

plot crossed the threshold of fluorescence (ΔRn=0.1), which is indicated by the horizontal 

blue line.  N=5-6 independent RNA extractions/developmental stage analyzed in 

duplicate for each extraction.  Each bar represents mean ± SEM. *p <0.05 vs. E11.5; # p 

<0.05 vs. Adult.  One- way ANOVA with Tukey post hoc test. 
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Figure 4.3.2:  Quantification of ANP protein in E11.5 and neonatal ventricles.  

Ventricular tissue lysates from E11.5 and Neonatal stages were subjected to enzyme 

linked immunosorbant assay (ELISA).  Results from these analyses revealed that ANP 

protein was significantly more abundant at E11.5 (4.3 ± 0.7ng of ANP/µg tissue lysate) 

compared to neonatal stages (2.3 ± 0.5ng of ANP/µg tissue lysate).  N=4 (E11.5) and 

N=3 (Neonatal) independent experiments, 7 replicate wells/experiment. Each bar 

represents mean ± SEM. *p <0.05, two-tailed unpaired t-test. Note: Data presented in this 

figure were generated in collaboration with honours student Kathleen McNeil and has 

appeared previously in her honours thesis.  
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4.3.3:  Spatial expression pattern of immunoreactive ANP in the embryonic heart at 

E11.5.  A)  Coronal section (4-chamber view) of the E11.5 heart stained with Hoechst 

nuclear dye (blue) revealing the major anatomical features of the embryonic heart:  The 

right atrium (RA), left atrium (LA), right ventricle, (RV), left ventricle (LV) and the 

forming interventricular septum (S).  B)  Overlay of Hoechst nuclear stain with ANP 

(green).  Strong ANP immunolabelling was detected in the trabeculae of the left 

ventricle, which corresponds to the region indicated by the letter T.  ANP 

immunoreactivity was also detected in luminal projections of the atrial chambers 

(arrows).  In the trabeculae of the right ventricle, ANP was also detectable, albeit at lower 

levels compared to the left ventricle. ANP was generally excluded from the compact 

myocardium (corresponding to the region indicated by the letter C) of both the left and 

right ventricles.  The inset, corresponding to the boxed area, more clearly demonstrates 

the strong labelling of ANP in the trabeculae (T), and its exclusion from the adjacent 

interventricular septum (S) and the compact myocardium (C).   
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4.3.4:  Spatial expression pattern of immunoreactive ANP in the left ventricle of the 

E14.5 heart.  A) Sagittal section (2-chamber view) of the left ventricle of the E14.5 heart 

stained with Hoechst nuclear dye (blue) and showing the left atrium (LA) and the left 

ventricle (LV).  B) Overlay of Hoechst nuclear stain with ANP (green).  ANP labelling 

was strong in the trabeculae (region indicated by the letter T), but was generally absent 

from the thickening compact layer (region indicated by the letter C).  The inset, 

corresponding to the boxed region, shows the strong labelling of ANP in the cells of the 

ventricular trabeculae.   
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Figure 4.3.5:  Detection of ANP in conditioned media samples from E11.5 

ventricular cell cultures by Western blot analysis.  A) Lane 1 and 2 are positive 

controls, where either 50ng (lane 1) or 100ng (lane 2) of synthetic ANP peptide were 

separated by electrophoresis on 16.5% SDS-polyacrylamide gels.   Lane 3 corresponds to 

conditioned medium collected from a ventricular cell culture following a 24 hour period.   

Lane 4 is a negative control (DMEM with10% FBS; equal amount of protein).  

Immunoreactive bands were detected at 17kD, corresponding to proANP (1-126), as well 

as at 3kD, corresponding to the proteolytically processed/biologically active form of ANP 

(99-126).  The band detected at 34kD is presumably a proANP dimer.  B)  In separate 

experiments, using shorter transfer time (17 minutes vs. 1 hour), more prominent 

immunoreactive bands could be detected at 3kD.  Lane 1 and 2 correspond to conditioned 

media samples collected from E11.5 atrial and ventricular cell cultures respectively. Lane 

3 corresponds to DMEM with 10% FBS.  N=4 independent experiments.   
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Figure 4.3.6:  Developmental gene expression profiles of the ANP high affinity 

receptors NPRA and NPRC.   The relative expression levels of NPRA and NPRC 

mRNA (normalized to GAPDH) were measured in cardiac ventricles at E11.5-Adult 

stages by real time quantitative PCR.  For each gene, E11.5 served as the reference (i.e. 

Expression=1.0) to which all other developmental stages were compared.  A)  Expression 

levels of NPRA were lowest at E11.5 and increased significantly by E14.5.  Expression 

levels of NPRA did not fluctuate significantly thereafter at E16.5, Neonatal or Adult 

stages.  B)  Expression levels of NPRC were highest at E11.5 and decreased significantly 

by E16.5.  A further reduction in NPRC expression also occurred at Neonatal and Adult 

stages compared to E14.5.  N=5-6 independent RNA extractions/developmental stage, 

analyzed in duplicate for each extraction.  Each bar represents mean ± SEM.  *p <0.05 

vs. E11.5;  # p <0.05 vs. E14.5, One- way ANOVA with Tukey post hoc test. 
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Figure 4.3.7:  Direct comparison of NPRA versus NPRC gene expression in the 

ventricles throughout cardiac development.   Side by side comparison of the relative 

expression of NPRA and NPRC from E11.5- Adult stages (same data presented in Figure 

4.3.6) more clearly demonstrates the receptor subtype switch that occurred from early to 

late developmental stages.  At E11.5, expression levels of NPRC were significantly 

higher compared to NPRA, while at E14.5 and E16.5 stages expression levels of NPRA 

and NPRC did not differ significantly from each other.  At the Neonatal stage, NPRA 

expression levels increased significantly and remained elevated at the Adult stage.  N=5-

6 independent RNA extractions/developmental stage, analyzed in duplicate for each 

extraction.  Each bar represents mean ± SEM. *p <0.05, two-tailed unpaired t-test. 
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Figure 4.3.8:  Western blot analyses of ventricular NPRA and NPRC protein at 

developmental and post-natal stages.   Tissue lysates prepared from ventricles at E11.5-

Adult stages were separated by electrophoresis on 12.5% SDS-polyacrylamide gels. 

Distinct bands were detected at 120kD and 66kD, corresponding to expected molecular 

weights of NPRA and NPRC respectively.   An apparent increase in NPRA levels 

occurred from E11.5 to E14.5 and a peak in expression was detected at the Neonatal 

stage.  Levels of NPRC were apparently higher at gestational stages (E11.5, E14.5 and 

E16.5) compared to post-natal stages (Neonatal and Adult).  Blots were stained with 

Napthol blue (Nap. Blue) as a loading control.  Blots presented are representative results 

obtained from Western blot experiments using tissue lysates from 2 independent protein 

extractions/developmental stage.   
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Figure 4.3.9:  Spatial expression pattern of immunoreactive NPRA and NPRC in the 

embryonic heart at E11.5.  Immunolabelling (3, 3’ Diaminobenzidine; DAB staining 

method)  of serial sections generated from E11.5 hearts revealed a broad expression 

pattern of both NPRA (A) and NPRC (B) that was strong in the trabecular (indicated by 

the letter T) and compact (indicated by the letter C) layers of the ventricles.   C)  Heart 

section subjected to DAB staining where primary antibodies were omitted.   RA=right 

atrium, RV=right ventricle, LV=left ventricle, EC=endocardial cushion. Scale 

bar=100µm.  
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4.3.10:  Schematic illustration of the principle of second messenger competitive 

immunoassays.  Second messenger assays for detecting cGMP and cAMP relied on the 

same general principle.  For simplicity, only the cGMP second messenger assay is 

described herein.  In the first step of the assay, dispersed cells were incubated with ANP 

to stimulate production of cGMP.  In the second step, competition was initiated between 

endogenous cGMP and a d2-dye labelled cGMP analogue for binding sites on anti-cGMP 

monoclonal antibodies labelled with the energy acceptor Cryptate. The specific signal 

(designated Delta F) which occurred due to the energy transfer between the d2-cGMP 

and Cryptate was inversely proportional to the concentration of endogenous cGMP 

contained within the experimental sample.  Delta F values could then be extrapolated 

from a cGMP standard curve to deduce cGMP concentrations in each experimental 

sample.  
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Figure 4.3.11: Generation of the cGMP standard curve. A) The cGMP standard curve 

was generated by plotting the Delta F values obtained from standards with known cGMP 

concentrations and covered an average range of 0.49-500nM (final concentration of 

cGMP/well). B)  Table displaying the concentration of each of the provided standards as 

well as the corresponding Delta F values obtained experimentally. The dotted line 

represents the average basal level of cGMP measured from 64,000 E11.5 ventricular 

cells.  Each point in (A) represents the mean of two independent experiments performed 

in duplicate wells.  
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Figure 4.3.12: Cell density optimization for cGMP competitive immunoassays.  To 

determine the optimal cell density for cGMP competitive immunoassays, a range of 

E11.5 ventricular cell densities were tested in the presence or absence of ANP (1µg/ml).  

Optimal cell density was selected based on the following criteria: 1) basal level of cGMP 

production was within the linear range of the standard curve (See Figure 4.3.11)  and 2) a 

maximal increase in signal amplitude between inactivated state (basal cGMP production), 

and activated condition (ANP stimulated cGMP production) was achieved.  Using these 

selection criteria an optimal cell density of 64,000 cells per well was determined and used 

for all subsequent experiments.  Data are representative of N=2 independent experiments.  

Each data point is the average value obtained from duplicate wells.   
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Figure 4.3.13: The effects of exogenous ANP on cGMP production in E11.5 

ventricular cells.  To determine the effects of exogenous ANP treatment on cGMP 

production, acutely isolated E11.5 cells were stimulated with various concentrations of 

ANP (1-1000ng/ml), and cGMP levels were measured using a competitive immunoassay 

(see Figure 4.3.10). The level of cGMP measured under basal conditions was 19.1 ± 2.6 

nM/ 64,000 cells. Basal levels from each experiment were set to a value of 1.0 and data 

represent fold change in cGMP concentration in response to different doses of ANP.  

Stimulation with either 1ng/ml or 10ng/ml did not result in a significant increase in 

cGMP production compared to control.  By contrast, 100ng/ml ANP was able to induce a 

significant 1.4 fold increase in cGMP production. N=5 independent experiments, 

performed in duplicate wells. Each bar represents mean ± SEM. *p <0.05, One- way 

ANOVA with Tukey post hoc test.  
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Figure 4.3.14: Generation of the cAMP standard curve. A)  The cAMP standard curve 

was generated by plotting the Delta F values obtained from standards with known cAMP 

concentrations and covered an average range of 0.17-712 nM (final concentration of 

cAMP/well). B)  Table displaying the concentration of each of the provided standards as 

well as the corresponding Delta F values obtained experimentally.  The dotted line 

represents the average basal level of cAMP measured from 4,000 E11.5 ventricular cells.  

Each point in (A) represents the mean of two independent experiments performed in 

duplicate wells.  
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Figure 4.3.15: Cell density optimization for cAMP competitive immunoassays.  To 

determine the optimal cell density for cAMP competitive immunoassays, a range of 

E11.5 ventricular cell densities were tested in the presence or absence of the direct 

adenylyl cyclase activator forskolin (FSK; 1µM).  Optimal cell density was selected 

based on the following criteria: 1) basal level of cAMP production was within the linear 

range of the standard curve (See Figure 4.3.14)  and 2) a maximal increase in signal 

amplitude between inactivated state (basal cAMP production), and activated condition 

(FSK stimulated cAMP production) was achieved.  Using these selection criteria an 

optimal cell density of 4,000 cells per well was determined and used for all subsequent 

experiments.  Data are representative of N=2 independent experiments.  Each data point 

is the average value obtained from duplicate wells.   
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Figure 4.3.16: The effects of exogenous ANP on cAMP production in E11.5 

ventricular cells. To determine the effects of exogenous ANP treatment on cAMP 

production, acutely isolated E11.5 cells were stimulated with various concentrations of 

ANP (1-100ng/ml), and cAMP levels were measured using a competitive immunoassay 

(see Figure 4.3.10).  Under basal conditions, the level of cAMP in E11.5 cells was 7.3 ± 

1.6nM.  Basal levels (0ng/ml) from each experiment were set to a value of 1.0 and data 

represent fold change in cAMP concentration in response to different doses of ANP.  

Compared to basal, ANP (1-100ng/ml) had no effect on levels of cAMP production.  By 

contrast, stimulation with ISO (100nM) alone was able to induce a ~ 4 fold increase in 

cAMP levels. When cells were co-treated with ISO (100nM) and ANP (100ng/ml), a 

modest reduction in cAMP production compared to ISO alone was observed but this 

result was not statistically significant. N=4 independent experiments, performed in 

duplicate wells. Each bar represents mean ± SEM. *p <0.05 vs. basal, One way ANOVA 

with Tukey post hoc test.  
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Figure 4.3.17:  Determination of the mitotic index in regions of high and low 

immunoreactive ANP. A) Co-immunolabelling of E11.5 ventricular sections with 

specific antibodies against ANP (green) and the mitotic marker PH3 (red) revealed an 

observably lower number of PH3
+
 nuclei in the ANP

+ 
trabecular myocardium (delineated 

by the dashed line) of the left ventricle (LV) compared to the ANP
-
  compact layer. B)  In 

the right ventricle (RV), ANP
+ 

and ANP
-
 regions were difficult to discern, but an 

apparently lower number of PH3
+
 nuclei were observed in the trabecular myocardium 

(delineated by the dashed line) compared to the compact layer.  C) The mitotic index 

(percentage of PH3
+
 nuclei/ total nuclei of the specified region) in the left ventricle was 

significantly lower in the ANP
+ 

vs. ANP
-
 regions.  In the right ventricle, the trabecular 

myocardium displayed a lower mitotic index compared to the compact layer.  N= 9 

ventricular sections generated from 3 separate E11.5 embryos. Each bar represents mean 

± SEM. *p <0.05, two-tailed unpaired t-test. Scale bar= 50µm.  
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Figure 4.3.18: Effects of exogenous ANP on proliferation of E11.5 cardiac 

progenitor cells and cardiomyocytes. Using a [
3
H] - thymidine incorporation assay, the 

labelling index (LI; percentage of cells in the S-phase out of the total number of cells in 

the defined cell population) was determined in the cardiac progenitor cell (CPC) and 

cardiomyocyte (CM) populations from E11.5 primary ventricular cell cultures.  A)  In the 

CPC population (β-gal
+
/MF20

-
), increasing concentrations of ANP were associated with 

a decline in LI compared to control cultures (0ng/ml) which reached statistical 

significance at the 100ng/ml concentration.  In cultures pre-incubated with the 

NPRA/NPRB antagonist A71915, the reduction in proliferation associated with 100ng/ml 

ANP in the CPC population was abolished.  B)  In the cardiomyocyte population (β-

gal
+
/MF20

+
) LI did not vary between control and any of the ANP concentrations tested.  

