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ABSTRACT

Cardiac progenitor cells (CPCs) are abundant in the embryonic heart and have
hallmark features which inclle 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 disesed 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 ®vdlop 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 presentidy were to characterize the effects of thé'@haannel
blocking drug nifedipine and the endogenous hormone/paracrine factor atrial natriuretic
peptide (ANP) on CPC proliferation and differentiation. Results showed that primary
cultured CPCs, isolateddim 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
E11.5ventricularcells (conaining 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 cid and have an antiproliferative effect on cultured E11.5 CPCs.
Moreover, preliminary data provided evidence that genetic ablation of the ANP high
affinity receptor (NPRAMay be associated wittmpaired development of the ventricular
cardiac conductiosystem. 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 aitical role in cardiac ontogeny by regulating the balance between

CPC proliferation and differentiation.
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CHAPTER 1: INTRODUCTION

1.1 ThesisOverview

Heart disease continues to be a leading cause of death around the world. Myocardial
infarction and other forms of ischemic heart disease resultge lscale 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
noncontractile scar tissue, which compromiseslizar performance. This in turn leads
to a gradual decline in heart function which can culminate in heart failureltandtely
death. A spectrum of pharmacological drugs can slow down the decline in heart
function, but cannot stimulate regeneratiorost tissue. As a result, cell transplantation
therapies are being develop&ih theaim of restoringheart function by replenishing the
damaged area with new cardiomyocytes.

While there is no consensus on thest suitableell type, undifferentiated

embryonic cardiac progenitor cells (CPGghich are abundant in the developimeart;
have attractive features including high rates of proliferation and the ability to differentiate
into mature cardiomyocyte lineages. Moreover, transplantation stndiasnals have
provided substantial evidence that embryonic cardiomyocytes can functionally integrate
with host cardiomyocytes and improve host heart functi@me area which has thus
far been largely overlooked is the impact of pharmacological compouisdon
proliferation and differentiation of embryonic heart cells posttransplantation. It is
important to understand interactions between transplanted cells and commonly used

drugs since the majority of candidathat could benefifrom transplantationrterapy



would have an ongoing drug treatment regimen. It has been reported that nifedipine, a
member of the dihydropyridind®HP) class of C& channel antagonistsnpairs proper
formation of the embryonic heart. However, the consequences téi@aneblockade

on CPC proliferation and differentiati 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
otherorgan system. Owing to the limited ability of posttal cardiomyocytes to divide,
disturbances of proliferation and/or differentiation kinetics during development can have
life-long deleterious effects after birth. particular several forms of congéal heart
di sease are the result of improper format:.i
pacemakegonduction system which is responsible for initiating and propagating the
electrical impulsesequired for each beaDuring the normal course of cardiac
developnent, CPCs proliferate rapidly and upon receiving appropriate molecular cues,
differentiate into distict myocardial cell lineageslhe highly ordered program of
lineage specification and subsequent functional maturation is driven by numerous
signalling mdecules, many of which are secreted factors from diverse cell types present
in the embryonic heartAtrial natriuretic peptide (ANP) is a hormone expressed in
the embryonic heart, but does not have a clearly defined role in the regulation of
cardiac cellproliferation 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 systewever,
arole for ANP inlineage specification of CPCs/immature embryonic cardiomyocytes has

not yet been described.



Thus, the first of two hypotheses addressed in my doctoral work was that
cardiac defects observed in embryos exposed to tB#iP Ca** channel blocler
nifedipine were a result of altered proliferation kinetics and/or impaired
differentiation of CPCs and embryonic cardiomyocytes. Towards this, the objectives
were (i) to quantifithe effects of iifedipine on proliferation and differentiation of CPCs
and embryonic cardiomyocytés vitro and (ii) determine the effeof systemic
administration of ifedipine on graft size formation following transplantation of
embryonic cardiac cells (mixed population of CPCs and cardiomyocylds.second
hypothesiswas that the hormone ANP is an important regulator olCPC
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 peptideceptors) 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) determineithavo consequences of
disruption of natriuretic peide 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 Jf @ediated regulationf
CPC and cardiomyocyte proliferation and differentiationitro (ii) determining whether
interactions between transplanted cells and pharmacological agents occur and (iii)

defining the role of ANP on proliferation and differentiation in the embryoaésth



1.2 Cardiovascular Anatomy and Physiology

The mammalia heart is a sophisticated fecinambered muscular pump that is
situated at the center of the cardiovascular system. The primary function of the heart is to
circulate blood through an extevis network of blood vessels which comprise the
vascular system. Together the heart, the vasculature and the blood comprise the
cardiovascular system which delivers oxyge
also carries metabolic waste productsg from these tissues to the lungs and other
excretory organs for removal from the bodyn understanding ahe anatomy and
physiology of thecardiovascular systerm usetil as a point of referender comparisons
to the diseasestateand also fodevdopmental studieaimed atlarifying the

ontological origins ofndividual components of theardiovasculasystem.

1.2.1 The Cardiovascular System: Form and Function

Schematic diagrasishowing the heart and its connections to the major vessels

froman exterior view (Figure 1.2 5s well as from a longitudinal sectigiew (Figure
1.22) demonstrate the salient structural features of the mature Adarheart consists
of two upper atrial chambers and two lower ventricular chambers which areadlyysi
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 vefromolés great
artery.

Themammalian heart can be viewed as two separate pumps runpagilelto

generate the pulmonary and systemic circulatory systatg, 2011) If the right



atrium is considered as a starting pointpaggenated blood enters the right atrivia
the superior and inferior vena cax@nsand passes through the tricuspid valve into the
right ventricle. Blood from the right ventricletisenpumped through the pulmonary
artery and into the lungs where it isagygenated. This component of the
cardiovasculasystem is known as the pulmepairculation. 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 tlaeterial system. This component of tteediovascular
system is known as the systemic circulation.

Each heartbeat results from the cooperative actbtwso types ottardiomyocytes,
namely (i) working cardiomyocyteand (ii) cardiagpacemakecionductive
cardianyocytes. Th@acemaking and conductigardiomyocytes areesponsible for
initiating and propagating electrical impulsegstoheart, which are received by working
cardiomyocytes and coupled into mechanical contraction of the muscle tissue
(myocardium)thatgenerates the foregequiredto efficienty 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 andviso\entricular
chambers.The veins returilood 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 carryydenated blood to the
lungs. The coronary arteries (e.g. left anterior descending artery) deliver oxygen rich
blood to the myocardium(Photo credit, iStockPhoto¥07828 modified.
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Figure 1.2.2: Schematic model of the inner structuresf the heart. The four

chambes of the heart are physically partitioned by septa to ensure complete separation of
oxygen rich and oxygen poor blood.-Drygenated blood enters the right atrium via the
superior and inferior vena cazand passes throughet tricuspid valve into the right

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

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

passes through the pulmonary vein and enters thattefin. 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 systdfhoto credit, iIStockPhoto¥907817

modified).



1.2.2 The Cardiac Conduction System

Thecadiacconduction systerfCCS)is subdivided intadistinctfunctional
components which includes temoatrial (SA node the atrioventriculagAV) node the
bundle of Hisatrioventriculatbundle(AVB), bundle brantesand terminal Purkinje
fibers(Figurel.2.3)(Mikawa and Hurtado, 2007)Each heartbeat is noathy initiated in
the SA nodewhich serves as thatrinsic pacemaker of the heart asdocated between
the superior vena cava and the right atridgach electricaimpulse generateid the SA
nodethenspreads as a wave of depolarizatiomough theright and lefatrial
myocardium beforeonverging at the AV nodecated at the bas# the right atrium At
the AV node, the electrical impulse is delayed to allow complete ventricular filling prior
to ventricular contractionFrom the AV node the impudss carried into the ventricles by
a specialized strand of cardiac muscle that comprises\Be Bea@use the atrial and
ventricular chambers are electrically insulated from each other by fibrous tissue, the AVB
serves as the onkconduction pathway beten theatrial 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 thentricular myocardium to elicit
coordinateccontractions of theentricularchambers and achietiee proper apex to base

mode of contraction.
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Figure 1.2.3: Schematienodel of the cardiac conduction systemEach 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 locatedhes

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 arborizasxely to form

the Purkinje fiber network which rapidly distributes the electrical impulse to the
ventricular myocardium({Photo credit, iStockPhoto 007817, modified).