Pre-incubation with A71915 also had no effect on the cardiomyocyte population. N=3 

independent experiments/treatment group, ~ 500 cells counted/experiment. Each bar 

represents mean ± SEM. *p<0.05, One-way ANOVA with Tukey post hoc test.  
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CHAPTER 5:  INVESTIGATION OF ANP/NPRA SIGNALLING IN 

DEVELOPMENT OF THE VENTRICULAR CONDUCTION 

SYSTEM  

 

 

5.1   Background and Hypothesis 

Pioneering work using lineage tracing techniques in the developing chick heart 

demonstrated that working cardiomyocytes and conduction system cardiomyocytes are 

derived from a common pool of myogenic progenitor cells (Gourdie et al., 1995).   

Consistent with this discovery, our group tracked the differentiation of Nkx2.5
+
 CPCs 

isolated from E11.5 mouse ventricles in vitro and demonstrated that these cells were 

capable of forming both working cardiomyocytes and putative conduction system 

cardiomyocytes expressing lineage specific molecular markers (McMullen et al., 2009).    

Several lines of evidence have been presented showing that cells within the 

ventricular trabeculae withdraw from the cell cycle and enter terminal differentiation 

pathways earlier than cells in the surrounding compact myocardium (Viragh and 

Challice, 1982; Gourdie et al., 1995; Sedmera et al., 2003).    Furthermore, work in this 

thesis has demonstrated that the low mitotic index in the ventricular trabeculae is 

spatially associated with regions of high immunoreactive ANP in the left ventricle and 

that CPCs exposed to exogenous ANP undergo a reduction in cell cycle activity (Chapter 

4 Figures 4.3.17 and 4.3.18)     Based on this knowledge, we next asked the question as to 

whether this ANP mediated reduction in CPC proliferation could be coupled to 

preferential differentiation toward the cardiac conduction system (CCS) lineage.  

Previously, the secreted endothelial/endocardial proteins endothelin-1(ET-1) and 

neuregulin-1(NRG-1) were identified as paracrine factors involved in specification of the 
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ventricular CCS of chick and mouse (Gourdie et al., 1998; Rentschler et al., 2002; Patel 

and Kos, 2005).   Thus, we hypothesized that ANP is a secreted factor involved in 

specification and/or differentiation of ventricular cardiac conduction system 

cardiomyocytes.   

 

5.2   Specific Aims 

 

1.  Determine whether ANP receptor mediated signalling has any effect on conduction 

system gene expression. 

 

2.  Characterize ventricular conduction system development in mice lacking NPRA.   

3.  Assess conduction system function in adult mice lacking NPRA.     

 

 

 

5.3   Results 

 

5.3.1   Fluorescence Visualization of ANP Positive Cells by Monitoring                      

β-Galactosidase Activity Controlled by ANP Promoter 

 

The ANF-LacZ (designated here as ANP-LacZ) transgenic mouse model was 

generated by inserting a LacZ reporter gene under the transcriptional control of the ANP 

promoter into the genome (Habets et al., 2002).    Chromogenic or fluorogenic β-

galactosidase (β-gal) substrates can then be used to monitor ANP promoter activity.   The 

fluorogenic β-gal substrate, fluorescein di β-D- galactopyranoside (FDG) has been used in 

conjunction with fluorescence-activated cell sorting (FACS) as a highly sensitive 

fluorescence-based assay of β-gal activity (Nolan et al., 1988).  This assay relies on 

sequential hydrolysis of non-fluorescent FDG by β-gal first to fluorescein 



 154 

 

monogalactosidase (FMG), and then to the highly fluorescent fluorescein (Rotman et al., 

1963).   

To determine the level of fluorescent signal associated with FDG, whole 

ventricles from ANP-LacZ
+
 and ANP-LacZ

-
 embryos from the same litter were incubated 

in FDG solution and subsequently examined by fluorescence microscopy (Figure 

5.3.1A&B).   The genotype of each embryo was determined by incubating the atria for 30 

minutes in X-gal solution (chromogenic β-gal substrate) (data not shown).  In the ANP-

LacZ
+
 ventricles, a strong green fluorescent signal could be detected after a 15 minute 

incubation period with FDG (Figure 5.3.1A).  By contrast, after 15 minutes, ANP-LacZ
-
 

hearts had only faint background signal when examined at the same exposure as ANP-

LacZ
+
 hearts (Figure 5.3.1B).  

  

5.3.2   Determination of Conduction System Marker Gene Expression in the ANP 

Expressing Cell Population   

 

To determine whether expression of conduction system genes were enriched in 

the ANP
+
 cell population of the E11.5 heart, the ANP-LacZ mouse model was employed 

to isolate ANP
+
 from ANP

-
 cells by FACS.  Total RNA was then extracted from these 

two distinct cell populations, converted to cDNA sequences and analyzed for conduction 

system marker gene expression by qPCR.   The atria from each E11.5 heart was also 

dissected and placed in X-gal for 30 minutes to confirm β-gal activity in ANP-LacZ
+
 

hearts.  Only the ventricles corresponding X-gal
+
 atria were used for FACS.    

 For each experiment, a control cell population (ANF-LacZ
+
 cells, not incubated 

with FDG) was used to set the autofluorescence compensation level (Figure 5.3.2A&B).   
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In these control experiments, a single peak was observed corresponding to the level of 

background fluorescence, and this data was used to set the threshold fluorescence value 

for sorting experimental (FDG stained) cell populations into ANP
+
 and ANP

-
 groups.   

FACS analysis of FDG stained cells revealed a single peak that was shifted to the right 

compared to unstained controls indicating β-gal mediated hydrolysis of FDG to 

fluorescein had occurred (Figure 5.3.2D).   Sorted cells were separated into two sub-

populations based on high or low fluorescence and designated as either 1) ANP high 

expression (designated ANP
+
) or 2) ANP low expression (designated ANP

-
).     

Analysis of the conduction system marker genes Cx40 and HCN4 revealed that 

the ANP
+
 cell population had a 3.7 fold higher expression of Cx40 and a 2.8 fold higher 

expression of HCN4 compared to the ANP
-
 population (Figure 5.3.3A&B).   In parallel 

experiments, to confirm the presence of Cx40 protein in ANP
+
 cells, ANP-LacZ primary 

cultures were incubated with X-gal and subsequently immunolabelled with Cx40 

antibodies (Figure 5.3.4).  In addition, these cells were also immunolabelled with MF20 

antibodies against sarcomeric myosin to specifically identify cardiomyocytes.  Consistent 

with FACS data, it was discovered that the majority of cardiomyocytes expressing ANP 

(X-gal
+
/MF20

+
) had clearly visible Cx40 labelling along the margins between adjacent 

cells (Figure 5.3.4).   By contrast, Cx40 labelling was rarely observed in X-gal
-
 cells 

(Figure 5.3.4).    
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5.3.3    Effects of Exogenous ANP Treatment on Conduction System Marker Gene 

Expression 

 

 To determine whether the observed co-expression of ANP with conduction 

system marker genes could be due to direct inductive effects of ANP, E11.5 ventricular 

cultures were incubated with ANP (100ng/ml) for 24 hours and subsequently analyzed 

for fluctuations in expression of Cx40 and HCN4 mRNA compared to vehicle (H20) 

treated controls (expression=1.0) by qPCR analyses.  This concentration of ANP was 

selected based on the anti-proliferative effects of 100ng/ml on E11.5 CPCs demonstrated 

previously (Chapter 4, Figure 4.3.18).   Compared to vehicle treated controls, ANP was 

not associated with any significant difference in the gene expression levels of either Cx40 

or HCN4 (Figure 5.3.5A&B).    

Thus far, data presented in Chapter 5 have demonstrated that expression of the 

conduction system marker genes Cx40 and HCN4 were enriched in the ANP
+
 population, 

2) immunoreactive Cx40 is present in individual ANP
+
 cardiomyocytes and 3) ANP did 

not have a direct inductive effect on expression of either Cx40 or HCN4 under our 

specific experimental conditions.   

 

5.3.4   Expression of Proliferation and Conduction System Marker Genes in 

Ventricles of E14.5 Embryos Lacking NPRA   

 

As an alternative approach to assessing the specific involvement of ANP/NPRA 

signalling system in development of the ventricular conduction system, we employed a 

previously established knockout mouse model in which the Npr1 gene encoding NPRA 

was globally disrupted to generate a non-functional allele (Oliver et al., 1997).   
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 Previously, it was reported that NPRA null (NPRA
-/-

) offspring were observed at a lower 

than expected Mendelian frequency beginning at E16.5 (Scott et al., 2009).  Similarly, in 

our hands, genotyping of offspring from heterozygous (NPRA
+/-

) breeding pairs revealed 

a significantly lower than expected proportion of NPRA
-/-

 animals (35.3% NPRA
+/+

; 

57.4% NPRA
+/-

, 7.3% NPRA 
-/-

) at the time of weaning (~3 weeks) (Figure 5.3.6A), thus 

indicating a penetrance of ~70% mortality of NPRA
-/-

 animals from our colony.  

Currently, it remains unknown whether increased mortality associated with germ-line 

ablation of the Npr1 gene is associated with altered proliferation/differentiation kinetics 

during cardiogenesis.  To gain insight into this issue, we compared expression levels of a 

panel of cell cycle genes and conduction system lineage marker genes from ventricles of 

NPRA
+/+

, NPRA
+/- 

and NPRA
-/-

 E14.5 embryos.  This developmental stage was selected 

for these analyses based on the following rationale:  1)  due to relatively small litter sizes 

obtained from heterozygous crosses,  it was technically challenging to acquire a sufficient 

number of ventricles from each genotype at earlier developmental stages such as E11.5.   

2)  By E14.5 the ventricular conduction system has undergone structural and functional 

maturation and overall proliferation rates in the E14.5 myocardium are significantly 

lower compared to E11.5 (Soonpaa et al., 1996).  Thus, altered expression of 

proliferation/differentiation markers at this stage would likely be reflective of abnormal 

cardiac development.   

Genotyping of E14.5 embryos used for gene expression analyses revealed that at 

E14.5, survival of NPRA
-/-

 did not deviate from expected frequencies (21.4% NPRA
+/+

; 

51.8% NPRA
+/-

, 26.8% NPRA 
-/-

) (Figure 5.3.6B).  Quantitative analyses of gene 

expression of selected cell cycle genes (by qPCR) did not reveal any significant 
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differences between the three genotypes (NPRA
+/+

, NPRA
+/- 

and NPRA
-/-

) (Figure 

5.3.7A-D).  Intriguingly, however, compared to NPRA
+/+

 (expression=1.0), trends toward 

reduced expression of conduction system markers Cx40 and HCN4 were observed in 

NPRA
+/-

 and NPRA
-/-

 ventricles and appeared to be dependent on Npr1 gene dosage 

(Figure 5.3.8A&B).    Furthermore, ANP mRNA was significantly upregulated ~2.5 fold 

in NPRA
-/-

 ventricles compared to ventricles from either NPRA
+/+

 or NPRA
+/-

 embryos 

(Figure 5.3.9).   

  

5.3.5   Visualization of Ventricular Conduction System Development using the 

Cx40
egfp 

Knockin Mouse Model   

 

 Investigations into the effects of particular genetic or environmental factors on 

CCS development has been greatly enhanced by the development of mouse models 

harboring  reporter transgenes expressed specifically in either components or the entire 

conduction system.  In the embryonic heart, Cx40 expression is expressed in the 

trabecular network (putative ventricular conduction system) and is gradually restricted to 

the Purkinje fibers of the mature heart while being excluded from surrounding working 

cardiomyocytes (Miquerol et al., 2004; Miquerol et al., 2010).   Thus, the Cx40
egfp

 mouse 

model, in which the vital enhanced green fluorescent protein (EGFP) is expressed under 

the control of the Cx40 gene (Miquerol et al., 2004), is particularly useful for studying 

the development of the ventricular conduction system.   Recently, we have established a 

colony of Cx40
egfp

 mice and confirmed previously reported EGFP expression patterns in 

E11.5 embryos and neonatal pups (Miquerol et al., 2004).  Specifically, histological 

analyses of E11.5 embryos revealed strong EGFP signal in the atrial chambers as well as 
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the trabecular myocardium of the left ventricle and to a lesser extent in the trabeculae of 

the right ventricle (Figure 5.3.10A).  Additionally, EGFP signal was detected in vascular 

endothelial cells. 

Hearts from neonatal day 1 (ND1), pups examined by whole mount microscopy 

revealed strong EGFP signal in both atrial chambers and the coronary vasculature (Figure 

5.3.10B).   In the ventricles, EGFP signal could be detected from the exterior surface in 

regions corresponding to the underlying ventricular chambers but remained absent from 

the ventricular septum (Figure 5.3.10B).   Incisions along the ventricular free wall were 

made to enable better visualization of the inner septal surface as well as the inner free 

wall of each ventricle (Figure 5.3.10C).   Using this method, a broad network of EGFP
+
 

fiber-like bundles were observed extending in a parallel fashion from the base of left 

ventricular septum that corresponded to the left bundle branch  (LBB) (Figure 5.3.10C).  

As the LBB extended toward the apex of the left ventricle, it gave rise to an extensive 

network of overlapping Purkinje fibers that formed a honeycomb like pattern within the 

ventricular free wall (Figure 5.3.10C).   Examination of the right ventricle of ND1 pups 

revealed that the right bundle branch was composed of only a single fiber bundle that 

branched into a Purkinje fiber network that was not as extensive as that observed in the 

left ventricle (data not shown).     

 

5.3.6   Using the Cx40
egfp

 Model to Characterize Ventricular Cardiac Conduction 

System Development in Mice Lacking NPRA    

 

Previously, it was shown that mice haploinsufficient for the cardiac transcription 

factor Nkx2.5 displayed a hypoplastic Purkinje fiber network which was visualized using 
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the Cx40
 
EGFP expression pattern (Jay et al., 2004; Meysen et al., 2007).  Furthermore, 

electrocardiogram (ECG) analyses of Cx40
egfp/+

/Nkx2.5
+/-

 mice revealed 

electrophysiological abnormalities, including a prolonged QRS interval, that were 

consistent with Purkinje fiber abnormalities (Jay et al., 2004).  Recently, we initiated 

breeding schemes between homozygous Cx40
egfp/egfp

 mice with NPRA
+/- 

mice to generate 

compound Cx40
egfp/+

/ NPRA
x/x

 offspring.   Subsequent crosses between these F1 progeny 

were generated in an effort to obtain F2 embryos/pups harboring a single copy of Cx40 

EGFP and a variable copy number of the NPRA gene.   Thus far, E11.5 timed pregnant 

females have yielded Cx40
egfp/+ 

embryos that were also NPRA wildtype (NPRA
+/+

) or 

heterozygous (NPRA
+/-

), but not homozygous (NPRA
-/-

).   Histological analyses of these 

embryos revealed that the EGFP expression patterns did not appear to be different 

between NPRA
+/+

 and NPRA
+/-

 hearts (as seen in Figure 5.3.10A).     

Similar to the situation at E11.5, breeding schemes have thus far failed to yield 

any Cx40
 egfp/+

/ NPRA
-/-

 pups (15 pups, from 2 litters).  However, preliminary 

comparisons of EGFP expression patterns between Cx40
egfp/+

/
 
NPRA

+/+
 and Cx40

egfp/+
/
 

NPRA
+/-

 new born pups appeared to reveal some potentially significant differences.   In 

the ventricles of Cx40
egfp/+

 /NPRA
+/+

 hearts, the LBB was readily observed and was 

continuous with an extensively arborized Purkinje fiber network as described above 

(Figure 5.3.10C).  Intriguingly, in 1 out of the 6 Cx40
egfp/+

/ NPRA
+/- 

 pups examined, the 

individual fibers of the LBB appeared thinner and the overall network along the septal 

wall appeared far less dense compared to Cx40
egfp/+

/ NPRA
+/+

 littermates (Figure 

5.3.11B).   In some regions, there also appeared to be only minimal continuity between 

the LBB and the Purkinje fiber network (Figure 5.3.11B).  Moreover, the extensive 
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honeycomb pattern of the Purkinje fiber network observed in Cx40
egfp/+

/ NPRA
+/+

 

ventricles appeared to be far less extensive in the ventricles of this Cx40
egfp/+

 /NPRA
+/- 

pup (Figure 5.3.11B).   

 

5.3.7   Electrocardiogram (ECG) Analyses of Mice Lacking NPRA 

 

Initial generation and characterization of Npr1
-/-

 mice revealed that these animals 

displayed cardiac hypertrophy and fibrosis as well as impaired hemodynamic parameters 

assessed by echocardiography (Oliver et al., 1997).  To extend these observations, we 

performed electrocardiographic (ECG) analyses on surviving  NPRA
-/-

 mice as well as 

NPRA
+/- 

and NPRA
+/+

 littermates at 3-5 months of age to gain insight into whether Npr1 

ablation was associated with overt rhythm  abnormalities.  Salient features of a typical 

ECG recording include a P-wave that corresponds to depolarization of the atrial 

chambers, followed by a QRS complex corresponding to depolarization of the ventricles.  

In NPRA
+/+

 and NPRA
+/-

 mice the P-wave was always readily observable, while the P-

wave of  NPRA
-/- 

mice tended to be smaller in amplitude and more difficult to detect 

(Figure 5.3.12).    Compared to either NPRA
+/+

 or NPRA
+/-

 mice, the QRS amplitude 

tended to be greater and prolonged in NPRA
-/- 

mice, while heart rate did not differ 

between any genotypes (Figure 5.3.12).  In addition, prolonged P-R interval was 

observed in 1 out of 3 NPRA
+/-

 mice (Figure 5.3.12C), but did not reach statistical 

significance.   No indications of arrhythmic beats were observed in ECG recordings from 

any of the genotypes under baseline conditions.   To determine whether arrhythmic 

activity could be triggered by sympathetic activation, ECG recordings were also captured 

following injection of dobutamine (1.5µg/g; injected IP)(Wiesmann et al., 2001).   
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Following administration of dobutamine, there was a predictable increase in heart rate 

from mice with each genotype (Figure 5.3.13).  In addition, evidence of isolated periods 

of irregular electrical activity (e.g. abnormal/skipped beats) following injection of 

dobutamine was observed at low frequency (incidence of ~3 events per mouse per 20 

minute recording) in  NPRA
-/-

 and NPRA
+/-

  but not in NPRA
+/+

 mice (Figure 5.3.14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 



 163 

 

 

 

Figure 5.3.1: Visualization of ANP-LacZ expression by fluorescent β-

galactosidase substrate fluorescein di β-D- galactopyranoside (FDG).  Whole 

ventricles from either ANP-LacZ
+
 (A) or ANP-LacZ

-
 (B) hearts were incubated in 

FDG for 15 minutes, and then imaged by fluorescence microscopy. In ANP-

LacZ
+
 hearts, the green fluorescent signal was readily detectable and was not 

uniform throughout the entire heart. In ANP-LacZ
-
 hearts, there was only a faint 

signal observed.    
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Figure 5.3.2: Representative Fluorescence Activated Cell Sorting (FACS) 

experiment using E11.5 ventricular cells from ANP-LacZ
+
 embryos.   The top panel 

(A&B) corresponds to a representative control experiment in which cells from E11.5 

ANP-LacZ
+
 ventricles were not treated with fluorescein di β-D- galactopyranoside (FDG) 

prior to FACS. The bottom panel (C&D) corresponds to a parallel experiment in which 

cells from E11.5 ANP-LacZ
+
 ventricles were incubated with (FDG).   For control 

experiments, each dot in the outlined area seen in (A) corresponds to a single viable cell.  

The fluorescence intensity for each cell event is shown in (B) and corresponds to the 

background fluorescence.   In FDG treated cells, there was a rightward shift in the overall 

fluorescence intensity of the cell population (D).   A threshold fluorescence level was set 

based on the control experiments (vertical black line), and each individual cell was sorted 

based on whether fluorescence intensity was higher or lower than the threshold 

fluorescence value.  The cell population with high fluorescence was designated as ANP
+
, 

while the population with low fluorescence was designated as ANP
-
.   
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Figure 5.3.3:  Gene expression analysis of ANP
+
 and ANP

-
 cell populations obtained 

from fluorescence activated cell sorting (FACS) of E11.5 ventricular cells.   E11.5 

ANP-LacZ ventricular cells were dispersed and incubated in FDG to identify cells 

expressing β-galactosidase (indicative of ANP promoter activity), and separated by 

FACS into populations of high ANP expression (designated ANP
+
) and low ANP 

expression (designated ANP
-
).  The relative expression levels of Cx40 and HCN4 

(normalized to GAPDH) were measured in ANP
+
 and ANP

-
 cells by real time 

quantitative PCR.  Gene expression in the ANP
+
 population served as the reference (i.e. 

expression=1.0). In the ANP
+
 population there were significantly higher levels of 

expression of conduction system marker genes Cx40 (A) and HCN4 (B) compared to the 

ANP
-
 cell population.  N=4 independent experiments, analyzed in duplicate for each 

experiment. Each bar represents mean ± SEM. *p <0.05, two-tailed unpaired t-test. 
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Figure 5.3.4:  Expression of Cx40 protein in E11.5 ANP-LacZ
+
 cells.   ANP-LacZ 

transgenic embryos were used to confirm expression of Cx40 in ANP
+
 cells (identified 

based on presence of blue chromogenic signal under brightfield microscopy).  A) Field of 

cells labelled with Hoechst nuclear stain.  B)  Same field of cells imaged by brightfield to 

reveal the presence of ANP
+
 (blue) and ANP

-
 cells.  C)  Antibodies against sarcomeric 

myosin (green) were used to confirm the identity of cardiomyocytes.  D) Overlayed 

image shows prominent Cx40 punctate labelling along the margins of ANP
+
 

cardiomyocyte clusters (arrows).  Conversely, Cx40 labelling was not observed in ANP
- 

cells (arrowhead).  Scale bar= 25µm.   
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Figure 5.3.5:  Effects of exogenous ANP on expression of conduction system marker 

genes Cx40 and HCN4.  Compared to vehicle (H2O) treated controls (Expression=1.0), 

the level of Cx40 (A) and HCN4 (B) gene expression did not vary significantly in 

response to exogenous ANP (100ng/ml), measured by qPCR.  N=4 independent 

experiments/treatment group, analyzed in duplicate for each experiment.  Each bar 

represents mean ± SEM. two-tailed unpaired t-test. 
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Figure 5.3.6:  Genotype distribution resulting from NPRA
+/-

 crosses at three weeks 

of age and E14.5.   A)  The relative genotype distribution of offspring resulting from 

heterozygous (NPRA
+/- 

X  NPRA
+/- 

) crosses revealed that only 7.3% of viable offspring 

harboured the NPRA
-/-

genotype at 3 weeks of age (expected Mendelian frequency=25%).  

B)  By contrast, 26.8% of E14.5 embryos resulting from heterozygous crosses had the 

NPRA
-/-

 genotype. The numbers in each bar represent the total number of mice/embryos 

with each genotype.  



 169 

 

 
 

 

 

 

 

 

 

 

 

Figure 5.3.7: Graphical summary of the effects of NPRA ablation on expression 

levels of cell cycle regulating genes in E14.5 ventricles.  Compared to the ventricles of 

wildtype embryos (NPRA
+/+

; expression=1.0), there were no changes in the gene 

expression levels of either the positive cell cycle regulators Cyclin D1 (A), Cyclin D2 (B) 

and Cyclin B1 (C) or the cell cycle inhibitor p21 (D) associated with NPRA
+/-

 or NPRA
-/-

 

genotype (analyzed by qPCR).  N=3 independent RNA extractions /genotype, each 

extraction analyzed in duplicate.  Each bar represents mean ± SEM. One-way ANOVA 

with Tukey post hoc test.  
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Figure 5.3.8:  Expression of conduction system marker genes Cx40 and HCN4 in 

ventricles of E14.5 embryos lacking NPRA.  Compared to the ventricles of wildtype 

embryos (NPRA
+/+

; expression=1.0), trends toward reduced expression of conduction 

system markers Cx40 (A) and HCN4 (B) were observed in NPRA
+/-

 and NPRA
-/-

 

ventricles and appeared to be dependent on Npr1 gene dosage, but did not reach 

statistical significance (analyzed by qPCR).  N=3 independent RNA extractions 

/genotype, each extraction analyzed in duplicate.  Each bar represents mean ± SEM. One-

way ANOVA with Tukey post hoc test.  
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Figure 5.3.9:  Expression of ANP in ventricles of E14.5 embryos lacking NPRA.   

Compared to wildtype (NPRA
+/+

; expression=1.0), a significant (~ 2.5 fold) increase in 

expression of ANP mRNA was observed in ventricles of NPRA
-/-

 embryos, but not in 

NPRA
+/-

 ventricles (analyzed by qPCR).  N=3 independent RNA extractions /genotype, 

each extraction analyzed in duplicate.  Each bar represents mean ± SEM. *p<0.05, One-

way ANOVA with Tukey post hoc test.  
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Figure 5.3.10: Visualization of ventricular conduction system development using the 

Cx40
egfp 

Knockin mouse model.  A) Coronal section of E11.5 Cx40
egfp/+  

heart revealed 

strong EGFP signal (corresponding to Cx40 expression) in the trabeculae (arrow) of the 

left ventricle (LV), while signal in the compact layer (arrowhead) was less prominent.  In 

the right ventricle (RV), overall EGFP signal was less intense compared to the left 

ventricle, but displayed a similar spatial expression pattern with the strongest signal being 

detected in the trabecular myocardium. Strong EGFP signal was also detected in the atrial 

myocardium (right atrium; RA is displayed in this micrograph).   B)  Whole mount 

examination of a neonatal day 1 Cx40
egfp/+ 

pup revealed strong EGFP signal in both atrial 

chambers (RA) and (LA) and the coronary vasculature of the ventricles (arrow).   In the 

left and right ventricles (LV and RV), EGFP signal could be detected from the exterior 

surface in regions corresponding to the underlying ventricular chambers but remained 

absent from the ventricular septum (S).   C)  An incision was made along the left 

ventricular free wall, and the each side was pulled back to expose the inner septal surface 

(delineated by the hashed line) as well as the inner surface of the left ventricular free wall 

(LVW).  Using this method, a broad network of EGFP
+
 fiber-like bundles was observed 

extending in a parallel fashion from the base of left ventricular septum that corresponded 

to the left bundle branch (LBB). As the left bundle branch extended toward the apex of 

the left ventricle, it gave rise to an extensive network of overlapping Purkinje fibers (PF) 

that formed a honeycomb like pattern within the ventricular free wall.  The inset, 

corresponding to the boxed region, more clearly demonstrates the honeycomb pattern 

(arrows).   Scale bar=100µM.   
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Figure 5.3.11:  Morphological characterization of conduction system development in 

mice lacking NPRA using the Cx40
egfp

 model.  A) In the left ventricles of neonatal day 

1 pups with Cx40
egfp/+

 /NPRA
+/+

 genotype, the left bundle branch (LBB) was readily 

observable and was continuous with an extensively arborized Purkinje fiber (PF) network 

(described in greater detail in Figure 5.3.10).  The inset, showing the boxed area, displays 

the typical honeycomb pattern that occured as a result of extensively overlapping 

Purkinje fibers.  B) In the left ventricle of 1 out of 6 Cx40
egfp/+

 /NPRA
+/-

 pups examined 

thus far, an abnormal, hypoplastic Purkinje fiber network was observed.  In some regions, 

there appeared to be only minimal continuity between the LBB and the Purkinje network 

within the left ventricular free wall (LVW) (arrows).  Moreover, the extensive 

honeycomb pattern of the Purkinje fiber network observed in Cx40
egfp/+

/ NPRA
+/+

 

ventricles appeared to be far less extensive in the ventricles of this Cx40
egfp/+

 /NPRA
+/- 

pup.  The inset, showing the boxed area, shows a higher magnification of the thin strand 

extending from the LBB to the PF network in the LVW.   
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Figure 5.3.12: Electrocardiographic analyses of mice lacking NPRA.  A)  

Representative electrocardiogram (ECG) recording from a wildtype (NPRA
+/+

) adult 

male mouse (~4 months old).  B-D)   Averaging views of ECGs measured from NPRA
+/+

, 

NPRA
+/-

 and NPRA
-/- 

adult male mice were generated by taking the average values from 

10 beats.  In NPRA
+/+

 (B) and NPRA
+/-

 (C) mice , the P-wave was always readily 

observable, while in NPRA
-/- 

mice (D) the P-wave tended to be smaller in amplitude and 

more difficult to detect. E-G) Compared to either NPRA
+/+

 or NPRA
+/-

 mice, the QRS 

interval was prolonged in NPRA
-/- 

 mice (E), while the heart rate did not vary between 

genotypes (F).  In addition, prolonged P-R interval was observed in 1 out of 3 NPRA
+/-

 

mice, but did not reach statistical significance. A summary of heart rate (BPM; beats per 

minute) and QRS data is summarized in (G).  N=5 NPRA
+/+

, 3 NPRA
+/-

 and 3 NPRA
-/- 

mice.  Each bar represents mean ± SEM. *p <0.05, One-way ANOVA with Tukey post 

hoc test.  
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Figure 5.3.13:  Electrocardiographic analyses of mice lacking NPRA following 

administration of dobutamine.  Following administration of dobutamine (1.5µg/g) to 

adult (3-5 month old) male mice, there was a predictable increase in heart rate in mice 

with each genotype (NPRA
+/+

 , NPRA
+/-

 and NPRA
-/- 

).  The average heart rate before 

and after dobutamine injection are listed under each ECG recording.  The data presented 

are single representative traces from a total of N=5 NPRA
+/+

, 3 NPRA
+/-

 and 3 NPRA
-/-  

mice.  
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Figure 5.3.14:  Evidence of irregular electrical activity triggered by sympathetic 

activation in mice lacking NPRA.  Electrocardiogram (ECG) analyses were recorded 

from adult (3-5 months old) male mice lacking NPRA to determine if sympathetic 

activation via injection of dobutamine (1.5µg/g) could trigger any arrhythmic activity.  