1.2.3 The Endocrine Function of the Heart

While the main function of the aduieart 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 bddg Bold et al., 1981) Atrial
natriureticpeptide (ANP) is a 28 amino acid hormone produced and stored in large
guantities in the atrial chambers of theart. In response to mechanical stretching of the
atrial wall due to increasedtravasculavolume(Lang et al., 1985)ANP is released into
the circulation where it then acts on cell surface receptors known as natriuretic peptide
reeptors (NPRSs) in various organs of the b{gtter et al., 2006) Most notably, it
stimulates receptors {i) the kidneys which account for its diuretic and natriuretic effects
(i) in the vasculaturtn induce smooth muscle relaxation and (iii) on endothelial cells to
increasevessel permeability and allow extravasation of filttGrath et al., 2005;

Potter et al., 2006) Overall, the net effecdf these integrated functioemables the heart

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

1.2.4 Ultrastructural Features of theCardiomyocyte

The cardiomyocyte is the fdamentalvork unitof the hear{Evans et al., 2010)
Each cardiomyocyteonsists ofibundle of myofibrils that are each composed of smaller
contractile units known as sarcomer&sach sarconte consists othe contractile
proteins myosirfthick filaments)and actin(thin filaments)which are highly organized
into a regular array ahyofilaments by aelaborate protein scaffotd form the

contractile apparatu$quire, 1997; Katz, 2011)
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The plasma membrasef cardiomyocytes contain a variety of ion channels,
exchangers and pumps tleallectively serve to regulate the composition of the
intracellular and extratlular environmerg(Katz, 2011) Moreover, the plasma
membrae contains numerowll surface receptoemdenzymes that participate in
diversecell signallingprocesses Extensionf the plasma membrane that penetrate
deep into the cell, referred to as transverse tubtitedlesjFawcett and McNultt,
1969) increase theell membranesurface area aralsoplay a critical role ircoupling
electrical excitation to mechanical contiant(excitationcontraction; EC
coupling)YBers, 2002)

Theintracellular compartment @fach cardiomyocyte containeembrane bound
organelles incluatg the nucleus, the mitochondria and the sarcoplasmic reticulum
(SR)Katz, 2011) The SR serves as the main storage compartment of intracelldfar Ca
andthusplays a critical role in EC colipg by mobilizing these C& stores during
muscle contratn. The myocardiunforms afunctional syncytium by virtue of
specalized celtto-cell junctions, known as intercalated discs, which form the mechanical
and electrical connections betweandividual cardiomyocytegPerriard et al., 2003)
Adherence junctions and desmosomes are maiablved in maintaining the structural
integrity theconnectionswhile gap junction proteingnable electrical coupling of
adjacent cells through connexons, which areselective ion channels formed by
members of the connexin family of proteiierriard et al., 2003; Nielsen et al., 2012)
By providing lowresistance connectiongtiween cells, gap junction channels allow
electrical impulses to be conducted rapidly throughout the myocardimportantly,

connexin isoforms with distinct conductive properties are differentially expressed by
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working and conduction system cardiomya@sytvhichis critical for achieving the
coordinatedc ont racti ons of t he hedficiegnbcardidcour c¢cham

function.

1.25 Excitation Contraction Coupling

Themyocardiumis an electrically excitable tissue in that the plasma membranes
of individual cardiomyocytes are rhythmically depolarikdby, 2007) Action
potentials (AR, which are timedependent changes in the electrical potential of the
membrane surfacegccur due to therchestrated opening and closing of transmembrane
ions channels which enablthe movement of specific mono and divalent ions into and
out of the cdl(i.e. Na, C&", K" and Cl) (Katz, 2011) Each AP consistsf 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.4Differences in AP shape exhibited by kimg or CCS
cardomyocytes located in different compartments of the heart are mainly due to the
specific complements of ion channels as well as exchangers (&/Gaaxchanger)
and ATPase pumps (KATPase) thati@ expressed by each cell type.

During thecardiac action potential, €zenters the cell vigoltage sensitive L
type Cat* channeldocated within the-tubules. This influx of C&" triggers the release of
a large amount of C&' from intracellular C&' storesby binding to specialize€a*
release channels in the SR membrane knowygaamdine receptor®kRyR)(Fabiato,
1983) The resulting rise in intracellular €aconcentratiortan in turn activate the

contractle apparatus of the cell viateractons of Ca&* ions withmyofilamentproteins.
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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 caroiogeny
(Gourdie et al., 1995; Cheng et al., 1999; McMullen et al., 2@0®) thust is not
surprising thatheyshare manwf the sametructural and functional featureklowever,
notabledifferencesalso exisbetween these two cell typedich are important
determinants atheir specialized functios. For examplegonduction system
cardiomyocytes, which do not contribute significantly to card@dradion, haveless
developed-tubule system, ks extensive SR network and consider#diyer
levelddifferent compositionsf contractile proteingLyons, 1994; Kirby, 2007,

Moskowitz etal., 2007) Deciphering the precise molecular mechanisms involved in
guiding undifferentiate@mbryoniccardiac progenitor cells towards each cardiomyocyte
lineage would be a significant step towards achievin@ltiléy to enrichspecificcell

typesin vitro for use inregenerativeherapies Moreover this information would
undoubtedlyalso contribute to a better understanding of the etiology of congenital heart

diseases that involve improper formation /andnction of the heart

1.3 Cardiogenesis

At its earliest functional stagethe embryonic heart resembles a simple tubular
structure consisting of avuter layer of myocardium and an inner layer of endothelial
cells During theremarkable process of cardiogenesis gy heart tube urilgces
major morphologial changes to transform into a four chambegrechp while

continuouslymaintaining 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 alsoconsidered to ban attractive candidate cell type to be used in cell

based therapies for myocardial red@inang and Pasumarthi, 2008)

1.3.1 The Cardiogenic Fields and Heart Tube Formation

The earliest heartrpcursor cells are located on both sides of the midline in the
epiblast at the early gastrulation stégeyure 1.3.R), which in mouse corresponds to
embryonic day (E6.5)Tam et al., 1997; Kirby, 2007 Epiblast cells then ingress
through the primitivetseak to form the mesodermal germ laggam et al., 1997)
Mesodermatardiac precursor celligrate laterally and craally from the primitive
streak which results in the establishment efakeral cardiogenic fields in the regions of
the anterior lateral plate mesodeffaigure 1.3.1B)Kirby, 2007) Owing to continuous
migration of cells from the primitive streak to the lateral platetanide midline, the
bilateral fields mergeranially toform what is refed to as th cardiac crescent (Figure
1.3.1C). Around E7.58.0, the lateral wings of the cardiogenic fields move toward the
ventral midline where they fuse to form the linear heart tuhieh consists of an outer

layer of myocardium and an inner layereofdothelial cellgFigure 1.3.1D).
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Figure 1.3.1: Schematic diagram of the localization of cardiogenic cells in the
epiblast and the formationof the primitive heart tube. A) The earliest cardiogenic
precursor cells are located on both sidiethe midline in the epiblast at the early
gastrulation stageB) Epiblast cells then ingress through the primitive streak to tbe
mesodermal germ layeMesodermal cardiac precursor cells migrate laterally and
cranially from the primitive streakch results in the establishment ofi@ieral
cardiogenic fields in the regions of the anterior lateral plate meso@gri@ontinuous
migration of cells from the primitive streak to the lateral plate and to the midline results
in formation of the card@crescentD) 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. Fegdrawn

and modified fom 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 wher@lparticular tissue emits
signals in the form of growth factors or morphogens dnaableto induce a specific
response in a target cell tyfieirby, 2007) In the context of cardiogesis,inductionof
the cardiomyogenidineagefrom mesodermatells ingressing through the primitive
streak occurg response tgpecific protein factors secreted from tiverlying tissue
layer referred to as the hypoblast in chick or anterior viscatiderm in mous@-igure
1.3.2A)(Chapman et al., 2003)hese secreted factors, which include members of the
transforming growthd ¢ t o r fémilyGritiatdexpression o$pecificcardiogenic
transcription facta such adlkx2.5which isconsidered to bamongthe earliest markesr
of the cardiomyogenilineage(Komuro and Izumo, 1993; Harvey, 1996)

Differentiation, whichfollows the initial induction stepefers to the
morphologi@l appearance of cell specializations thatclwaracteristiof a particular cell
lineage(Kirby, 2007) For cardiomyocytes, specializations include the appearance of
contractile proteins, specific transmembrane ion chammelgap junction proteins.
Interestingly, gen prior to formation of the heart tube at the ventral midtoatractile
cardomyocytes expressinigoforms ofthemuscle proteins actin and myosin can be
detected in the Hateral cardiogenic fields as early as E&.68(Sassoon et al., 1988;
Lyons et al., 1990) This early differentiation process occurs inp@sse tesecreted
factorsfrom the underlying endoderm in a process analogous faitta induction of
the cardiomyogenic linead€igurel.3.2B). These factors, which include members of
the bone morphogenetic protein (BMP) and fibroblast growttorfdEGF) families

(Srivastava and Olson, 2000; Alsan and Schultheiss, 2008)ote expressioof Nkx2.5
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as well as several other key cardiac trampsicn factors fromthe GATA, MEF2 ,T-box
(Tbx), Iroquois(Irx) andHandfamiliesthat act in a combiniarial manner to promote
cardiomyocyte differentiatiohy turning on a cardiac specific program of gene
expressior{Durocher and Nemet,998; Srivastava and Olson, 2000nportantly,
inhibitory factors such as canonical Wnt signals secreted éatodermal tissue and
Noggin expressd inthe notochoreensure that inappropriate expansion of the
myocardium does not occur outside of théra cardiogenic fiel (Figure 1.3.2B)
(Kirby, 2007) In summarya combination of positive antegative cardiogenic factors
spatially defineshebilateralcardiogenic fieldsvhich are compsed ofa mixed
population ofundifferentiated CPCs as well as contractile cardiomyocyiéer fusion
of the cardiogenic fields at the ventral midline, ahhygordered 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)
Inductionof 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 asbl{@presented by white
arrows).B) Cardiac progenitor cells within the-laiteral cardiogenic field&ark red)
differentiate into mature cardiomyocyte lineages in response to secreted factors such as
Bone Morphogenetic Protein (BMP) and Fibroblast Ghokactor (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, Tbox (Tbx), Iroquois (Irx) and Hand fales 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 tlehoiensure that
inappropriate expansion of the myocardium does not occur outside of the defined
cardiogenic field Figurere-drawn and modified from Kirby (2007).
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1.3.3 Cardiac Looping and Formation of the Four Chambered Heart