Following administration of dobutamine, there was evidence of isolated periods of 

irregular electrical activity in NPRA
+/-

 and NPRA
-/- 

mice manifested as abnormal/skipped 

QRS complexes, which occurred at an incidence of ~3 events per mouse per 20 minute 

recording. The data presented are representative traces from a total of N=5 NPRA
+/+

, 3 

NPRA
+/-

 and 3 NPRA
-/-  

mice. 
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CHAPTER 6:  DISCUSSION 

 

6.1   Summary of Results 

The overall aim of my doctoral thesis work was to characterize how specific 

factors regulate the proliferation and differentiation of cardiac progenitor cells (CPCs) 

and cardiomyocytes derived from the mouse embryonic ventricles at the developmental 

stage of E11.5.   In particular, our interest in deciphering the molecular features of CPCs 

and the factors regulating their ability to divide and differentiate was driven by the 

potential that CPCs hold for use in future cell based therapies for myocardial repair.   

To date, there is very little information regarding the beneficial or detrimental 

effects of cardiovascular drugs on cell transplantation therapies.   Results presented in 

this thesis provided evidence that exposure to nifedipine, a member of the 

dihydropyridine class of Ca
2+

 channel blockers, was associated with reduced cell cycle 

activity of CPCs and impaired assembly of the contractile apparatus in vitro.  

Furthermore, following transplantation of E11.5 cells (containing CPCs); a reduction in 

graft size was observed in the ventricles of mice receiving daily doses of nifedipine 

compared to untreated animals.    

Our efforts to characterize CPC proliferation and differentiation were also 

strongly motivated by the desire to provide novel insight into cellular mechanisms 

underlying proper heart formation.  Despite knowledge of the dynamic expression pattern 

of ANP in the ventricles during the developmental period, a specific role for this 

hormone/paracrine factor in cardiogenesis has yet to be described.   Results presented in 

this thesis provided evidence that ANP, via guanylyl cyclase linked receptor signalling 

pathways, caused a reduction in proliferation of E11.5 CPCs, suggesting that altered 
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proliferation kinetics during the developmental period could be a contributing factor to 

specific forms of congenital heart disease associated with dysregulated expression of 

ANP.   

 

6.2   The Effects of Ca
2+

 Channel Blockade on Proliferation and Differentiation of 

Cardiac Progenitor Cells 

 

6.2.1   Context 

 

In Canada, there are an estimated 70,000 heart attacks every year which equates 

to one heart attack every 7 minutes (Heart and Stroke, www.heartandstroke.ca).    

Furthermore, an estimated 500,000 Canadians are currently living with heart failure and 

50,000  new cases are diagnosed each year (Ross et al., 2006).    Despite significant 

improvements in pharmacological therapies and biomedical technologies, the prognosis 

for heart failure patients remains grim with a five year age-adjusted mortality rate of 45% 

(Ross et al., 2006).    For the most severe forms of cardiac dysfunction, heart 

transplantation remains the only effective therapy which can significantly improve 

longevity and quality of life (Copeland et al., 2004; Kasirajan et al., 2012).   However, 

the number of eligible patients has persistently exceeded the number of available donor 

hearts (McManus et al., 1993; Heim et al., 2013) thus necessitating the development of 

innovative new therapies which are more broadly accessible. To this end, donor cell 

transplantation has emerged as a promising strategy to improve heart function by 

replenishing the damaged myocardium with new cardiomyocytes (Zhang and Pasumarthi, 

2008).   

http://www.heartandstroke.ca/
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While there is no consensus on the most suitable cell type, CPCs possess several 

features which make them an attractive candidate including (i) cardiomyogenic potential 

(ii) high rates of proliferation and (iii) low risk of tumor formation.  According to 

Canadian clinical care guidelines, most patients who could benefit from cell 

transplantation therapy would be taking multiple cardiovascular drugs (McKelvie et al., 

2013), thus highlighting the need to characterize potential interactions between drugs and 

transplanted cells.   With this in mind, one of the primary aims of this thesis was to 

determine the effects of the DHP Ca
2+

 channel antagonist nifedipine on proliferation and 

differentiation of E11.5 CPCs in vitro and also assess the impact of systemic 

administration of nifedipine on graft size formation following transplantation of E11.5 

ventricular cells (containing CPCs) into adult recipient mice. 

 

6.2.2    Embryonic and Post-Natal Cardiac Progenitor Cells 

 

The heart is formed from mesodermal progenitor cells located in the bi-lateral 

cardiogenic fields in the regions of the anterior lateral plate mesoderm (Kirby, 2007).  

During the process of cardiac development, it is generally believed that these progenitor 

cells rapidly proliferate and simultaneously differentiate toward mature cardiovascular 

lineages including working cardiomyocytes, cardiac conduction system myocytes as well 

as vascular, endocardial and epicardial cell types (Buckingham et al., 2005).  Consistent 

with this notion, it was demonstrated that a sub-population of differentiating ES cells 

expressing the primitive streak marker brachyury and the vascular endothelial growth 

factor receptor 2 (VEGFR2, Flk-1) could give rise to cell lineages expressing endothelial, 

vascular smooth muscle and cardiomyocyte markers (Kattman et al., 2006).   Similarly, 
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molecular analyses of cells isolated from the anterior region of the neural plate and head 

fold stage embryos were shown to express cardiac, endothelial and vascular smooth 

muscle associated genes following expansion in culture (Kattman et al., 2006), providing 

evidence that multipotent cardiovascular progenitor cells also exist in vivo at early stages 

of cardiac development.   At the later developmental stage of E9.5, isolation of Nkx2.5
+
 

populations revealed that a sub-population of Nkx2.5
+
 progenitor cells were also positive 

for the stem cell factor receptor, c-kit (Wu et al., 2006).  Interestingly, these       

Nkx2.5
+
/c-kit

+
 cells were shown to be capable of differentiating toward the 

cardiomyocyte and vascular smooth muscle cell lineages, but did not express endothelial 

cell markers, indicating an early separation of the endothelial and myogenic lineages.  

Previous work from our laboratory demonstrated that at E11.5, the myocardial 

layer of the murine ventricles was composed of approximately 40% undifferentiated 

Nkx2.5
+
 CPCs and 60% cardiomyocytes expressing sarcomeric proteins (Zhang and 

Pasumarthi, 2007).    In addition, lineage tracing studies revealed that E11.5 Nkx2.5
+
 

CPCs retained the potential to differentiate toward both working cardiomyocytes and 

putative conduction system cardiomyocytes (McMullen et al., 2009).   Analyses at later 

developmental stages revealed a decline in the percentage of Nkx2.5
+
 CPCs, which were 

shown to represent only 7% of the myocardial cell population in the E18.5 myocardium, 

likely due to the progressive differentiation toward mature myocardial lineages.  Despite 

substantial evidence of undifferentiated cardiac stem/progenitor cells in the adult 

myocardium (Hierlihy et al., 2002; Beltrami et al., 2003; Oh et al., 2003; Martin et al., 

2004), it remains uncertain whether these cell populations are remnants from the 

embryonic heart or represent mesodermal progenitors which migrate to the heart from 
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other compartments such as the bone marrow.  Intriguingly, distinct, non-overlapping 

populations of adult progenitor/stem cell types appear to exist based on unique molecular 

signatures of internal and external cell surface markers including c-kit (Beltrami et al., 

2003), stem cell antigen 1 (Sca-1)(Oh et al., 2003) and the ATP-binding cassette 

transporter (Abcg2) (Martin et al., 2004), which raises further questions about the 

embryonic/post-natal origin of these cell populations.    

Regardless of their origin, common features of both embryonic and post-natal 

cardiac progenitors appear to be high proliferative capacity and the ability to differentiate 

toward mature cardiovascular lineages, making them attractive candidate cell types for 

myocardial repair.  Consistent with this idea,  recent Phase I clinical trials using 

autologous c-kit
+ 

adult cardiac stem cells (CSC) (Bolli et al., 2011) and cardiosphere 

derived stem cells (Makkar et al., 2012) demonstrated reduced infarct size in  patients 

suffering from ischemic heart disease or myocardial infarction.  However, the mechanism 

responsible for autologous stem cell mediated myocardial repair remains unclear. 

Results from this thesis, provided evidence that interactions between the 

pharmacological drug nifedipine and transplanted CPCs of embryonic origin had 

detrimental effects on grafting efficiency.  These results raise the possibility that similar 

effects would be observed following transplantation of CSCs or other transplanted cell 

types and thus highlights the need for a more rigorous examination of the interactions 

between a broader spectrum of commonly used pharmacological drugs and transplanted 

cell types.  



 185 

 

6.2.3   Intracellular Ca
2+

 Homeostasis and Cell Proliferation 

In the adult heart, Ca
2+

 is a versatile second messenger that is most recognized for 

its essential role in cardiomyocyte contraction via the EC coupling mechanism (Bers, 

2002).    More recently, however, the role of Ca
2+

 in signal transduction via “excitation-

transcription” coupling mechanisms has gained more attention and is recognized for its 

importance in regulating the hypertrophic response in pathological settings (Anderson, 

2000; Maier and Bers, 2002).   Among the Ca
2+

 activated proteins, Calmodulin (CaM) 

and Ca
2+

/CaM dependent protein kinases (CaMK) as well as the phosphatase Calcineurin 

(CaN) figure prominently.    For example, the transcription factors MEF2c and GATA4, 

which are involved in the hypertrophic process, have been shown to be activated by 

signalling cascades involving CaMK (Passier et al., 2000) and CaN (Molkentin et al., 

1998) respectively.    

Many of the same Ca
2+

 binding  proteins and Ca
2+

 sensitive transcription factors 

(e.g. MEF2c and GATA4) involved in hypertrophic signalling in the adult myocardium 

are also critically involved in the cardiogenic process by orchestrating the cardiac specific 

gene expression program (Puceat and Jaconi, 2005).  Accordingly, disruption of 

intracellular Ca
2+ 

homeostasis would be expected to disrupt the normal program of 

proliferation and differentiation of embryonic CPCs and cardiomyocytes.  Indeed, Porter 

and colleagues (2003) documented abnormal cardiac morphology following exposure of 

whole embryos (E7.5-E8.5) to the DHP Ca
2+

 channel antagonist nifedipine.   Similarly, 

exposure of early chick embryos to the non-DHP Ca
2+

 channel blocker diltiazem was 

associated with impaired cardiomyogenesis in posterior regions of the heart fields which 

contain a significant number of undifferentiated CPCs (Linask and Linask, 2010).   At the 
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cellular level, however, less is known about the effects of Ca
2+

 channel blockade on 

proliferation and differentiation kinetics of embryonic CPCs and cardiomyocytes.   To 

address this issue work in this thesis examined the effects of nifedipine on primary 

cultured CPCs and cardiomyocytes from the E11.5 murine ventricles.    

Using a tritiated-[
3
H] thymidine incorporation assay as an index of proliferation 

(LI), we observed that 10µM nifedipine was associated with a significant reduction in 

proliferation of E11.5 CPCs, but had no effect on cardiomyocytes.  By contrast, 100µM 

nifedipine essentially abolished proliferation in both the CPC and cardiomyocyte 

populations.    Based on these results, we speculated that E11.5 CPCs and 

cardiomyocytes may express different complements of voltage gated Ca
2+

 channels with 

varying sensitivities to DHP antagonists and that Ca
2+

 currents through these channels are 

linked to the cell cycle machinery.   Consistent with this view,  L-type Ca
2+

 channels,  

which are potently inhibited by  DHPs (IC50< 1µM) (Katzung, 2009), were expressed in 

the E11.5 ventricular myocardium  along with T-type Ca
2+

 channels, which are less 

potently inhibited by DHPs (IC50 10-100µM) (Kumar et al., 2002; Shcheglovitov et al., 

2005; Perez-Reyes et al., 2009).  Thus, it is possible that proliferation mechanisms in 

CPCs may rely more on Ca
2+

 influx via L-Type Ca
2+

 channels, while in cardiomyocytes; 

proliferation may be more dependent on T-type Ca
2+

 current.   Further support for this 

idea comes from our observation that Cav1.2 immunolabelling was more prominent in the 

plasma membranes of CPCs versus cardiomyocytes at the E11.5 stage.    While we did 

not perform immunolabelling using T-type Ca
2+

 channel antibodies, information from 

such experiments could provide additional insight into the relative contribution of 
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different voltage gated Ca
2+

 channels in regulating proliferation in cell subpopulations in 

the embryonic heart.   

 

6.2.4   Potential Mechanisms of L-Type versus T-type Ca
2+

 Channels in Regulating 

Proliferation 

 

 In various cell types, from both cardiovascular and non-cardiovascular origins, 

there is substantial evidence that T-type Ca
2+

 channels are critically involved in 

regulating proliferation, while L-type Ca
2+

 channels play a more minor role in this regard 

(Li et al., 2005; Panner and Wurster, 2006; Oguri et al., 2010).   For example, in neonatal 

rat ventricular cardiomyocytes, inhibition of T-type Ca
2+

 channels using either 50µM 

NiCl2, or 1µM mibefradil was associated with a reduction in glucose stimulated cell cycle 

activity, while 10µM nifedipine had no effect (Li et al., 2005).  Similarly, mibefradil (T-

type Ca
2+

 channel blocker) but not 10µM diltiazem (non-DHP L-type Ca
2+

 channel 

antagonist) was able to  effectively inhibit cell proliferation of serum stimulated 

pulmonary artery smooth muscle cells (Rodman et al., 2005).   Together, these reports 

highlight the specific involvement of T-type Ca
2+

 currents in regulating myocyte 

proliferation and are consistent with the view that T-type Ca
2+

 current may also be 

involved in regulating proliferation of E11.5 cardiomyocytes.    It should be noted, 

however, that a limitation to dissecting the cellular effects of T-type Ca
2+

 currents is the 

lack of specific T-type Ca
2+

 channel antagonists (Lory et al., 2006).  Because of this 

limitation, several studies have confirmed the specific involvement of T-type Ca
2+

 

channels in regulating proliferation by also using the siRNA approach to interfere with 

expression of specific T-type Ca
2+

 channel isoforms (e.g. Cav3.1 and/or Cav3.2)            
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(Li et al., 2005; Oguri et al., 2010).   Future work aimed at carrying out similar 

experiments in primary cultured E11.5 ventricular cell cultures would certainly be useful 

to confirm the specific involvement of T-type Ca
2+

 channels in modulating proliferation 

of CPCs and cardiomyocyte subpopulations.   

 While pharmacological and siRNA approaches targeting T-type Ca
2+

 channels 

have been shown to modulate cell proliferation, the underlying signalling mechanisms 

remain poorly defined.   The family of Cyclins, along with their catalytically active 

partners (Cyclin dependent kinases; CDK) are important regulators of cardiac cell 

proliferation during the embryonic period (Brooks et al., 1997; Hotchkiss et al., 2012).    

In various cell types, the activity and/or expression of Cyclins and CDKs has also been 

shown to be dependent on Ca
2+ 

sensitive upstream regulators including CaM (Kahl and 

Means, 2003; Koledova and Khalil, 2006) and phosphorylated extracellular signal-

regulated kinases (ERK) (Shukla et al., 2005; Schultz et al., 2006).  For example, 

depletion of intracellular Ca
2+  

levels in vascular smooth muscle cells was associated with 

reduced translocation of ERK to the nucleus, decreased expression of Cyclin D1 and 

delayed progression into the S-phase of the cell cycle (Shukla et al., 2005).   Conversely, 

depletion of intracellular Ca
2+

 stores was shown to increase the expression of CDK 

inhibitors (p21 and p27) and reduce expression of several Cyclins including Cyclin D1 in 

cultured C6 glioma cells (Chen et al., 1999).  Results presented in this thesis 

demonstrated that nifedipine was associated with a reduction in expression of Cyclin B1 

and also an increase in the expression of the CDK inhibitor p27 and thus implicate 

similar signalling systems in the regulation of embryonic cardiac cell populations.   In an 

effort to determine the specific upstream effectors which regulate expression of cell cycle 
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genes in E11.5 ventricular cells,  our group has generated preliminary data showing that 

Ca
2+

 channel blockade using 100µM (but not 10µM) nifedipine was associated with a 

drastic reduction in total phospho-ERK levels by Western blot analysis (data not shown).   

Future work aimed at examining the subcellular localization of specific proteins (e.g. 

CaM, CaMKII, phospho-ERK, Cyclins and CDKs) in CPCs and cardiomyocytes using 

the NCRL approach could provide valuable insight into the molecular mechanisms 

underlying proliferative control of embryonic CPCs and cardiomyocytes.   

 

6.2.5   The Effects of Nifedipine on the Assembly of the Contractile Apparatus  

Several of the same Ca
2+

 signalling cascades involved in regulating cell 

proliferation appear to be critical for proper assembly of sarcomeric units into the 

contractile apparatus of cardiomyocytes (Puceat and Jaconi, 2005).   For example, in 

neonatal rat ventricular myocytes,  depletion of intracellular Ca
2+

 using the chelator 

BAPTA/AM or pharmacological inhibition of myosin light chain kinase (MLCK), which 

is a Ca
2+

/CaM dependent enzyme (Sweeney et al., 1993), resulted in impaired sarcomeric 

organization (Aoki et al., 2000).   Similarly, impaired myofibrillogenesis was observed in 

ES-cell derived cardiomyocytes by using either the BAPTA/AM approach or by 

pharmacological inhibition of  CaMK (Li et al., 2002).   Interestingly, in both of these 

studies, myofibrillogenesis could be rescued by restoring cytosolic Ca
2+

 using Ca
2+

 

ionophores.   Consistent with these observations, work in this thesis demonstrated that 

pharmacological blockade of Ca
2+

 influx using nifedipine was associated with impaired 

myofibrillogenesis of E11.5 cardiomyocytes which was evaluated based on a reduction in 

cardiomyocyte size and overt disorganization of the contractile apparatus.  
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It is noteworthy that in our experiments, a similar degree of sarcomeric 

disorganization was observed in response to either 10µM or 100µM nifedipine.  Thus, 

while 10µM nifedipine was not sufficient to reduce cell cycle activity of E11.5 

cardiomyocytes (based on [
3
H]-thymidine experiments), this concentration was able to 

disrupt myofibrillogenesis, thus suggesting that distinct Ca
2+

 pools may be involved in 

regulating these two processes.   Interestingly, differentiation of cultured murine neuronal 

stem/progenitor cells was impaired following exposure to 5µM nifedipine (D'Ascenzo et 

al., 2006), implicating L-type Ca
2+

 current in regulating  transcriptional networks 

involved in the differentiation process in these cells and raising the possibility that similar 

mechanisms exist in embryonic cardiomyocytes.   If L-type and T-type Ca
2+

 channels do 

in fact have distinct regulatory roles in modulating proliferation and differentiation of 

embryonic cardiac cells, this is likely achieved by the specific spatial distribution of each 

Ca
2+

 channel isoform in the plasma membrane as well as the subcellular localization of 

specific Ca
2+ 

binding proteins and enzymes. 

To investigate potential molecular mechanisms underlying impaired E11.5 

cardiomyocyte differentiation, we examined the effects of nifedipine on expression of a 

panel of cardiogenic transcription factors GATA4, Hand2, MEF2c and Tbx5 (Song et al., 

2012).   While a modest, but significant, reduction in expression of Tbx5 was observed in 

response to 100µM nifedipine, expression of GATA4, MEF2c and Hand2 remained 

unchanged.   Aside from gene expression levels, the subcellular localization of 

transcription factors is a key determinant of their transcriptional activity.  Previously, it 

was shown that disruption of intracellular Ca
2+

 homeostasis in embryonic cardiomyocytes 

was associated with  mislocalization of MEF2c in the cytoplasm and a reduction in 
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expression of MEF2c target genes including MLC2v (Lynch et al., 2005).   Consistent 

with these findings, our data showed that in response to 100µM nifedipine, MEF2c was 

absent in the nucleus and was confined to the cytoplasm as small punctae.  Moreover, we 

also observed a decrease in the expression of the gene encoding ANP (Nppa), which is a 

known transcriptional target of MEF2 transcription factors (Morin et al., 2000), further 

supporting the view that mislocalized MEF2c in the cytoplasm contributes to impaired 

myofibrillogenesis in E11.5 cardiomyocytes in response to Ca
2+

 channel blockade.    

The concentrations of nifedipine (10µM and 100µM) used for experiments in this 

thesis were initially selected based on the report by Porter and colleagues (2003) which 

demonstrated that these concentrations of nifedipine (but not 1µM) were capable of 

eliciting a reduction in cardiac Ca
2+

 transients in cultured mouse embryos.  It should be 

noted, however, that these concentrations are considerably higher than reported plasma 

concentrations of various formulations of nifedipine.   Specifically, in a study comparing 

the pharmacokinetics of a once daily Gastro-Intestinal Therapeutic System (GITS) 

formulation of nifedipine to standard capsules or prolonged action tablets, the peak 

plasma concentration for each formulation was: (capsule: 196 ng/ml, prolonged action 

tablet: 85.5 ng/ml and GITS: 30.5 ng/ml) (Toal, 2004).   However, it is also important to 

note that the reported plasma concentrations of nifedipine with all of these formulations 

could be achieved only after administering single or multiple doses ranging from 10-60 

mg per individual.  The concentrations used in our cell culture experiments corresponded 

to either 3,463ng/ml (10µM) or 34,630ng/ml (100µM) of nifedipine.   Importantly, 

however, ~98% of nifedipine is bound to serum proteins under both in vivo and in vitro 

conditions (Rumiantsev et al., 1989) and thus biologically unavailable at its site of 
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pharmacological action (Meijer and Van der Sluijs, 1987).  Therefore, in our in vitro 

culture system where cells were grown in medium containing 10% FBS, it is likely that 

only a small fraction of the total drug added to the medium remained unbound from 

serum proteins and therefore may in fact be reflective of clinically relevant drug 

concentrations.   

 

6.2.6   The Effects of Systemic Administration of Nifedipine on Cell Transplantation  

 

One of the defining features of CPCs that makes them an attractive candidate to 

be used in transplantation therapies is their high rate of proliferation which could 

ultimately translate into larger graft size formation.  This concept of graft expansion due 

to proliferation in vivo was exemplified previously when grafts formed following 

transplantation of  ES-cell derived cardiomyocytes underwent a 7-fold increase in size 

over a 4 week period (Laflamme et al., 2005).  This dramatic increase in graft size was 

attributed to proliferation of transplanted cells based on their expression of cell cycle 

markers (Laflamme et al., 2005).   Work from our laboratory has also demonstrated that 

transplantation of E11.5 cells containing a significantly higher proportion of CPCs can 

repopulate diseased hearts at a higher efficiency compared to E14.5 cells (unpublished 

data, manuscript in preparation), which could be due to higher proliferative activity of 

CPCs compared to cardiomyocytes.    

Currently, there is scant information on the beneficial or detrimental effects of 

pharmacological compounds on the efficiency of cell transplantation therapies.  This 

information, however, is directly relevant to the field of regenerative medicine since most 

patients who could benefit from cell transplantation therapy would most likely be taking 
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multiple drugs based on recommended Canadian and international guidelines for 

managing chronic cardiovascular diseases (Hunt, 2005; McKelvie et al., 2013; McMurray 

et al., 2013).   In an effort to initiate investigations into this important issue, work from 

this thesis examined the effects of nifedipine on graft size formation following 

transplantation of E11.5 ventricular cells.  Nifedipine was selected for these experiments 

primarily based on the findings of Porter and colleagues (2003), which demonstrated that 

nifedipine mediated Ca
2+

 channel blockade was associated with impaired cardiogenesis 

and altered cardiac gene expression in whole mouse embryos exposed to this drug.   In 

addition, nifedipine was selected based on the much higher binding affinity of 

dihydropyridines for Ca
2+

 channels in the open and inactivated states which are achieved 

more frequently at depolarized membrane potentials (Hockerman et al., 1997; Katzung, 

2009).  Because embryonic cardiomyocytes display relatively high resting membrane 

potentials compared to mature cardiomyocytes (Sperelakis and Shigenobu, 1972; He et 

al., 2003), nifedipine was expected to inhibit Ca
2+

 influx into E11.5 cardiomyocytes with 

relatively high potency.  On the other hand, the membrane potential of CPCs remains 

poorly defined and therefore the relative potency of DHP and other classes of Ca
2+

 

channel blockers in these cells remains uncertain. 

 Given the reduction in proliferation of CPCs and cardiomyocytes observed in 

response to nifedipine treatment in vitro, we hypothesized that systemic administration of 

nifedipine would translate into smaller graft sizes following cell transplantation due to 

reduced proliferation in vivo.    Indeed, results from transplantation experiments indicated 

that total graft volume occupied by transplanted NCRL cells was significantly reduced in 

nifedipine treated animals compared to vehicle treated controls.  These results provided 



 194 

 

strong evidence that interactions between transplanted cells and systemically 

administered drugs could interfere with the effectiveness of cell based therapies.  While 

we have not yet examined whether this effect is due to reduced cell cycle activity of 

transplanted NCRL cells in vivo, future work dedicated to assessing the proliferation 

kinetics of transplanted cells based on either expression of cell cycle markers such as 

PH3 or a tritiated thymidine labelling approach could be used to gain valuable insight 

into this important issue.  Additionally, while we speculated that reduced graft size was 

attributed to decreased proliferation, a limitation to our approach is the inability to 

definitively rule out the possibility that reduced engraftment into host myocardium was 

also a contributing factor.     

It should also be noted that while DHP Ca
2+

 channel blocking drugs are 

commonly used to manage hypertension (Chobanian et al., 2003; Katzung, 2009), they 

are generally not prescribed to patients suffering from heart failure (McKelvie et al., 

2013; McMurray et al., 2013).  Conversely, among the most commonly prescribed 

pharmacological drugs for MI and heart failure patients are β-adrenergic receptor 

antagonists, angiotensin converting enzyme (ACE) inhibitors, angiotensin receptor 

blockers and diuretics (McKelvie et al., 2013).  Conceivably, some of these drugs could 

have mechanisms of action that are common with nifedipine via modulation of 

intracellular Ca
2+

 levels in embryonic cardiomyocytes and/or CPCs.  For example, 

stimulation of β-adrenergic receptors has been shown to enhance L-type Ca
2+

 current in 

murine embryonic ventricular cardiomyocytes as early as E9.5 and this effect could be 

reversed by the β-adrenergic receptor antagonist propranolol (Liu et al., 1999).   In 

addition, Ang II has been shown to increase intracellular Ca
2+ 

in neonatal ventricular 
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cardiomyocytes (Touyz et al., 1996), adult ventricular cardiomyocytes (Kilic et al., 2007) 

and ES- cell derived cardiomyocytes (Sedan et al., 2010).  Thus, future studies aimed at 

characterizing the effects of various pharmacological compounds from these clinically 

relevant drug classes on proliferation and differentiation of embryonic cardiomyocytes 

and CPCs should be useful in predicting potentially detrimental or beneficial effects of 

these drugs on cell transplantation therapies.  