The heart tubewhich lies in the midline of the embryis,segmentally patterned
along thecranioc-caudalaxis (Kirby, 2007) Blood enters atenous (inflow) pole located
at thecaudalend of the heart tubghich 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 cranialljt approximately E9 in mouse, the
heart tubaindergoesightward loopingo form a Cshaped structure which results in the
formation d a broadouter curvatur@and a more narrow inner curvatyf@son and
Srivastava, 1996; Christoffels et al., 2000uring the loopingprocess, the future
ventricles becomeisible as they balloon outwards from the outer curvatidegvey,
2002) Furthermore, the atrial region is forced dorsally and cranialtyitay the inflow
and outflow regions in close proximity and into their anatomically correct mature
positions(Kirby, 2007)

At approximately ESthe internal structures of the heart also become more
comple as theprimordiaof the valves and septa begin to forrn addition, the
trabeculae, which are spongiform layersmyfocardiunthat project into théumen, are
alsoformed along the inner surface of the ventricles and the forming interventricular
septum(Harvey, 2002) Formation of the definitive fouchambered heart occurs at
approxmately E10.5, and is followenly complete septatioandvalve formation
(Buckingham et al., 2005)

Simultaneous with the morphagical transformation of the hedttbe into a four
chambered structur€PCs enter differentiation pathways toward the mature

cardiomyocyte lineage® (g.atrial, ventricular andonduction system) The specific
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contractile electrophysiological anchdecular specializations adopted by each cell type
are specified by a highly ordered network of transcriptional regulators that are required

for proper cardiogenes{Barnett et al., 2012; Rana et al., 2013)

1.34 Development of the Cardiac Conduction System

In the early heart tubéeading pacemeer activity at the venous pole of the heart
can be detected even before the morphological appearance of the distinct components of
the cardiac conduction systdiamino et al., 1981) The resulting impulse then travels
relatively slowlytoward the arterial pole to initiate a unidirectigrmdristaltic mode of
contraction(Patten, 1949) This slow conductingnyocardiumin the early heart tubleas
been dubbadyt Img oidgdistthguishntdronmore developed working
atrial and ventriculachambemyocardium(Moorman and Lamers, 1994)

A prominentfeature of the primary myocardiumttse presence of action
potentials which display slow depolarizations that resemble those of mature SA nodal
cells(Sperelakis and Pappano, 1983)he ionic basis for this resemblance comes from
the fact that the rising phase of the action potential in early cardiomyocytes is dependent
on ativity of voltage gated #type and Ttype C&" channels rather than fast activating
Na'" channelgKirby, 2007) As development proceeds, tmature electrical activation
pattern of thdour chambered heas achieved by the differentiation and patterning of
the discreet components of the cardiac conduction system

Of particular interest in ouaboratory, is the development of the fashducting
component of the ventricular conduction systearticularlythe Purkinje fiber network.

Functional and molecularorrelatedhave indicated that the tratularmyocardium serves
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as the preferential roe forthe conduction of electrical impulses prior to the
establishment of the mature ventricular conduction system compd@Remischler et al.,
2001; Sankova et al., 2012Furthermore, the trabecular myocardium has been shown to
house themyogenicprecursors of th mature Prkinje fiber network(Christoffels and
Moorman, 2009) While theprecise factors which guidmeage fate decisions the
embryonic heart arstill not fully understood, there is evidence that paradentrs
secretedrom theadjacenendocardium such as endothelif(ET-1) and neuregulirl
(NRG-1) provide instructive cues to guide undifferentiated cardiac precumsssasd the
conduction systerpell fate(Gourdie et al., 1998; Rentschler et al., 2002)

Efforts tostudy the development of tlkenduction system have benefifiedm
the generation ahouse models which enable directuabzation ofeither the entire
conduction system or specific components thefi€upershmidt et al., 1999; Davis et al.,
2001; Rentschler et al., 2001 Thegap junction protein Cx40 generates channels wi
high conductancéBeblo and Veenstra, 199@ind is expressed in the fast conducting
Purkinje fibers of the mature ventricular conduction syq@ourdie et al., 1993; Myers
and Fishman, 2003Moreover, during development, Cx40 is expressed irfiatste
conductingrabecular myocardiuwhich will form the mature conduction system
(Delorme et al., 1995; Sankova et al., 2012hus, the Cx4%° mouse model, in which
the vital enhanced green fluorescent protein (EGFP) is expressed under the control of the
Cx40 gendMiquerol et al., 2004)is particularlyuseful for studying thenorphological

development of the ventricular conductiontsys
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1.35 Undifferentiated Cardiac Progenitor Cells in the Embryonic Heart Post
Chamber Formation

Owing to the small size of th@imitive heart tube at early embryonic stages, a
technical limitationassociated with investigations into the develeptrof CPCs has been
theinability to acquire sufficient cell numbeisr experimental purposesiowever, he
discovery ofrarepopulations of CPCs in thedultmyocardium(Hierlihy et al, 2002;
Beltrami et al., 2003; Oh et al., 20(Q®)inted tothe possibility that some cardiomyogenic
mesodermal precursor ceifsayremain undifferentiated throughout the entire
developmental period and into postnatal liflénus, we reasoned that if asificant
population of undifferentiated CPCs were present at later developmental stages {i.e. post
chamber formation}echnical limitatiors associated with small yields from the heart tube
could be overcomeTo address this issueur groupused transmgon electron
microscopyto assess the ultrastructural characteristics of mouse ventricular cells at the
postchamber stage of E11.5 and discovered thttisistage the ventricles contained a
significantpopulationof undifferentiated\kx2.5" CPCs as wikas cardiomyocytes with
varying degrees of sarcomeric organizaiighang and Pasumarthi, 2007)
Subsequentlywe also demonstrated tHgkx2.5" cells isolated from the E11.5
ventriclescould differentiate over time into cardiomyocytewitro (McMullen et al.,

2009)

Based orthe evidence that a significant number of undifferentiated CPCs exist in
the ventricles at E11,5ve concluded thahis was armappropriate stage &tudyCPC
development Accordingly,experiments irthis thesis whichaimedto clarify the effects
of eitherCa* channel blockade or ANP signalling on CPC pegtition and

differentiation were routirig carriedout usingell.5ventricularcell populations The
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following section (Section 1.43 meant tgrovide an overview of the role of €a

signalling in cardiogenesis and provide a context for our investigations into the effects of
C&"* channel bbckadeon CPC proliferation and differentiation. Similarly, Section 1.5
which followsis meant to provide an overview of atrial natriuretic peptigeliated

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

systemin regulatingcardiac development

1.4 The Role ofCa** Signalling in Cardiogenesis

In themature cardiomyocytes of the adnéart, C&" is most recognized for its
central role irEC coupling(Bers, 2002) In this processheinflux of C&* through
voltage gated {Type C&"* channeldocated within the-tubule network induces the
release of a much greater amount of'@@m the SR through ryanodine receptiors
process referred to as €induced C4' release (CICR{Fabiato, 1983) This transient
rise in intracellular Cd in turnfacilitatesactin and myositnteractions which results in
cardiomyocyte contractionln contrasto adult cardiomyocytegmbryonic
cardiomyocytes lacktubules and have a poorly developed(&Rhen and Lederer,
1988; Klitzner and Friedman, 1989; Qu and Boutjdir, 2001; Liu et al., 2002; Kirby,
2007) Consequently, msv of the C&' required for contraction of embryonic
cardiomyocytes comes from the extracellular space via sarcolemfiali@anels
including L-typeas wellasT-typevoltage gatedC&* channels Additionally, C&*
influx via L-type and Ttype C&* chamels hadeen implicated in critical aspects of
cardiogenesigcludinglineage specificatigngene expression, proliferatiamd

myofibrillogenesiqLi et al., 2005; Puceat and Jaconi, 2005; Nguemo et al., 2013)
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1.41 Biophysicaland Pharmacological Properties of Ltype and T-type C&’*
Channels

ThelL-type and Ttype C&" channés are two distinct families of voltage gated
C&"* channels, which have integral roles/ariousaspects oéardiomyocyte physiology.
Thefamily of L-type C&"* channels is comprised of four genetically distinct members
referred to as (Ga.1-Ca,1.4), whie the family of Ftype C&* channels consists dfree
members (Ci8.1-Ca,3.3) (Ertel et al., 2000) The L:type C&* channels are oligomeric
complexescommed of a relatively | arge pore form
b, o -saunldf iddie | inked U2/ U subun(Katzeng, 2009 ch r e g
These channels are characterized by{asgng, high voltage activated currents
(Lipscombe et al., 2004) By contrast,T-type C&" channels are monomeric structures
which consi st o f(Kawmb, 200Yandiate clsanadierized by transient
currents which aractivated at lower voltagg¢PerezReyes, 2003)

The U1l s uabdiftypetC&'@Hannels contains the known sites of
channel regulation by second messengers and pharmacological dtugs-type C&"
channels are also referred to as dihydropyridine (DHP) receptors/channels because they
bind with high affinity to this class of Gachannel blocking drugs (e.g. nifedipine,
isradipine nisoldipine)(Katzung, 2009) While T-type C&" channels were initially
described as insensitive to DHPs, there is now substantial evidencertaat DHPs can
also inhibit Ftype C&* channelswith relatively lowpotency(ICso valuesbetween-10-
100uM) (Kumar et al., 2002; Shcheglovitov et al., 2005; P&teyes et al., 2009)A
limitation to studyjng T-type C&" currents has been the lack of specific pharmacological

inhibitors. For instance, while mibefradil was initially presented sslectiveT-type
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C&* channel blocke(Clozel et al., 1997)t was subsequently shown thatstmolecule

also inhibitsseveral other channg¥iana et al., 1997; Gomora et al., 1999)

1.4.2 Impaired Cardiogenesisdue to Disrupted Intracellular Ca?* Homeostasis

The cardiogenic process relies on a highly orchestrated balance between
proliferation and differentiation of CPCs and cardiomyocy@&setz and Conlon, 2007)
Research dedicated to understanding the molecular mechanismsirggptais balance is
driven by the high incidence of congenital heart defectsarhtiman population
(Hoffman, 1995and the potential utility afindifferentiated CPC/cardiomyocytes the
field of regenerative medicin@®cMullen and Pasumarthi, 2007)n addition to its role
in generating action potentialsg* activates signalling cascadehich involveseveral
kinases and phosphatag€sabtree, 2001; Kahl and Means, 2003; Colomeat.e2004)
These intermediary enzymes can in turn alter the phosphorysa#itus, and thus the
transcriptional activityof key cardiac transcription factors sue$GATA4 and MEF2c
which ultimately contradd the balance betweerardiac celproliferation and
differentiation(McKinsey et al., 2002; Pikkarainen et al., 2004)

In a sty carried out by Porter and colleagues (2003), it was reported that whole
embryos(E7.5E8.5)cultured in the presence of the DHP*Gehannel blocker nifedipine
displayed cardiac morphological defeatswell as reduced expressiortlod
transcription fator GATA4 and the sarcomeric protein ventricular myosin light chain 2v
(MLC2v). Moreover,it was shown that in ES cell derived cardiomyocytes, disruption of
intracellular C&" homeostasis usirtfpe C&* chelatorBAPTA was associated with

impaired myofilillogenesis and that this effect could be reversed by restoring
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intracellular C4" by treatment with ionomycitLi et al., 2002) Taken together, these
resultsprovided evidencéhat intracellular CZ signalling pathways are critically
involved inthe cardiomyogenic process by regulating cardiomyocyte
differentiation/maturation.

The T-type C&* channelsare widely expressed in a variety of cell types during
the developmental period, while in posital life their expression is restricted to a few
specialized cell types including excitable pacemakdiswithin the cardiac conduction
system(Hirano et al., 1989; Lory et al., 2006; Ono and lijima, 2018¢cordingly, F
type C&" channels Avebeen implicated in cell growtind proliferatiorduring the
embryonic period Consistent wittthis view, prominent Ftype C&" currerts have been
recorded irembryonic/fetal as well aseonatatardiomyocytes in rodents bwere
absent at adult stagéSribbs et al., 2001; Feyn et al., 2002; Niwa et al., 2004)
Moreover,pharmacological inhibition of Type C&" channels was shown to reduce
glucosestimulatedproliferationin neonatal rat ventricular cardiomyocytgset al.,
2005) thus providing evidence for a dirdistk between the Fype C&" current and
signalling cascades which regulate the cell cycle machinery.

More recentlyjt was demonstrated that treatmen&& cells with nifedipine was
associated with impaired ability of these cells to differentiate into cardiomyocytes,
(Nguemo et al., 2013jhus providing indirect evidence that voltage gatetf €laannels
are expressed by CPCs and @artcally involved in the earliedtages of
cardiomyogenic lineage commitmer@urrently, it remains unknown whether influx of
extracellular C&' via voltage gated Gachannels plays a role in regulating proliferation

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

Shortly afte birth, cardiomyocytes lose their capacity to divifasumarthi and
Field, 2002) Therefore, cardiomyocytes lost to disease or injury are repladérotic
scar tissue rather than new muscle tisgberrently, ahost of cardiovascular drugs and
surgical interventions are used to slow the progressitieart diseas¢Salters et al.,
2010) but neither approach can regathe damaged myocardiurAccordingly, dono
cell transplantation has engexd as a proming strategy for myocardial repéiraflamme
and Murry, 2005; McMullen and Pasumarthi, 2007)

The first derivation of embryonic stem (ES) cells from the inner cell mass of the
preiimplantation stage maa (Evans and Kaufman, 1981; Martin, 19&hyd
subsequently humgiThomson et al., 199&mbryos were major migones in the field
of regenerative medicine. ES cells, which are capable of unlimited undifferentiated
proliferation in vitro, are capable of forming all of theindred=f cell types in the
human body and thus hold the ultimate regenerative potékitisiy and Keller, 2008)
Unfortunately, however,adult myocardiunapparently lackthe molecular cues required
to guide undifferentiated ES cells toward the appropoatdiac cellineages following
transplantation.For exampleundifferentiated mouse ES cells were shown to form
teratomas consisting of cell types from endodermal, ectodermal and mesodermal germ
layers following intracardiac transplantation into either the uninjured or infracted adult
mouse heartNussbaum et al., 2007)

Transplantation of committed céyipesinto the adult myocardium could in
principle circumvent problems associated with teratoma formagen with

undifferentiated ES cell@homson et al., 1998; Nussbaum et al., 2009 this end, cell
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transplanation of various committed cdlypes including skeletal myoblastere
investigated for their potential in myocardial regdicMullen and Pasumarthi, 20Q7)
In experimental mdels, substantial evidence for engraftmaintkeletal myoblastsito
host myocardium and improvement in pogarction cardiac function was reported
(Chiu et al., 1995; Murry et al., 1996; Taylor et al., 199%imilarly, improvements in
ejection fraction and improvesystolic thickening were reported in the first human
clinical trial in which skeletal myoblasts were transplanted into patients with severe
ischemic cardiomyopathienasche et al., 2003) It is generally accepted, however,
that thesefunctional improvementsbserved in botlkexperimental and clinical settings
were due to the effexiof secreted paracrine factoeshanced angiogenesisd/or
favorable scaremodelingather than transdifferaiation ofskeletal myoblasts into
cardiomyocytes. Moreover,arrhytimias wergorevalent amongatients following
skeletal myoblast transplantatienasche et al., 200@nd werdikely due tothe
inability of these cells to form electrical connections with the host myocarddym.
contrast, transplantatdéetal cardiomyocytebave been shown to irgeate functionally
with host myocardiunfRubart et al., 2003ndsuppresshe induction of ventricular
tachycardia in experimental modelscardiac injury(Roell et al., 2007)

While it is neither practical ncethical to consider the large scale production of
fetal cardiomyocytes for human clinical trials, ES cellsutologous induced pluripotent
cells (iPS) which can be guided toward the cardiomyogenic linékggg et al., 1996;
Zwi-Dantsis and Gepstein, 20183present a potentially unlimited source of
cardiomyocytes that could be used for cell transplantation therapies. Indesa| ES

derived cardiomyocytes havecentlybeen shown to form true gap jurmis couple
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electrically with the host myocardium and improve cardiac functi@mexperimental
animal model of cardiac injur§shiba et al., 2012)

A long standing hurdle in theardiac transplantation field is the long term
engraftment and expansion of the donor cells in the engrafted myocdR@imecke and
Murry, 2002) To address thissue, it has been suggested that maneuvers to increase
cell proliferation of transplated cells could significantly improve the ability to replenish
damaged myocardial tiss@ieaflamme and Mury, 2005) In this regard, we believe that
CPCs, which have the hallmark feature of high rates of proliferation, represent a
promising candidate cell type.ufthermore, CPCs are capable of differentiating into
mature cardiomyocyte lineages (i.e. dinentricular and conduction systg@artin-

Puig et al., 2008and therefore hold the potential to couple functionally with host
myocardium. Deciphering the molecular mechanisms underlying differentiation
CPCs toward committed cardiomyocyte lineages and also the potential interactions of
CPCs with commonly used cardiovascular drugs woulsidgrgficant stepsoward the

development of more effective cell based therapies for myocardial.repair

1.5 TheNatriuretic Peptides and heir Cell Surface Receptors

1.5.1 SectionOverview

Atrial natriuretic peptide (ANPis part of &amily of hormone/paracrinfactors
knownas natriuretic peptideshich areinvolved in regulating cardiovascular
homeostasi@McGrath et al., 2005)Natriuretic p@tides mediate thecellular and
biologicaleffects by binding to cell surface receptors knownatsuretic peptide

receptorsNIPRs). In the mature heart, the primary site of ABfhthesis and storage
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in the cardiomyocytes of the atrial chambek&/hile ANP gene expessionin the

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

increased expression is associated wéthophysiological situatior{€hien et al., 1991)

By contrast, in the embryonic heart, ANP mRNA expressidhe atria and ventriclds
approximately equdlZeller et al., 1987) At later developmental stages, howeVaXP

is downregulated in the ventricles, but remains high in the atria intenpttlife.
Importantly, immunoreactive ANP persists in a relatively small population of ventricular
cardiomyocyteshat form thefast conducting Purkinje fibers of trentricular cardiac
conduction systerfiToshimori et al., 1987b; Cantin et al980). Moreover, dysregulated
expression of ANP in the ventricles during cardiogenesis has been associated with several
forms ofcongenitaheart diseasehichinvolve abnormal patterning of the heart and
conduction system defedf8runeau, 2011) Despite this knowledge specific rolefor

ANP in cardiogenesis remains to be clearly defindah addresshisissue work in this
thesis aimed tdeterminevhether ANP mediated siglling systemsverebiologically

intact in the embryonic heaahdwhether theylay any role in regulatingell

proliferation and/or differentiationAccordingly, the following subsections are aimed at
providing an overview of thealient structural anghysiological featuresf ANP and its

cognateeceptorsandalsoprovide a rationale for our studies.