  From a practical standpoint, our approach of cell transplantation into recipient 

animals would not be feasible to analyze the effects of a large number of drugs alone and 

in combination on cell transplantation/graft size formation.   Based on knowledge of such 

limitations, generation of engineered heart tissue (EHT) consisting of neonatal rat 

cardiomyocytes seeded onto collagen scaffolds were developed as a model system to 

efficiently evaluate numerous test cell populations and experimental conditions on 

cardiac cell transplantation (Song et al., 2010).   Interestingly, using this approach, ES-

cell derived CPCs were shown to mature and integrate into EHT and enhance the 

amplitude of tissue contraction (Song et al., 2010).   Future work aimed at introducing 

pharmacological compounds into the microenvironment of the engineered tissue would 

certainly provide valuable insight into beneficial or detrimental interactions between a 

multitude of cardiovascular drugs and transplanted CPCs.   
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6.3   Characterization of ANP Receptor Signalling Systems in the Ventricles at 

E11.5 stage 

 

 

6.3.1   Context 

 

 Heart development is a remarkable process, whereby the tubular heart undergoes 

complex morphogenetic changes to transform from a simple muscle covered tube to a 

specialized four-chambered pump.   Congenital heart defects (CHDs), which occur as a 

result of abnormal cardiac development, are widespread in the human population, 

occurring in ~1% of live births (Hoffman, 1995; Bruneau, 2008).  Owing to the limited 

capacity for post-natal cardiomyocytes to divide (Pasumarthi and Field, 2002), 

perturbations to the normal program of cardiac cell proliferation during development 

could have deleterious consequences on heart formation and function. 

The expression of ANP in the embryonic heart is initiated in the primitive heart 

tube at early gestational stages and serves as a reliable marker of the differentiating atrial 

and ventricular myocardium (Christoffels et al., 2000).   Importantly, genetic mutation of 

several key cardiac transcription factors that are known to regulate ANP gene expression 

have been associated with impaired cardiac development in experimental animal models 

of disease as well as in human patients with CHDs (Lin et al., 1997; Schott et al., 1998; 

Bruneau et al., 2001; Garg et al., 2003).  Moreover, a dysregulated spatial expression 

pattern of ANP has been documented in a murine model of Holt-Oram Syndrome 

(Bruneau et al., 2001), which is caused by mutation of Tbx5 and is associated with 

defective septation and conduction system defects (Mori and Bruneau, 2004).  A specific 

role for ANP in cardiac development, however, has yet to be described.    
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To extend previous observations of ANP mRNA expression in the trabecular 

myocardium of the midgestational murine ventricles (Zeller et al., 1987), work in this 

thesis confirmed the presence of immunoreactive ANP in this compartment  at the E11.5 

stage.   Classical electron microscopy studies (Viragh and Challice, 1982) and more 

recent label dilution/cell birth dating approaches have provided strong evidence that 

cardiac cells in the ventricular trabeculae exit the cell cycle relatively early, enter mitotic 

quiescence and concomitantly differentiate into conduction system cardiomyocytes 

(Gourdie et al., 1998; Sedmera et al., 2003).   Furthermore, electrical activation mapping 

of the embryonic heart has demonstrated that the trabecular myocardium serves as the 

preferential conduction route before establishment of the mature ventricular conduction 

system (i.e. bundle branches and Purkinje network) (Rentschler et al., 2001; Sankova et 

al., 2012).   

Based on this knowledge, we speculated that high levels of ANP synthesis within 

the trabecular myocardium could be coupled to activation of NPR signalling systems in 

this compartment which serve to modulate cell proliferation and differentiation in an 

autocrine/paracrine manner.   To achieve an autocrine/paracrine effect, ANP synthesized 

within the trabecular myocardium would also need to be secreted, processed to its 

biologically active form and have access to biologically intact NPRs.  Currently, 

however, very little is known about whether these mechanisms are in place in the 

ventricles of the early four chambered heart.  Thus, one of the primary aims of this thesis 

was to fill these specific gaps in our knowledge in an effort to provide novel insight into 

the role of ANP receptor mediated signalling systems in the embryonic heart.    
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6.3.2   Components of ANP Mediated Signalling Systems are Present in the 

Embryonic Ventricles at E11.5 Stage  

 

Extensive work with neonatal rat ventricular cardiomyocytes has demonstrated 

that ANP gets secreted from these cells in a constitutive manner as well as in response to 

stimuli such as endothelin-1 (ET-1) (Bloch et al., 1986; Irons et al., 1993).  Less, 

however, is known about whether ANP is also secreted from ventricular cells at earlier 

developmental stages.  In this thesis, we discovered that immunoreactive ANP was 

present in conditioned media samples collected from E11.5 ventricular cell cultures.  

Specifically, results from these experiments revealed distinct bands corresponding to 

proANP (17kD) and biologically active ANP (3kD) in conditioned media samples.  

These results suggested that proANP, synthesized by E11.5 ventricular cells, was also 

actively secreted into the extracellular compartment and proteolytically processed into its 

active form.   

Alternatively, it is possible that ANP detected in conditioned media samples could 

have occurred due to ruptured plasma membranes of dead cells and subsequent non-

specific degradation of proANP into its smaller 3kD form.  While we cannot definitively 

rule out this mechanism, our experimental procedure was designed to minimize this 

possibility.  Specifically, E11.5 ventricular cells were plated overnight and then the 

following day media was aspirated and adherent cells were washed thoroughly with PBS 

to remove all dead cells.   Fresh media was then added to the cells and collected 24 hours 

later and subjected to Western blot analysis for detection of ANP.   Therefore, we are 

confident that the 3kD form of ANP measured from conditioned media samples was the 

result of active ANP secretion coupled to specific proteolytic processing.  This view is 

further supported by the fact that corin, the type II transmembrane protease which cleaves 
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proANP into its active 3kD form, was shown to be expressed  in the embryonic heart as 

early as E9.5 (Yan et al., 1999).  Even more intriguing is the fact that between E11.5-

E13.5 stages, corin was shown to be most abundantly expressed in the trabecular 

myocardium (Yan et al., 1999), thus supporting the view that a high local concentration 

of processed, biologically active ANP could be achieved specifically in this 

compartment.      

Specific binding of radiolabelled ANP has been detected in various tissues of fetal 

and neonatal rats, including the kidney, adrenal gland and brain (Hersey et al., 1989; 

Brown and Zuo, 1995).   More recently, an extensive analysis of NPR gene expression 

patterns was carried out in the developing murine nervous system (E10.5-E14.5), 

revealing predominant expression of NPRB and NPRC but not NPRA subtypes in various 

regions of the central and peripheral nervous systems (DiCicco-Bloom et al., 2004).  In 

the adult heart, it has also been shown that NPRA, NPRB and NPRC are all expressed in 

working ventricular cardiomyocytes (Lin et al., 1995).  Expression profiles of NPR 

subtypes in the midgestational heart, however, have not yet been determined.  To gain 

insight into this issue, we characterized the gene expression levels of ANP high affinity 

receptors (NPRA and NPRC) in the cardiac ventricles at various developmental and 

postnatal stages.   From these analyses, it was shown that both NPRA and NPRC 

transcripts were present throughout development, and displayed a subtype switch such 

that NPRC expression was highest at earlier stages, while NPRA was predominant later 

in development.  Furthermore, immunolabelling experiments using NPRA and NPRC 

antibodies revealed broad spatial expression patterns for both receptors in the compact as 

well as trabecular myocardium.   Collectively, overlapping expression patterns of ANP, 
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corin (Yan et al., 1999) and NPR subtypes in the trabecular myocardium are consistent 

with the notion that ANP may play an autocrine/paracrine role in regulating cardiac cell 

proliferation and/or differentiation in this compartment.   

 

6.3.3   Biological Activity of Natriuretic Peptide Receptors in E11.5 Ventricular 

Cells  

 

Aside from its well characterized endocrine role in regulating fluid homeostasis, 

ANP has been shown to potently regulate growth and proliferation of various cell types 

via autocrine/paracrine mode of action (D'Souza et al., 2004).   The initial speculation 

that ANP could act locally, near its site of synthesis was borne from observations that 

several tissues other than the atria produced ANP at levels that were likely too low to 

contribute significantly to any endocrine function (Gardner et al., 1986).  Accordingly, 

ANP has been shown to either positively or negatively modulate cell proliferation via 

NPRA or NPRC mediated signalling pathways in numerous cell types of cardiovascular 

or non-cardiovascular origin (Koide et al., 1996; Pandey et al., 2000; O'Tierney et al., 

2010). 

Activation of NPR signalling by ANP could either increase cGMP 

(NPRA/NPRB) or decrease cAMP (NPRC).   In glial cells isolated from rat brain, ANP 

was shown to inhibit DNA synthesis in response to mitogenic stimuli via NPRC mediated 

reductions in the activity of mitogen activated protein kinases (MAPK) (Prins et al., 

1996).   By contrast, activation of NPRC using a receptor specific natriuretic peptide 

analogue was shown to stimulate proliferation of cultured murine Schwann cells 

(DiCicco-Bloom et al., 2004).   Similar reports on the ability of ANP to stimulate or 
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inhibit proliferation via NPRA mediated signalling have also been reported in 

fetal/embryonic cardiomyocytes.   Specifically, exogenous addition of human ANP on 

embryonic chick cardiomyocytes was shown to stimulate proliferation (Koide et al., 

1996), while addition of rat ANP to fetal sheep cardiomyocytes was shown to inhibit 

proliferation by reducing Ang II stimulated activity of ERK, a member of the MAPK 

family (O'Tierney et al., 2010).   Taken together, these studies indicate that the specific 

biological consequences of ANP are cell type specific and depend on the NPR subtypes 

that are expressed/biologically active.   Moreover, it is noteworthy that heterologous 

systems (i.e. cells treated with ANP from different species) were employed in studies of 

cardiomyocyte proliferation which may have contributed to the different outcomes 

reported (see Chapter 1, Figure 1.5.2).    Thus, in this thesis, we employed a homologous 

system (i.e. murine ANP on mouse primary cultures), to determine the effects of ANP on 

proliferation of E11.5 CPCs and cardiomyocytes.   

To first gain insight into whether NPR signalling systems were biologically intact 

in ventricular cells at E11.5, we monitored fluctuations in the levels of the downstream 

second messengers cGMP and cAMP in response to ANP treatment.  From these 

experiments, it was determined that ANP (100ng/ml) was able to elicit a significant 

increase in cGMP levels in acutely isolated E11.5 cells.  Conversely, ANP treatment was 

not associated with any significant changes in cAMP levels under basal conditions, nor 

was it able to blunt the increase in cAMP associated with isoproterenol stimulation.  

Thus, from these analyses, we concluded that ANP guanylyl cyclase receptors were 

biologically active in E11.5 ventricular cells and thus proceeded to investigate whether 



 202 

 

activation of these signalling systems could play any role in modulating cell proliferation 

in embryonic CPCs or cardiomyocytes.      

 

6.3.4   Effects of Exogenous ANP on Proliferation of Cardiac Progenitor Cells 

The plasma concentration of ANP has been shown to be ~5 times higher in the 

fetal compared to maternal circulation in sheep and in rats (Cheung et al., 1987; Wei et 

al., 1987).  The actual plasma concentrations reported from these studies were 265pg/ml 

in fetal sheep (Cheung et al., 1987), while in rats levels were an order of magnitude 

higher at ~2700 pg/ml (Wei et al., 1987).   Thus, in our second messenger assays, the 

concentration of ANP required to elicit a significant increase in cGMP production      

(100 ng/ml = 10
5 

pg/ml) was approximately 40 times greater than circulating levels of 

ANP determined from fetal rat plasma.  This fact raises some questions about the in vivo 

biological significance of receptor guanylyl cyclase activity in embryonic ventricular 

cells.  However, we speculate that high levels of ANP synthesis and secretion specifically 

within the trabecular compartment of the ventricles could create a microenvironment with 

a high local ANP concentration which greatly exceeds that of the general circulation.   

Thus, we proceeded to test the effects of increasing concentrations of exogenous        

ANP (1-100ng/ml) on proliferation of E11.5 CPCs and cardiomyocytes.   Results from 

these analyses revealed a progressive decrease in proliferation of CPCs with increasing 

concentrations of ANP, while proliferation rates in the cardiomyocyte population 

remained unchanged.  Furthermore, the effects of ANP on CPC proliferation could be 

reversed by pre-incubation with an NPRA/NPRB antagonist, supporting the view that this 

decrease in proliferation was via receptor guanylyl cyclase activity.   
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To our knowledge, there is currently only one other report demonstrating an effect 

of ANP on proliferation of a cardiac precursor cell type (Stastna et al., 2010).  

Specifically, “cardiac stem cells” derived from adult rat ventricular tissue explants were 

shown to undergo ~30% reduction in proliferation following exposure to exogenous ANP 

(1µg/ml)(Stastna et al., 2010).   Based on this discovery, the authors proposed that 

cellular cross talk in the form of secreted paracrine factors between cardiac stem cells and 

cardiomyocytes (which produce ANP) in vivo could have a significant impact on cell 

transplantation therapies using undifferentiated cell types (i.e. CPCs).   One could also 

envision a similar situation of cellular crosstalk between undifferentiated CPCs and 

cardiomyocytes being of importance in the embryonic heart during cardiogenesis.  In 

support of this view, we have confirmed the presence of CPCs and cardiomyocytes in 

close proximity to each other in the trabecular zone (ANP rich area) of the E11.5 

ventricles by electron microscopy (unpublished data, not shown).  Based on this 

knowledge, we propose that ANP secreted from cardiomyocytes in the trabeculae could 

serve as a paracrine signal for CPCs to exit the cell cycle, while CPCs in the compact 

zone would be less affected due the presence of an ANP concentration gradient within the 

embryonic ventricles.   This view is further supported by the significantly lower mitotic 

activity (PH3 labelling index) that was observed in ANP rich trabecular zone versus the 

compact zone (low ANP) in the left ventricular myocardium at E11.5.   Interestingly, the 

PH3 labelling index was also significantly lower in the trabecular zone of the right 

ventricle at E11.5 compared to the surrounding compact zone despite relatively low 

expression of ANP.   One possible explanation for this result is that cells within the right 

ventricle have a much higher sensitivity to ANP compared to those in the left ventricle 
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which has been reported previously in fetal sheep cardiomyocytes (O'Tierney et al., 

2010).  