1.5.2 Historical Perspective: Discovery otheo At Na &at i ur etandtheFact or 0
Natriuretic Peptide Family

Over 50 years ago, it was first spktad 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 specig@dsch, 1956; Jamieson and Palade, 1964he 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 injectionabfextiacts
could rapidly stimulate natriuresis and diuresis and lower blood volume ifueaBold

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 segnced a protein from rat atria capable of inducing an identical
diuretic and natriuretic response, and named it cardiongulm Bold and Flynn, 1983;
Flynn et al., 1983) The human homolog was@enced shortly after, and was referred
to as human atrial natriuretic polypepti@&ngawa and Matsuo, 1984from these
studies, it was determined that the biologically aatndeculewas a 28 amino acid
peptide with a looped region formed by a disulfide link between two cysteine residues
(Figure 1.5.1). In subsequent yearg\geral 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 svemmediately recognized for its clinical potential in
treating a range afardiovasculadiseases. This realization served as the driving force
behind the ensuing explosion of research aimed at characterizing mechanisms underlying
ANP production and stage in atrial granules, its secretion into the circulation and
ultimately its actions at target organs throughout the body. These efforts also led to the

discoveryof the structurallyrelatedpolypeptidesB-type natriuretic peptide (BNP)
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(Sudoh et al., 1988nd Gtype natriuretic peptide (CNRpudoh et al., 199@¥hich,
togethemwith ANP, comprise the mammalian natriuretic peptidenily (Figure 1.5.1)

The natriuretiqeptidesaregeneticallydistinctand 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., 208BYhree natriurat peptides are
produced as ppgo hormones and processed into smalleierminal biologically active
peptidedy specific proteasg&igure 1.5.).  Collectively, natriuretic pptidesexert a
broad range oflpysiological functionsin cell types from numerous organ systépotter

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 (ANPXyBe natriuretic peptide (BNP) and C
type natriuretic peptide (CNP). All three natriuretic peptides contain a conserved 17
amino aciddisulfidelinked 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 circleB) All three natriuretic peptides are genedsds prepro
hormones and aragqteolytically processed into smaller biologically active peptides.
Only the processing steps for ANP are described herein. The signal sequence is cleaved
from the Nterminal to fom the 126 amino acid proANP molecileferred to as-126).

The type litransmembrane protease corin further processes proANP into the 28 amino
acid biologically active fornfreferred to as 9926).
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1.5.3 Atrial Natriuretic Peptide GeneExpressionand Regulation

Thegene encoding ANANppa)contains 3 exons and is Ided on chromosome
1 in human and chromosome 4 in mo(iéang-Feng et al., 1985) During mammalian
development,expression oANP mRNA can first be detected in the primitive heart tube
(Zeller et al., 1987and serves asearlymarker of the differentiating atrial and
ventricular myocardiunfChristoffels et al., 2000)In the early fouchambered heart,
ANP expressiormpersists in the myocardium of both the primitigeah and ventricular
chambers atomparable levels. As development procedtgh levels of ANP
expresson persist in the atria, but decline drastically in the ventrtolésvels that a
~100 foldlower thanthose in thatriain the mature heatNemer et al., 1986)

Genetic manipulation of thdppapromoter revealed thatdltis-elements
required to achievihe dynamic chamber/developmental stagec#peexpression pattern
of ANP are contained within a ~500 bp upstresequencand are organized into distinct
regulatory modulegArgentin et al., 1994) Each ofthesemodulescontains
combinations ofegulatory elementsequired for binding of kegardiac transcription
factors including Nkx2.5 (NKE), GATA Hand, MEF2cTbx5 (TBE), and serum
response factor (SRE)hich enable differentid expression of AR tooccurin a celt
type specific manneat developmental or postnatal stag@arocher 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.02p Importantly, nutationsin these
transcriptional regulators have been shown to be associatetinpgired cardiogenesis
in experimental animals and human congenital heart disand@ssome casesere

shown to bassociated with dysregulated exgsion of ANKLin 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,
expressiorof ANP isre-initiatedinh e ventricles as part of t he
programo along with a panel afftractiepmteimsa | ot h
normally expressed during the embryonic pe(i©tien et al., 1991; Schh 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 diseagelorsthuis et al., 2008ilustrating the complex ntre of gene
regulationin vivo. Overall, the extensively stiied ANP promoter provides a valuable
tool for delineating the transcriptional control networks involvedeigulatingboth

cardiac development and disease.

1.5.4 Storage and Secretiorof Atrial Natriuretic Peptide

ANP is synthesized as a pre peptide of 151 amino acided subsequently gets
cleaved at the aminerminusto yielda 126 amino acid proANEhat constitutes the
major storage form of ANP in secretory granyleégure 1.5.) (Ruskoaho, 1992) Co-
incident with its secretion, proANgetsfurther processed by the type Il transmembrane
protease corifYan et al., 2000)nto a 28 amino acid, biologically active pept{@dynn
et al., 1985) Following its release into the circulatiohNP mediateseductiorsin
blood volume and blood pressure ingegrated actions on several target orgaren
endocrine fashiofPotter et al., 2006)Alternative processingf@roANP has also been

shown to occuin the kidneyto yield a32 amino acid peptide referred to as urodilatin,
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which is thought to play a local role in regulating fluid homeos{&sisssmann et al.,
1998) Like other natriuretic peptides, ANP is characterized by a conserved 17 amino
acid disulfde linked ring structure which is required for biological actiyibagami 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
expermental species includg mouse and chicken (Figure 1.p.2

The main stimulus for ANP release from atrial cardiomyocytesvowas shown
to bemechanical stretcbf the atriaimyocardialwall which occurs in response floid
volume expansiofLang et al., 1985; Edwards et al., 1988ased on these findings it
was hypothesized thatechanosensitivetretchactivated ion channelshown to be
expressed bgardiomyocytegKim, 1992; Kim, 1993rould be involved in coupling the
mechanical stimulus into a secretory respon$ais hypothesis was supported by
subsequengxperiments whicklemonstatedthat gadoliniuma blockerof stretch
activated ion channelsoulddecrease stretanduced ANP secretion ithe isolated rat
atrium(Laine et al., 1994) In addition to mechanical stimuli, several vasoconstrictor
peptides inalding endothelifl (ET-1) andangiotensirl (Ang Il) havealso beershown
to stimulate ANP secretidinom isolatel hearts or culturedardiomyocytegLew and
Baertschi, 1989; Sei and Glembotski, 1990c¢&ccio et al., 1993; Church et al., 1994a)
While the precise molecular mechanisgaserning ANP secretiohave not been fully
resolved, there is substantial evidence thafalong recognizedegulator of secretion
in variousexcitable and noexdtable cell types(Penner and Neher, 198&Isoplays a
central role in regulating myocardidNP secretior{LaPointe et al., 1990; Church et al.,

1994b; De Young dl., 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 (regulateaf)constitutive(unregulatedjmanner(Burgess and Kelly,
1987) Atrial cardiomyocytes of the adult mammalian heart have the hallmark features of
a regulatedecretory cell typencludingdense secretory granujésng term storage of
granules in the cytoplasm asdcretiormechanisms that are coupled to specific
extracellular stimul{(Burgess and Kelly, 1987)By contrast, levels of immunoreactive
ANP in the adult ventricleare~1000 fold lower than those seen in the atria and
secetorygranules are only rarely observ@temer et al., 1986)Taken together, these
observations suggestthat a regulated secretory pathway predominates in the atria,
while ANP synthesized in the ventriclesrapidlyreleaseds part of a constitutive
secretory pathway.Consistent with this view, it was dengirated 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 cardiomyocytessaenhance(De Young et al., 1994)
Subsequerty, however, it was discoveriehatET-1 andintracellular C&' could
stimulateANP secretiorfrom culturedventricular cardiomyocytesndfrom the
hypertrophied ventricular myocardiumdicating tharegulatedsecetory pathwaysmay
alsoexist in theventricular compartmerfKinnunen et al., 1991; Irons et al., 1993)
Currently, it remains unknown wheth&NP is actively secreted mbryonic
cardiomyocyteslerived from the primitivefour chambered hehat earlierstages 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 specie3.he shaded boxes
correspond to amino acids which are conserved between mouseeegt(shine),

human and chick. fle boxed sequee corresponds to the 28 amino acid, biologically
active form of ANP. The amino acid sequence is highly conserved among mammalian
species, whileghe chick has 11 amino acids which differ from mammals.

39



Mouse ANP NP_032751.1
Rat ANP NP_036744.1
Ovine ANP NP_001153499
Human ANP NP_006163
Chick ANP NP_990256

Mouse ANP NP_032751.1
Rat ANP NP_036744.1
Ovine ANP NP_001153499
Human ANP NP_006163
Chick ANP NP_990256

Mouse ANP NP_032751.1
Rat ANP NP_036744.1
Ovine ANP NP_001153499
Human ANP NP_006163
Chick ANP NP_990256
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1.5.5 Historical Perspective on the Discovergf 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 erfanet et al.,
1984; Waldman et al., 1984; Winquist et al., 198#)terestingly, the guanylyl cyclase
enzyme that was isolated and purified was also able bind to ANP, which led to the
hypothesis tht the same protein was both an ANP receptor and a guanylyl cyclase
enzyme(Kuno et al., 1986; Paul et al., 1987)his hypothesis was supported by the
amino acid sequence of the ANP receptor which revealed aodlhiar domain
homologous tdhe guanylylcyclaseenzyme previously characterized in seehin
(Singh et al., 1988; Chinkers et al., 1989; Lowe et al., 19BAjthermore, transfection
of the ANP receptor cDNA into heterologous cell systems led to expression of a
functional recptor capable of binding ANP and stimulating intracellular production of
cGMP (Chinkers et al., 1989; Lowe et al., 19897 his receptor was designated the ANP
receptor guanylyl cyclase A (GA&), 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 act{ioyve et al., 1989) Shortly
thereafer, a protein homologous to NPRA, but having distinct pharmacological
properties was isolated from human placental cDNA lib¢@hang 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 natriyrepitde receptor guanylyl

cyclase B (GEB) or NPRB(Chang et al., 1989) Around the same time,third
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natriuretic peptideeceptor wassolated angburified fromculturedbovine aortic smooth
muscle cellfSchenk et al., 1987) Subsequent cloning of the egator, designated

NPRC, revealed that the intracellular domain, unlike NPRA and NPRB, was relatively
small and apparently lackeaah intrinsicguanylyl cyclasedomain(Fuller et al., 1988)
Based on this observation, NPRC was inyialassified as a clearance receptor that
served to buffer local natriuretic peptide concentrat{tMeack et al., 1987)
Subsequently, however it was discovered that NPRC ¢odi&tt modulate levels of the
secondnessengetAMP by inhibiting activity of adenylyl agase due to the presence of
activator sequences for the inhibitory heterotrimeric G proteir),wWihin the

intracellular domairfMurthy and Makhlouf, 1999; Pagaand AnandSrivastava, 2001)

1.5.6 Natriuretic Peptide ReceptorStructure and Functional Activity

The mammalian guanylyl cyclase receptors (NPRA and NPRB) are composed of
an extracellular Nerminal ligand binding domain ¢50amino acids), a single
hydrophobic transmembrane domain (-=Z®amino acids) and a@€rminal intracellular
domain (-570amino acids) that is further subdivided into kinase homology, dimerization
and guanylyl cyclase domaifFigure 1.5.3 (Potter et al., 2006)The gene encoding
NPRA (Nprl)contins 22 exons and is located on chromosome 1 in human and
chromosome 3 in mouseThe gene encoding NPRBIr2) also contains 22 exorsd
is located on chromosome 9hnmars and chromosomgin mouse.Comparisons
betweerthehuman NPRA and NPRBNA seqiencesevealed thathe most highly
conserved domain (88% amino acid identiggsfound within the 252 residues at the C

terminus corresponding to guanylyl cyclase dong@imang et al., 1989) Within the
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extracelluladomains, the overaimino acidsequencavasfound to bed4%identical

but ahighly conservedegion consisting 028 amino acid (79% identity)was observed
andwaspresumed to be important for recognition of natriuretic peptide lig@lisng et
al., 1989)

Therank order of ligand bindinfpr NPRA is ANP > BNP >> CNP (Schulz et
al., 1989; Suga et al., 1992)In the basal stateNPRA exist asa higher ordered
oligomer and guanylyl cyclase activitytightly repressedChinkers and Wilson, 1992;
Lowe, 1992) Upon ligand bindinga conformational change in the juxtamembrane
region is transmitted across the plasma membrane and activates guacidge activity
and production of cGMROgawa et al., 2004) The principal downstream effectors of
cGMP are: 1) cGMP dependent protein kinases (PKQGR)P-gated ion channels,
and3) cGMP-regulated phosphodiesteragescoln and Cornwell, 1993) The rank
order of ligand binding for NPRB SNP >> ANP >BNP (Suga et al., 1992nd by
mechanismsraalogous to those described for NPRA are able to activate guagglgke
activity and production of cGMPPotter et al., 2006)

Thegene encoding NPR@Ipr3) contains8 exons and is located on chrosome
8 in human and chromosom®& in mouse.The extracellular ligandibding domain of
NPRC is similar in topologgo the guanylyl cyclase recept@sdanalysis of the DNA
sequence of this domain revealed0% amino acid identity with NPRA and NPRB
(Chang et al., 1989) NPRC has been shown to biwith high affinity to all three
nariuretic peptidegSuga et al., 1992) An intermolecular disulfide bond between
cysteine residues in the extracellular domain resultseriormation of a covalent dimer

and thudNPRC exists as a homader (Stults et al., 1994) The intracellular domain of
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NPRC, unlikeNPRA and NPRB, is relatively small consistingoofly 37 amino acids

and lacks intrinsic enzymatic activi(ffuller et al., 1988)but can activate Gi proteins to
inhibit AC and consequently reduce production of cARand Srivastava et al., 1987)
The principle downstream effectors of cAMRlude 1) cCAMP depenént protein

kinases (PKA)2) cAMP-gated ion channels, a3 cAMP-regulated phosphodiesterases

(Houslay and Milligan, 1997; Kaupp and Seifert, 2002)
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Ligand affinities: ANP>BNP>>CNP CNP>>ANP>BNP ANP=BNP=CNP
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Figure 1.5.3Natriuretic peptide receptor structures and ligand preferences

Natriuretic peptides bind to three subtypes of natriuretic peptide receptors: NPRA, NPRB
and NPRC. Both NPRA and NPRB ayeanylyl cyclase receptors which are composed

of an extracellular Merminal ligand binding domain, a single hydropiwo

transmembrane domain and d@efminal intracellular domain that is further subdivided

into kinase homologydimerizationand guanylyl cyclase domains. The extracellular
ligand binding domain of NPRC is similar in topology to the guanylyl cyclase msept

An intermolecular 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 contaitigator
sequences for the inhibitory heterotrimeric G proteif) &8d thus couples to the

adenylyl cyclase enzyme.
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1.57 Physiological Effectsof Atrial Natriuretic Peptide

The specifigphysiological effect®f ANP deped upon the tissue distributn of
its high affinity receptor subtypes NPRA and NPRThe ANP/NPRA/cGMP signalling
systemis considered to be the primary mechanism involvezhimdiovasculafiuid
homeostasisia its actions on target organs that are critically involved in eletéralyd
fluid balancencludingthe kidneysvascular tissuethe adrenal lgnd(Lowe et al., 1989;
Nagase et al., 1997; Goy et al., 2001; McGsithl., 2005; Pandey, 2005)n the
kidneys, he natriuretic and diuretic effects of ANP are achiawaihly by stimulating an
increase in thglomerular filtration rate and filtration fraction aatsoby inhibiting
sodium reabsorptioatthe level ofthe collecting ducfLight et al., 1990; Melo et al.,
2000), andinhibiting the release of the renjbaragh, 1985) In thevascular
compartmentANP decreasgvascularsmooth muscle tone and thus peripheral resistance
andalso increasscapillary permeabilityto allow extravasabn of fluid and decreased
blood volume.Thecentralrole of ANP in blood pressure regulation has also been
demonstrated bthefact that transgenic miaa/erexpressing ANP are hypotensive
(Steinhelper et al., 1990; Barbee et al., 1994)le ANP-deficientmice are hypdensive
(Johnet al., 1996) Similarly, global disruption of the gene encoding NPRI(1), by
two independent groups has indicated that null mice also have high blood pressure,
cardiac hypertrophy and cardiac fibrofiepez et al., 1995; Oliver et al., 1997)

NPRC is expressdd most tissues of the body including the heart and vasculature
(Nagase et al., 199@nd ths wide distribution pattern ikkely a reflection of its role in
buffering local concentrations of natriuretic peptides inots compartments A

clearance roléor NPRCspecifically in the renal systemssipported by observations that
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loss of function mutations in micesult ina 2/3 longer halfife of ANP, impaired ability

to concentrate urine amdoderatenypotensior(Matsukawa et al., 1999)Intriguingly,
however, it has been demonstrated that CNP, acting via NPRC can markedly inhibit L
Type C&" current in isolated sinoatrial node cardiomyocyfRsse et al., 2004)
Furthermore, ANP has been shown to profounidigrease AMP production in isolated
Purkinje fibers from the adult rabbit heander basal conditions and in resperto
adrenergi@agonists such as epinephrine, dopamine and isoprotéraranid Srivastava

et al., 1989) Together, these studies provide strong evidence for a ralRMNPRC/G
signalling axs in regulating electrophysiological propies of ventricular conduction

systemcells.

1.5.8 Autocrine/Paracrine Regulation of Cell Gowth and Proliferation by Atrial
Natriuretic Peptide

Aside from its role in endocrine regulation of fluid homeostasis, ANP has also
been shown téunction as an important autocrine/paracrineutatpr of growth and
proliferation of numerous cardiovascular and-4eandiovascular tisssend cell types
For example, ANMas been shown to antagoncagdiomyocyte growtim response to
hypertrophic stimuli includig Angll, ET-1 and phenylephrini& 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 signiag) axis in regulating
cardiomyocyte growtin vivo has been supported by evidence that genetic ablation of
either ANP or NPRA results in markedrdiachypertrophy(Lopez et al., 1995; John et

al., 1996; Oliver et al., 1997) It was noinitially clear, however, whethéhis cardiac
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hypertrophy waslirectly rdated to a loss of an antihypexphic effect of ANP or
secondary to high blogaressurevhich isknown to occur in these micd.0 address this
issue, NPR null mice were treated with arftiypertensive drugs to normalize blood
pressure from an early aged it was shown thatlespite beig normotensive
hypertrophy and fibrosis persistédnowles et al., 2001)Similarly, selectiveablation
of NPRA specifically in cardiomyocytewas also shown to yield mice that exhibited
cardiac hypertrophwhile havingno effect on blood pressugdoltwick et al., 2003)