The fact that ANP stimulated cGMP production in acutely isolated E11.5 

ventricular cells suggested that reduced cell cycle activity observed in CPCs could occur 

via receptor guanylyl cyclase activation.   More specifically, because 100ng/ml (~30nM) 

is far below the concentration of ANP shown to elicit half-maximal cGMP production via 

NPRB (~25µM)(Schulz et al., 1989), we further propose that proliferation of E11.5 CPCs 

is controlled via NPRA mediated signalling pathways.   Indeed, activation of NPRA in 

fetal sheep cardiomyocytes derived from the late gestational stage has been shown to 

decrease Ang II induced ERK activity as well as cell proliferation (O'Tierney et al., 

2010).  Future work aimed at identifying whether the ANP/NPRA signalling axis has any 

effect on ERK signalling pathways in CPCs/cardiomyocytes from earlier developmental 

stages would certainly provide valuable information pertaining to the precise molecular 

mechanisms regulating proliferation during the developmental period and are being 

actively pursued in our laboratory.   

 

6.4   Investigation into the Potential Role of ANP Signalling in the Development of 

the Ventricular Cardiac Conduction System   

 

6.4.1   Context 

 

Lineage tracking analyses performed by our group and others have convincingly 

shown that working cardiomyocytes and cardiac conduction system cardiomyocytes are 

derived from a common pool of cardiomyogenic progenitor cells (Gourdie et al., 1995; 

Cheng et al., 1999; McMullen et al., 2009).  Furthermore, an inverse relationship between 
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rates of cell proliferation and differentiation toward the ventricular conduction system 

lineage have been shown to occur in the developing chick and mouse heart (Gourdie et 

al., 1995; Sedmera et al., 2003).   In Chapter 4 of this thesis, we provided evidence that 

exogenous ANP was associated with reduced rates of proliferation in undifferentiated 

CPCs that could be reversed by antagonizing receptor guanylyl cyclases.  Furthermore, 

we showed that ANP rich regions of the trabecular myocardium were characterized by a 

lower index of proliferation compared to the adjacent compact layer.  Since the 

trabeculae are known to house cellular progenitors of the ventricular conduction system 

(Fishman and Chien, 1997; Christoffels and Moorman, 2009), we speculated that reduced 

CPC proliferation mediated by ANP/NPRA signalling axis could be coupled to 

recruitment of these cells into the conduction system lineage.   

Evidence that  NPRA signalling systems play an important role in cardiac ontogeny 

have come from our observations, as well as those of other groups,  that survival of mice 

lacking functional copies of the NPRA gene (Npr1
-/-

) is significantly reduced (Knowles et 

al., 2001; Scott et al., 2009).   Furthermore, it was reported that a high proportion of 

surviving NPRA
-/-

 neonates displayed heart abnormalities including mesocardia or 

dextrocardia (Cameron and Ellmers, 2003).  Currently, only scant information exists on 

the potential molecular mechanisms underlying increased rates of mortality and abnormal 

cardiac morphogenesis in NPRA
-/-

 mice.   To gain additional insight into this important 

issue, work in this thesis tested the hypothesis that the ANP/NPRA signalling axis plays a 

role in specification and/or differentiation of the ventricular cardiac conduction system. 
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6.4.2   Investigation into the Direct Inductive Effect of ANP on Expression of 

Ventricular Conduction System Markers  

 

In the embryonic chick heart, the Purkinje fibers develop in close association with 

the developing coronary vasculature (Lu et al., 1993).  This observation, led to the 

hypothesis that  secreted factors from endothelial cells could provide instructive cues 

which guide  undifferentiated cardiac precursor cells toward the conduction system cell 

lineage in a paracrine fashion (Gourdie et al., 1995).   This hypothesis, was subsequently 

validated when the same group provided evidence that endothelin-1 (ET-1),  a cytokine 

produced by endothelial cells could induce the expression of conduction system markers 

in vitro and in vivo (Gourdie et al., 1998; Takebayashi-Suzuki et al., 2000).   A similar 

scenario has also been described in the developing mouse heart, where it was shown that 

the endocardial-derived growth factor neuregulin-1 (NRG-1) was capable of inducing 

ectopic expression of conduction system marker genes during a specific developmental 

time window between E8.5-E10.5 (Rentschler et al., 2002).   Taken together, these 

paradigms set a strong precedent for the role of secreted protein factors in specifying the 

conduction system cell lineage in a paracrine fashion.   

To gain insight into whether ANP could also serve as a paracrine factor involved 

in conduction system cell specification/differentiation, we analyzed the expression of the 

conduction system marker genes, Cx40 and HCN4 in E11.5 ANP
+
 and ANP

-
 cell 

populations that were separated using the FACS technique.   The selection of Cx40 as a 

conduction system marker gene was based on its expression in the ventricular conduction 

system primordium during development (i.e. trabecular myocardium), and its persistence 

in the bundle branches and Purkinje fibers in post-natal life (Miquerol et al., 2004; 

Sankova et al., 2012).   Similarly, HCN4 is initially expressed at high levels in the 
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embryonic ventricles where most cardiomyocytes are spontaneously active (Schweizer et 

al., 2009), while in the mature mammalian heart HCN4 (and If  current) is found in 

Purkinje fibers, but absent in working cardiomyocytes (Han et al., 2002; Miquerol et al., 

2004).   Moreover, HCN4 has recently been shown to be expressed in the first heart field 

precursor cells destined to form distinct components of the cardiac conduction system 

(Liang et al., 2013). 

 Results from our FACS analyses demonstrated that expression of both Cx40 and 

HCN4 were ~3 fold higher in the ANP
+
 compared to the ANP

-
 cell population indicating 

an enrichment of conduction system markers in ANP
+
 cells.   In parallel cell culture 

experiments exogenous addition of ANP for a 24 hour time period was not associated 

with increased expression of either Cx40 or HCN4 suggesting that it may not have a 

direct inductive effect on conduction system gene expression.   However, these results are 

inconclusive since additional experiments are warranted to monitor gene expression 

changes at earlier and later time points after ANP treatment.   An alternative explanation 

could also be that the inductive effects of ANP are restricted to an earlier developmental 

time period as was seen by others with  NRG-1 (Rentschler et al., 2002).   With this 

possibility in mind, we have recently established a colony of NPRA
-/-

 mice harboring the 

Cx40
egfp

 transgene which will enable us to directly visualize the ventricular conduction 

system and characterize its development in hearts of mice lacking ANP/NPRA signalling 

system from the onset of cardiogenesis.   
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6.4.3   Characterization of Ventricular Conduction System Development in NPRA
-/-

 

Mice using the Cx40
egfp 

Mouse Model   

 Surviving adult mice lacking functional NPRA gene (Npr1) have elevated blood 

pressure and exhibit cardiac hypertrophy and interstitial fibrosis (Oliver et al., 1997).  

Observations of severe cardiac hypertrophy in NPRA
-/-

 mice, which appeared to be 

disproportionate to the relatively mild elevation in blood pressure, led to speculation that 

ANP may also serve as an important regulator of cardiomyocyte growth.   In support of 

this view, mice in which NPRA was selectively ablated in cardiomyocytes were shown to 

be normotensive, but still exhibited marked cardiac hypertrophy (Knowles et al., 2001).  

Subsequently, evidence that ANP inhibited cardiomyocyte growth in response to 

hypertrophic stimuli such as Ang II (Kilic et al., 2007; Li et al., 2009), firmly established 

its role as a regulator of cardiac growth in the adult heart and spurred investigations into 

the precise molecular underpinnings underlying this process (Tokudome et al., 2005; 

Ellmers et al., 2007; Kinoshita et al., 2010; Klaiber et al., 2010).  Interestingly, reports 

demonstrating that hearts of NPRA
-/- 

embryos are already enlarged at midgestation 

suggested that NPRA signalling also serves as an important regulator of cardiac growth 

during the developmental period (Ellmers et al., 2002; Scott et al., 2009).   Currently, 

however, molecular mechanisms involved in NPRA mediated cardiac growth during 

cardiogenesis have remained largely unexplored.   

 A major conclusion drawn from the most extensive study of NPRA signalling 

during development thus far, was that the mechanisms by which natriuretic peptide 

signalling influences cardiac development are distinct from those which regulate 

pathological cardiac hypertrophy and fibrosis (Scott et al., 2009).   This conclusion was 

drawn from the fact that no changes in hypertrophy related factors such as MEF2c, 
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GATA4 and SRF were detected in the ventricles from NPRA
-/-

 embryos compared to 

wiltype controls at midgestation.   In that study, the expression levels of cardiac 

conduction system marker genes were not examined.  Thus, to extend these observations, 

we determined the expression of the conduction system marker genes Cx40 and HCN4 in 

ventricles from NPRA
-/-

 embryos at midgestation (E14.5).  Interestingly, a trend toward a 

decrease in the expression of both Cx40 and HCN4 was observed at this stage, and 

appeared to be related to the number of functional copies of Npr1.  Following up on these 

results by increasing the number of experiments and also examining expression levels of 

other genes known to be important for specification, patterning and differentiation of the 

conduction system (e.g.Nkx2.5, Tbx5, Irx3 and others) (Hatcher and Basson, 2009), 

should provide valuable information pertaining to the potential role of NPRA signalling 

in the development of the ventricular conduction system.   

 The creation of transgenic mouse models which allow direct visualization of the 

cardiac conduction system have provided a valuable tool for studying the impact of 

genetic manipulations on conduction system development.  Because Cx40 is expressed in 

both the primitive and mature components of the ventricular conduction system 

(Miquerol et al., 2004; Miquerol et al., 2010), the Cx40
egfp

 mouse model is particularly 

well suited for studying the development of this compartment.   For example, the 

Cx40
egfp 

strain was previously used to demonstrate that haploinsufficiency of Nkx2.5 

(Nkx2.5
+/-

) was associated with overt hypoplasia of the fast conducting Purkinje network 

which was coupled to functional conduction system deficits including a prolonged QRS 

interval (Jay et al., 2004; Meysen et al., 2007).    
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Following similar lines of investigation used to study Nkx2.5
+/-

 mice, we have 

initiated efforts to characterize the morphological and functional consequences of genetic 

ablation of NPRA using the Cx40
egfp 

mouse model.   Preliminary results from these 

analyses have revealed that abnormal Purkinje fiber architecture and severe hypoplasia 

were observable with partial penetrance in NPRA
+/-

 neonates but not in wildtype 

littermates (no viable compound Cx40
egfp

 /NPRA
-/-

 pups generated thus far).  In parallel 

experiments, electrocardiograms (ECG) revealed prolonged QRS interval in adult  

NPRA
-/-

 mice (3-5 months) which is also similar to the situation observed in response to 

Nkx2.5 haploinsufficiency (Jay et al., 2004).   Taken together, it is possible that the 

prolonged QRS interval may be a result of the hypocellular Purkinje fiber network, since 

each terminal Purkinje cell would be required to depolarize a larger region of working 

myocardium which is characterized by slower conduction velocity compared to Purkinje 

fibers.   It should be noted, however, that an important limitation to our ECG analyses is 

that NPRA
-/-

 mice display marked cardiac hypertrophy even at ~4 months of age (Oliver 

et al., 1997), and thus we cannot distinguish between the relative contributions of 

increased tissue mass versus aberrant conduction system activity to the observed 

prolongation of the QRS interval.  Accordingly, future investigations aimed at 

characterizing the morphology of the ventricular conduction system in adult 

Cx40
egfp

/NPRA
-/-

 animals will be particularly useful in this regard and are being pursued 

in our laboratory.     

An additional interesting discovery resulting from studies of Nkx2.5
+/-

 mice was 

that working cardiomyocytes surrounding the EGFP
+
 Purkinje fibers showed a delay in 

withdrawal from the cell cycle (Meysen et al., 2007).  Considering that the ANP gene 
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(Nppa) is a transcriptional target of Nkx2.5, and that ANP is a known regulator of cell 

proliferation, it is tempting to speculate that the ANP/NPRA system could function 

downstream of Nkx2.5 as a regulatory network involved in tightly controlling the balance 

between proliferation/differentiation that is essential for proper cardiogenesis.   

 

6.4.4   Proposed Model for the Involvement of ANP/NPRA Signalling Axis in 

Ventricular Conduction System Development   

 

The inductive effects of ET-1 and NRG-1 set a strong precedent for the role of 

paracrine signalling mechanisms in recruiting undifferentiated cells toward the 

conduction system lineage (Rentschler et al., 2002; Sedmera et al., 2008).   In a situation 

analogous to the processing of proANP into the smaller biologically active ANP by the 

enzyme corin, the ET-1 precursor is proteolytically activated by the specific ET 

converting enzyme, ECE (Xu et al., 1994).  In an elegant series of retroviral expression 

experiments in the embryonic chick heart, it was shown that co-expression of the ET-1 

precursor (prepro-ET-1) and ECE resulted in robust ectopic expression of Purkinje fiber 

markers in the embryonic myocardium, while expression of prepro-ET-1 alone had no 

inductive effect (Takebayashi-Suzuki et al., 2000).  A conclusion from this study was that 

sites of ET-1 biological activity in vivo are spatially defined by the expression pattern of 

ECE.  Intriguingly, ECE expression has been shown to be enriched specifically in the 

trabecular myocardium of the murine heart at midgestation (Sedmera et al., 2008).   Thus, 

enrichment of both ECE and corin in the region of the nascent murine ventricular 

conduction system seems to be well suited for creating high local concentrations of 

biologically active ligands (ET-1 and ANP) in that region and suggests that crosstalk 
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between intracellular signalling pathways mediated by their cognate receptors may be 

involved in conduction system specification/differentiation.   

The  growth/differentiation factor NRG-1 has also been implicated in conduction 

system specification based on its critical role in the elaboration of the trabecular network 

during cardiogenesis (Pentassuglia and Sawyer, 2009) and its ability to induce ectopic 

conduction system marker gene expression in ventricles of mouse embryos (Rentschler et 

al., 2002) and in cultured embryonic murine cardiomyocytes (Patel and Kos, 2005).   

Following secretion, NRG-1 diffuses through the extracellular matrix to activate the 

receptor tyrosine kinases (RTK) ErbB4 and ErbB2 (Mei and Xiong, 2008) which are 

expressed in the trabecular myocardium of the embryonic heart (Gassmann et al., 1995).   