At the cellular level ANP has also been showmexert antiproliferative effects on
a variety of cardiovascular cell types including cardiac fibrob{&® and Gardner,
1995) vascular smooth muscle ce{Sharma et al., 2002)esangial cell§Tripathi and
Pandey, 2012and cardiorgocytes(Koide et al., 1996; O'Tierney et al., 2010)
Importantly,discrepancies regarding thefets of ANP on proliferation of
cardiomyocytefave beemeported Specifically,exogenous additioof human ANP on
embryonic chick cardiomyocytegasshown to increase proliferatigioide et al.,
1996) while addition of rat ANP to fetal sheep cardiomyocytes was shown to iAmiit
Il stimulatedproliferation(O'Tierney et al., 2010) More recently, it was also
demonstrated that ANWasable to cause a reductionproliferation ofCPCsderived
from the poshatal hear{Stastna et al., 2010)Collectively, these findings raise the
possibility that ANP could also be an important regulatgrofiferation ofeither

embryonicCPCsand/or cardiomyocytes derived from the early four chamberetl hea
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1.59 The Potential Role of Atrial Natriuretic Peptide Receptor Signalling in
Cardiogenesis

Cardiogenesis relies on a tightly controlled balance between cell proliferation and
differentiation. Because cardiomyocytesetheir ability to divide around the time of
birth (Pasumarthi and Field, 20023)ysregulated proliferation kinetics during the
embryonic period could potentially lead to deleterious effects on cardiac performance in
postnatal life. It has been firmly established that both working cardiomyocytes and
conduction system myocytase derivedrom a commommyogenic lineagéGourdie et
al., 1995; Cheng et al., 1999; McMullen et al., 208%) that secretguaracringactors
from the endotheliurendocardiumare capablef guidingundifferentiated cardiac cells
toward the conduction system lineage in bb#avian and murine ventricléSourdie et
al., 1998; Takebayastduzuki et al., 2000; Rentschler et al., 200Zhe trarsient
expression of ANP in theentriclesduring cardiac ontogersuggestshat ANPcould
also be an important autocrine/paracrine factor involvedgulatingaspects of cardiac
cell proliferation or differentiation in this compartmenh support of this idea, it has
been shown that mice lacking NPRA disptaguced survivakardiac hypertrophy
beginning at mid/late gestatiamdmorphological abnanalities including dextrocardia
andmesocardiglLopez et al., 1995; Ellmers et al., 2002; Cameron and Ellmers, 2003;
Scott et al., 2009) Currently, however, there is no direct eviderthat ANP receptor
mediated signalling systems are biologically active in the embryonic heart.

Previously, it was showby in situ hybridization thaANP mRNA transcripts
were abundaht expressed in thi#abecular myoardiumof the early four chambede
heartaround midgestatio(Zeller et al., 1987) A similar pattern of immunoreactive

ANP expressionn the trabecular myocardium was also documented in the embryonic rat
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heart(Toshimori et al., 1987a)intriguingly, cells within thenurinetrabecular
myocardiumhave been shown to withdrdvom cell cycleat relatively early stages of
development and enter interminaldifferentiation pathwaysward the cardiac
conduction systerfCCS)lineage (Sedmera et al., 2003)urthermore, functionand
molecular correlatesf the CCS have indicated that the trabecular myocardiaraes as
the preferential route oglectricalconduction prior to CCS maturati¢iragh and
Challice, 197; 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 plegny role inregulating either proldrationor lineage
specification of undifferentiate@mbryonicCPCs orcardiomyocytesluringthe

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 approvedeby th
Dalhousie University Committee on Laboratory Animals and were performed in
accordance with th€anadian Council on Animal Care Guide to Care and Use of
Experimental Animals (CCAC, Ottawa, ON: Vol1.1%2dition, 1993; Vol 2, 1984).
All animals were haosed in the Carleton Animal Care Facility at Dalhousie University
and maintained on a 12 hour light/dark cycle.

CD1 andC57BI/6 mouse strains were obtained from Charles River Laboratories

(Montreal, QuébedCanada TheNkx2.5-Cre mouse strairidesignéed as NC)which
was originally generated and characterized by Stanley et al. (208@2pbtained from
Dr. Richard Harvey (Victor Chang Cardiac Research Institute, University of South
Wales, Australia). These mice were engineered to have an intblwsdmal entry
sequence (IRES)anda€reecombi nase (Cre) coding sequen
untranslated region of the Nkx2.5 gene. R&6R reporter strairfdesignated as Rosa
LacZand abbreviated as Rlyas obtained fronthe Jackson Laboratorie®4dr Harbor,
Maine USA). Nprl-/- mouse straijoriginally generated and characterized by Oliver et
al. (1997) was received from Dr. Nobuyo Maeda (University of North Carolina, USA).
In Nprl-/- mice, exon 1 and intron 1 of tiNprl gene which encodesdamatriuretic
peptide receptor A (NPRA) was replaced withemmycinresistance cassette. The

Cx40°"* mouse straiporiginally generated and characterized by Miquerol et al. (2004)
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was received from Dr. Robert Rose (Dalhousie University, Canadahe Bx4G9™"*

mouse strain, enhanced green fluorescent protein (EGFP) coding sequence followed by
pgk-neo cassette was inserted in frame at the Cx40 start cotlemn ANFLacZ mouse

strain originally generated by Habets et &002),wasreceived fronDr. Vincent

Christoffels Universityof Amsterdam The NetherlandS'hese mice were engineered to
harbor the ANF regulatory region (+638/+@upledto thenLacZreporter geneAll
transgenic mose lines were maintained in G876 background.Unless oberwise

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
REDEXxtractN-AMP tissue ER kit (Sigma, Oakville, Ontario, Cang¢gaccording to the
manufacturerds instructions. Each tissue
solution (40ul Extraction Solution: 10ul Tissue Preparation Solution) and ground
marually using a sterile pipette tip. After al0 minute incubation at room temperature,
samples were heated to 95°C in a blocker heater. Next, 10ul of Neutralization Buffer was
added to each sample and mixed briefly by vortexing. Samples were then cedtrifug
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 REDExtractAMP kit (Sigma) with a total reaction
volume of 10ul. All primers were obtained from Invitrogen (Burlington, Ontario
Canadaand gquences are listed in Table.2.3 Each PCR reaction mixture contained
5ul REDExtractN-AMP PCR mix, 0.5ul of each primer (50ng each) and 2l of tissue
extract. Afinal volume of 10ul was achieved by adding the required volume of water.
For Nkx2.5-Cre genotypingPCR reactions were performed for 30 cycles: 30 sec at
94°C, 20 sec at 60°C and 60 sec at 72°C. Expected PCR products were 583 bp for the
transgenic alle and 264 bp for the wildtype allgleigure 2.3.1A) ForRosalacZ
genotyping PCR reactions were performed for 30 cycles: 30 sec at 94°C, 30 sec at 60°C
and 60 sec at 72°C. Expected PCR prosizets were 650 bp for the wilghe and 320
bp for the trangenic allelFigure 2.3.1B) For Nprl-/- genotyping PCR reactions were
performedfor 34 cycles: 30 sec at 94°C, 60 sec at 55°C and 60 sec atEg3€xted
PCR product sizes were 3B§¢ for the wildype andb00bp for the transgenic allele
(Figure 2.31C). For Cx40°™* genotyping PCReactions were performed f8d cycles:

30 sec at 94°®0 sec at 55°@nd60 sec at 72°CExpected PCR produstzes were 380
bp for the wildype and 45mp for the transgenic alle(€igure 2.3.1D).For ANF-LacZ
gerotyping, PCR reactions were perfornfed 34 cycles: 30 sec at 94°C, 60 sec at 55°C
and 60 sec at 72°CExpected PCR product sinéthe ANFLacZ transgenic alleleias
310bp(Figure 2.3.1E) PCR reactions were routinely performed using no template

contols to rule out false positive results.
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24 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/yellowibrous 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 anestized 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 Hg| Ontario Canada

2.5 Embryonic Ventricular Primary C ulture 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
antibioticantimiaotic (Gibco, Burlington, OntarioCanada 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 | Collagenase
(Worthington BiochemicaCorp., Lakewood, New JerseySA) in PBS(PBS: 0.138 M
NaCl, 0.0027 M KCI, pH 7.4)and rocked for 30 minutes at 37°C to digest ventricular
tissue. Following the 30 minute incubation period, tissuetmtasatedusing a 200pl
pipette tip to mechanicallgissociate cells from remaining tissue pieces. Cells were then

centrifuged at A00 rpm for 4 minutes, collagenase was removed, and the pellet was

neutralized with two washes of 10% DM ul beccodés Modi fi ed Eagl
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Wisent,SaintBruno, QuébecCanada containng 10% fetal bovine serum (FB®/isent)
Cell numbe was then determined usiaghemaytometer and cells were-seispended in
10% DMEM to achieve required celumbers Cells were plated at various cell densities
on either fibronectir{Sigma) coated 2 or 4vell chamber slides (Nunc, Rochester, New
York, USA), 35mm dishes (Corning, Corning, New YptkSA), or blackwalled clear
bottom 96well plates Greiner BioOng Monroe, North CarolindJSA, Catalogue #
655809.