Thus, based on the spatially overlapping expression of ANP signalling machinery with 

that of ET-1 and NRG-1 in the region of the developing ventricular conduction system, 

we propose a model in which these three distinct signalling systems function in a 

complex intracellular signalling network which is involved in conduction system 

development. 

In support of this view, ANP was shown to blunt the stimulatory effects of ET-1 

on MAPK/ERK2 activity in kidney mesangial cells (Pandey et al., 2000).  Furthermore, 

these effects of ANP were abolished by treating cells with A71915 (NPRA/B antagonist).  

In adult cardiomyocytes, stimulatory effects of ET-1 on ERK were also shown to be 

abolished by RGS2 (regulator of G-protein signalling 2) (Snabaitis et al., 2005).  

Interestingly, RGS2, has been shown to function as negative regulator of Gq signalling 

proteins in the cardiovascular system and is specifically activated by cGMP dependent 

protein kinases (PKG) (Xie and Palmer, 2007).  Work in this thesis has demonstrated that 
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stimulation of E11.5 ventricular cells with ANP was associated with an increase in cGMP 

production.  Thus, it is possible that the ANP/NPRA signalling system converges with 

the ET-1 mediated signalling system to regulate ERK activity in the embryonic heart.    

To our knowledge, specific crosstalk between NPRA and NRG-1 signalling 

pathways has not yet been documented.  However, ANP has been shown to reduce ERK 

activity stimulated by the  platelet derived growth factor (Pandey et al., 2000), which also 

signals via RTK mechanisms (Fantl et al., 1993).   Given the role of ERK in promoting 

cell cycle activity (Chambard et al., 2007), we speculate that ANP signalling may serve 

as a brake to slow proliferation of undifferentiated cells by antagonizing proliferative 

signals from ET-1 and/or NRG-1.  Future investigations into whether this reduction in 

proliferation is coupled to specification toward the conduction system lineage by direct 

modulation of the transcriptional machinery, and subsequently determining the molecular 

effectors that are involved in this process would certainly enhance our understanding of 

the signalling systems which govern the balance between proliferation and differentiation 

that is required for proper heart development.   

 

 

6.5   Significance and Future Directions 

 

6.5.1   The Effects of Ca
2+

 Channel Blockade and ANP Signalling on Cell 

Transplantation 

  

 Heart disease continues to be a major cause of morbidity and mortality in Canada 

(Ross et al., 2006).  The inability of current pharmacological therapies and surgical 

interventions to replace myocardium lost to disease or injury has served as the driving 
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force behind the field of regenerative medicine.  While ES cells hold the ultimate 

regenerative potential, teratoma formation following ES cell transplantation into host 

myocardium (Nussbaum et al., 2007) clearly indicated that the heart lacks the appropriate 

molecular cues required to guide these multipotent cells toward the myocardial cell fate.   

In an effort to minimize the risk of teratoma formation, several committed cell types were 

rigorously examined in experimental animal models to determine their potential for 

myocardial repair (McMullen and Pasumarthi, 2007).  From these efforts, skeletal 

myoblasts and bone marrow stem cells (BMSC) advanced to human clinical trials due in 

part to the relative ease of obtaining these cells autologously from patient biopsies and 

the ability to expand these cells in vitro prior to transplantation.  Unfortunately, skeletal 

myoblasts showed only modest improvements in cardiac performance and were 

associated with a high prevalence of dangerous arrhythmias (Menasche et al., 2003), 

most likely due to the inability of these cells to transdifferentiate into cardiomyocytes and 

couple functionally with the host myocardium.   In some cases, clinical trials using 

BMSCs have reported improvements in cardiac performance in treated patients compared 

to controls (Assmus et al., 2002; Stamm et al., 2003).   Conversely, more recent clinical 

trials have failed to demonstrate significant long term functional improvements 

associated with BMSC therapy  (Janssens et al., 2006; Beitnes et al., 2009).  Furthermore, 

the benefits associated with BMSCs are widely believed to occur as a result of favorable 

scar remodeling and/or improved angiogenesis possibly due to paracrine factors secreted 

from the transplanted cells but not via transdifferentiation into cardiomyocytes.  

 In stark contrast to skeletal myoblasts and BMSCs, transplanted fetal 

cardiomyocytes have been shown to integrate functionally with host myocardium  
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(Rubart et al., 2003) and suppress the induction of ventricular tachycardia in experimental 

models of cardiac injury (Roell et al., 2007).   CPCs, which have the ability to 

differentiate into cardiomyocytes in vitro (McMullen et al., 2009), are also a highly 

proliferative cell type.  Thus, we have hypothesized that following transplantation, CPCs 

could undergo several rounds of cell division leading to larger graft size formation and 

could simultaneously integrate molecular signals from the host myocardium required for 

differentiation toward appropriate cardiomyocyte lineages.   Recent reports from clinical 

trials indicating that transplantation of cardiac stem cells isolated from the adult heart is 

safe and leads to functional improvements in ischemic heart disease and MI patients are 

also very encouraging (Bolli et al., 2011; Makkar et al., 2012). 

 Since virtually every candidate that could benefit from cell based therapies for 

myocardial repair would be taking some form of cardiovascular medication (McKelvie et 

al., 2013), a better understanding of the potential interactions between pharmacological 

drugs and transplanted cell types is imperative.   One of the principle findings of this 

thesis was that the pharmacological Ca
2+

 channel blocker, nifedipine, was associated with 

reduced proliferation of E11.5 CPCs and impaired myofibrillogenesis in vitro.  

Furthermore, these in vitro effects translated into reduced graft size formation in vivo 

following transplantation of E11.5 cardiac cells (containing CPCs) into the host 

myocardium of mice receiving daily doses of nifedipine.  These results have provided 

new knowledge to the cell transplantation field regarding drug/cell interactions and 

underscore the need for future studies aimed at examining a broader range of clinically 

relevant cardiovascular drugs.   Future work in our laboratory will be aimed at 

quantifying the expression of cell cycle markers such as PH3 in the engrafted 
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myocardium to confirm whether the reduced graft sizes associated with nifedipine 

treatment are due to decreased proliferation of transplanted cells.   In addition, future 

experiments will be dedicated to dissecting the specific contributions of L-type and T-

type Ca
2+

 channels as well as the specific downstream Ca
2+ 

sensitive proteins/enzymes 

(e.g. CaM, CaMK, CaN, ERK) involved in modulating CPC and cardiomyocyte 

proliferation/differentiation.  This information would certainly provide valuable new 

insight into the precise molecular mechanisms regulating cardiac cell development and 

could be used to devise strategies to pharmacologically modulate cell 

proliferation/differentiation and thereby enhance graft size and/or viability.  

 Aside from exposure to pharmacological drugs, transplanted CPCs would also be 

exposed to a variety of endogenous hormones/signalling molecules in the host 

environment which could modulate cell proliferation and differentiation and thus 

influence the outcome of transplantation therapies.   Because ANP expression is 

reinitiated in the ventricles in pathological settings (Chien et al., 1991),  undifferentiated 

CPCs transplanted into the diseased myocardium would likely be exposed to relatively 

high concentrations of this hormone/paracrine factor.  Given that work from this thesis 

has provided new evidence that ANP causes a reduction in CPC proliferation in vitro, it is 

possible that exposure of transplanted CPCs to high levels of ANP could also result in 

smaller graft sizes in vivo following cell transplantation.   Consistent with our findings, it 

has been shown that cardiac stem cells isolated from the adult heart also underwent a 

reduction in proliferation in response to exogenous ANP treatment (Stastna et al., 2010).  

Thus, it appears that ANP mediated signal transduction pathways are important regulators 

of proliferation in both embryonic, as well as adult cardiac stem/progenitor cells.  Given 
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that stimulation of E11.5 ventricular cells was associated with increased cGMP 

production, future work in our laboratory will be aimed at confirming whether cGMP 

sensitive signalling intermediates (e.g. PKG, PDEs, ERK) are responsible for mediating 

the antiproliferative effects of ANP in embryonic CPCs.  Interestingly, treatment of 

human ES cell derived cardiomyocytes with a pro-survival cocktail was shown to 

improve engraftment and enhance global contractile function better than untreated 

cardiomyocytes following transplantation into the injured rat heart (Laflamme et al., 

2007).   One could envision that including a pharmacological inhibitor of NPRA into a 

pro-survival cocktail could also confer a proliferative advantage to CPCs prior to 

transplantation and thus lead to larger graft size formation and improved cardiac 

performance.   

 Work from this thesis also explored the possibility that ANP serves as an 

autocrine/paracrine factor involved in the specification of the cardiac conduction system 

lineage during cardiac ontogeny.  Future work in our laboratory is aimed at more 

thoroughly examining whether ANP has a direct effect on lineage commitment toward 

the conduction system fate by examining expression of CCS markers in response to 

shorter/longer periods of exposure to exogenous ANP.    Furthermore, ongoing efforts are 

focused on substantiating our preliminary findings of anatomical defects in the 

patterning/development of the ventricular Purkinje fiber network in a subset of mice 

lacking functional copies of the NPRA gene.   Certainly, determining whether ANP is 

involved in lineage specification has potential implications in the cell transplantation 

field.  First, given that ventricular ANP synthesis is significantly enhanced in the diseased 

myocardium (Chien et al., 1991), exposure of transplanted CPCs to high levels of ANP 
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could activate NPR signal transduction pathways which could induce ectopic pacemaker 

formation and in turn evoke dangerous cardiac arrhythmias.  On the other hand, given the 

growing interest in the development of biological pacemakers (Rosen et al., 2011), 

exogenous ANP could be used in combination with other factors to facilitate the 

enrichment of pacemaker/conduction-like cell populations in vitro, which could in turn be 

used to treat patients with aberrant conduction system function resulting from cardiac 

disease or injury.  

 

6.5.2   The Effects of Ca
2+

 Channel Blockade and ANP Signalling on Cardiac 

Development 

 

 While determining the effects of pharmacological drugs and endogenous factors 

on embryonic cardiac cell proliferation and differentiation provides clear benefits to the 

field of regenerative medicine, this information also provides new knowledge regarding 

the developmental biology of the heart.   Due to the highly unpredictable effects of 

pharmacological drugs on the developing fetus,  major ethical issues surround the 

inclusion of pregnant women in clinical trials for new drug therapies (Macklin, 2010).   

Intuitively, similar considerations also pose as a hurdle to evaluating the effects of 

medications commonly used to treat chronic illnesses (including those of the 

cardiovascular system) on cardiac development.   Based on our in vitro data which 

showed that nifedipine was associated with altered proliferation and differentiation 

kinetics of embryonic CPCs and cardiomyocytes, it could be predicted that this drug 

would have detrimental effects on cardiac development during the embryonic period.   

Indeed, nifedipine is known to cross the placenta (Manninen and Juhakoski, 1991), and 
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there is experimental evidence that exposure to nifedipine is associated with abnormal 

mammalian heart development (Porter et al., 2003).   Based on this information, the 

development of high throughput systems to evaluate the effects of pharmacological 

compounds on proliferation and differentiation of embryonic cardiac cells could have 

predictive value regarding the effects of drug compounds on cardiac development.  This 

information could in turn be used to inform decisions on treatment programs for pregnant 

women based on careful evaluation of potential benefits and risks associated with the 

pharmacological therapy.    

 In the developing heart, the expression of ANP serves as a reliable marker of the 

differentiating chamber myocardium (Christoffels et al., 2000).  Because the normal 

spatiotemporal expression pattern of ANP has been so well characterized during cardiac 

development, dysregulated ANP expression patterns have also become a useful marker 

for abnormal heart development.  The first example of the utility of ANP as a readout for 

abnormal patterning of the heart came from analyses of the mouse model for Holt-Oram 

syndrome (Bruneau et al., 2001) which is caused by an autosomal dominant mutation in 

the transcription factor Tbx5 (Li et al., 1997).  In humans and in mice, cardiac 

manifestations of Tbx5 mutations include variable septal defects and conduction system 

disturbances (Basson et al., 1994; Newbury-Ecob et al., 1996; Bruneau et al., 2001).   

Intriguingly, in mice haploinsufficient for Tbx5, ANP expression was shown to no longer 

be confined to the left ventricle of the embryonic heart, but instead was spread across the 

interventricular groove and into the right ventricle (Bruneau et al., 2001).   Based on our 

discovery that ANP was associated with a reduction in the rate of CPC proliferation in 

vitro, it is tempting to speculate that septal defects associated with Holt- Oram syndrome 
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could be partly attributed to the anti-proliferative effects of ANP in the region of the 

developing septum, where it is normally not expressed.  It should be noted, however, that 

no septal or valve defects were reported in mice in which the Nppa (ANP) gene had been 

either ablated (John et al., 1996) or overexpressed (Barbee et al., 1994) although 

structural defects were not rigorously examined in either of these studies.  Similarly, no 

major structural defects have been reported in humans with genetic polymorphisms in the 

Nppa gene, although affected individuals showed increased risk of atrial fibrillation via 

unknown mechanisms (Hodgson-Zingman et al., 2008; Ren et al., 2010).   Given that 

BNP is also expressed in the embryonic mammalian heart (Cameron et al., 1996) it is 

possible that this peptide could play a compensatory role in situations where normal 

expression patterns of ANP have been altered.  Interestingly, however, disruption of the 

NPRA receptor which mediates the effects of both ANP and BNP has been associated 

with hypertension and marked cardiac hypertrophy in mice (Oliver et al., 1997) and 

humans (Nakayama et al., 2000), but no septal defects have been reported in either case. 

Thus, while work from this thesis has provided evidence that the ANP/NPRA signalling 

system modulates CPC proliferation, the potential in vivo consequences associated with 

altered proliferation kinetics due to disruption of this signalling system remain to be 

determined.  The fact that conduction system deficits can also occur in the absence of 

overt cardiac structural defects, further underscores the importance of continuing our 

investigations into the effects of NPRA ablation on conduction system development 

using the Cx40
egfp

 model.   Results from these experiments could contribute new 

knowledge to the field of developmental biology regarding the signalling networks 

involved in proper cardiac development and could also be used to inform new and 
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improved strategies for diagnosis and treatment of several forms of congenital heart 

disease.  

Overall, it is our hope that findings from this thesis work will provide meaningful 

insight into molecular mechanisms governing proliferation and differentiation of 

embryonic CPCs and that this information can be used to expedite the development of 

effective cell based therapies for myocardial repair and also improve our understanding 

of the developmental processes underlying proper cardiogenesis.  
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