Nifedipine (Sigma) stockolution was prepared by dissolving 50mg of nifedipine
in 1ml of DMSO ([Thermo Fisher Scientific, Nepean, Ontai@anada From this stock,
working solutions of 150mM, 15mM and 1.5mM were prepared, aliquoted and stered at
20°C protected from light. Faeentricular cell cultures receiving 100uM nifedipine
treatment, 1ul of 150mM nifedipenstock solution was added perrhl=ulture medium.
Similarly, either 1pul of 15mM or 1.5mM nifedipine was added p&ml culture medium
in order to achieve arfal concentration of 10uM orIM respectively. Thus, the final
concentration of DMSO in culture medium wasaintained a0.07% in different
nifedipine treatments or controRNP (BachemKing of Prussia, Pennsylvania, USA
Catalogue ¥-2100.0500 stock solutim was prepared by dissolving 0.5mg of ANP in
0.5ml sterileH,O (Ambion, USA), which was aliquoted and stored-80°C. From this
stock solution, working solutions @D0ngdpl, 10ng/pl and 1ng/ul were prepared by
serial dilution in sterile KD (Ambion) imnediately prior to use on the day of an
experiment. For ventricular cell cultures receiving 100ng/ml treatment, 1pl of 100ng/ul
ANP was added per 1ml culture medium. Similarly, either 1pl of 10ng/ul or 1ng/pul ANP

solution was added per 1ml culture medianachieve a final concentration of 10ng/ml
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or 1ng/ml respectively. Stock solution of NPRA/NPRB antagonist A71915 (Bachem
Catalogue #-3048.0500 was prepared by dissolving 0.5mg A71915 in 0.5 H
(Ambion), which was aliquoted and stored2Q°C. Fa ventricular cell cultures

receiving A71915 treatment, a final concentration of 1uM was achieved by adding 2.42ul

of A71915 stock per 1ml culture medium.

2.6 Tritiated -Thymidine L abeling

Following the drug treatment period, medium was aspiratechewdnedium
supplemented wittritiated[H]-thymidine (GE Healthcare Life Sciences, New Jersey
USA) was added to each wellata concentrabdn 1. 0 € Ci per 1ml of n
hours at 37¢eC. Af t e PH]-tiymidinem@aurenmyed aneéodlisa ¢ o n
were rinsed withthreewashes of PBS and then fixed with ice cold methanol for 15
minutes at 4°C. Following fixatiorells were msed with thre@dditional washes of

PBS and then processed for immunofluorescence.

2.7 Immune Cytochemistry
After methanol fixation 15 minutes at 4°Q, primary NCRL cultures used for
thymidine incorporation assays wgrermeabilized in 0.1% v/v Tton 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 S&ibao) 1%
w/v bovine serum albumirBSA; Thermo Fisher Scientif)\dn 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 polyclonaltagélactosidasél:50)
(Research Gift from Cappel, USAhd mouse monoahal antisarcomeric myosifil:50)
(Developmental Studies Hybridoma Bank, University of lowa, USatalogue # 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 wébandary goat anthouse antibodies,
conjugated to Alexa Fluor 488:200) (Invitrogenand goat antrabbit antibodies
conjugated to Alexa Fluor 555 dy&:200 (Invitrogen) for one hourAfter three washes
with PBS (5 minutes eaclgell nuclei were couoterstained by immersion in a solution of
1lpg/mlHoechst 33258 (Sigma) in PBS,-diied and then processed for autoradiography
described in the following sectioBéction2.8).

For experiments where primary cultured E11.5 NGRIANF-LacZ cells were
staned withX-gal (Goldbio,Missouri USA) and processed for antibody
immunolabelling, cells in 2 or 4 well chamber slides were fixed @ity Fix (2.7% w/v
cacodylic acid, 2.5% w/v paraformaldehyde, 1.66% w/v NaCl and@dH 7.4 for 30
minutes at roomeimperature. Walls of the chamber slides were then removed and each
slide was placed in Xgal solutionand incubated overnight at 37°&-gal solution was
prepared as follows: 0.@lof X-gal powder was added to 2.5 ml of N;Dimethyl
Formamide (DMF, Siga) to prepare the primang-gal solution. Once dissolved, the
primary X-gal solution was added dropwisedan80 ml PBS solution containing 2601 o f
1M MgCl,, 0.164 g potassium ferricyanide, and 0.212 g potassium ferrocyartae.
following day, slides were rinsed in PBS and then subjected to the immunolabelling
protocol exactly as described above. Primary antibodies used for these expasienents

diluted in blocking buffer at the following concentrations: rabbit polyclonal &ail.2
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L-type C&* channel1:50)Santa CruBiotechnology Inc., Santa Cruz, California
Catalogue? sc25686) rabbit polyclonal Connexin4(1:50) (Alpha Diagnostics San
Antonio, USA Cataloguet Cx4GA) and mousemonoclonalMF20 (1:50XDSHB). In
someexperiments, primary cultured E11.5 CD1 ventricular ceisegrownon 4-well
chambesslidescellsandfixed with 4%w/v paraformaldehyde for 15 minutes at room
temperature. After permeabilization with Triton-200 (Sigma), cells were incubated at
room temperature for 1 hour with blocking buffer supplemented with 0.3M glycine
(Sigma). Glycine reduced napecific fluorescence by binding to free aldehyde groups,
which would have otherwise been bound to primary and secondary antibodies and
resulted in high background fluorescen&imary antibodies diluted in blocking buffer
(10% goat serum, 1% BSA + 0.3M glycine) were added at the following concentrations:
rabbitmonoclonalMEF2c (1:400)(Cell SignalingTechnology DanversMassachusetts
USA, Catalogue # 503@nd mouse monoclonal anti mouse ME2%B0)(DSHB
overnight at 4°C in a humid boxSlides were then rinsed three tinfesfive minutes
each with PBS, labeledith secondary antibodies and nuclei were counterstained with
Hoechst(1pg/ml) as described above.

In the final processing step for all experiments, slides were rinsed extengitrely
PBS andnounted with0.1%propyl gallate (Sigmagolution[(0.1% w/v propyl gallate,
50% v/v glyceroThermo Fisher Scientifich0% v/v PBS].Cells were examined using
aLeica 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 experimentsplfowing theimmunofluorescenckabeling protocol, slides
were brought to a dartoom where they we coated with Kodak autoradiography
emulsion type NTB (MarketLINK Scientific, Burlington, Ontaridanadaand placed in
a lighttight box at 4°C for 3 days. After 3 days, slides were developed in a dark room by
placing them in Kodak E19 developer (Sigma) for four minutes, rinsing them in gajH
and then placing them in Ilford rapid fixer (Polysciences, Pennsylvd&iAa) for 4
minutes. Slides were then rinsed with warmed galldnd mounted using 0.1% propyl
gallate solution. Thymidine incorporation into the nuclei of cells in tpb&e of the
cell cyclewasidentified by the presence silveragms in the nucleus Cells containg

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 tintepregnant females to obtain-400mg 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) omadal stages (neonatal and
adult) were minced intemaller pieces and thehesame amount of tissue BMOmMQ)
was collected andsed for RNA extraction using TRIzol method. Tissamples were
homogenized in 1mIRIzol for approximately 1 minute using a pemhomogenizerFor
E11.5 ventricular celldtures, cells were lysed directly in 35mm culture dishes by

adding 1ImLTRIzol 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 TRIzollecton tubes
and trituration ging a pipetteip.

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 incubationp.2mlchloroform was added to each sampid ahaken
vigorously by hand for 15 seconds. After incubation at room temperature for 3 minutes,
samples were centrifuged at,230 rpm for 15 minutes at 4°C. Following centrifugation,
the colorless aqueous phase containing RNA was carefully removéchasiérred to a
fresh tube. RNAvas precipitated by adding 0.5mbpropyl alcohol and samples were
incubated for 10 minutes at room temperature. Samples weredahtifuged at 1,300
rpm for 10 minutes at 4°C. The resulting pellet was washed withef®&6ol in nuclease
free HO (Ambion), air dried and thesolubilizedin nuclease free ¥ (Ambion). RNA
content was quantified by measuring absorbance at 260nm and 280nm using a

spectromete(SmartSpet” Plus, BioRad,Mississauga, OntaricCanadp

2.10 Fluorescence Activated Cell Sorting (FACS)

Ventricles from E11.5 ANfLacZ embryos were isolated, pooled and digested in
0.2% Type | collagenase (Worthington) for @hutes aB7°C Cell pellets were then
obtained by centrifugation and neutratizagith 10% DMEM as describeghrlier(Section
2.5). To ensure that a singt=ell suspension that was devoid of any undigested tissue
wasachievedgell preparations were passed through a 40um mesh telts were then
pelleted once more by centrifugat at 4000 rpm for four minutes and prepared for

FACS analysis by following the instructionfthe FluoReporterLacZ Flow Cytometry
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Kit (Invitrogen Catalogue #930Qwhi ch was desi gngaldctodidase det e
activity in single cells. Firsttells were resuspended in staining medium (PBS, 4% v/v

FBS, 10mM HEPES, pH 7.2) at a concentration dfcilis/ml and 100pl of the cell
suspension was transferred tbaosilicate glasfiow cytometer tubgThermo Fisher

Scientific). -galadtosdl abs e s u b st r a tDegaldctopyranosids GRG) N d i
was then loaded into the cells by hypotonic shock for one minute at 37°C in a water bath.
At the end of one minute, FDG loading waspped by the addition of 1.8mk-cold

staining medium contaiing 1.5uM propidium iodide. lceold pipettes, prehilled at-

20°C 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 BosciencesFranklin Lakes, New JerseMSA), wascalibrated to detect
fluorescein, propidium iodide and forward scatter according to standard procedures.
Unstained ANFLacZ cells were used to set the background autofluorescence as
recommended by the madacturer. Sorted cells were pelleted by centrifugation0&4

rpm for four minutes and cell pellets were processed for RNA extraction using the TRIzol

method describedarlier(Section 2.9).

2.11 RNA Quality Control

To ensure a high level of RNA pty, only samples with 260:280 ratio >1.6 were
used in subsequent gene expression experiments. Additionally, to ensure a high level of
RNA integrity, 2ug of RNA was electrophoreased on an agarose gel and stained with
ethidium bromide Only samples whicHisplayed two discreet bands corresponding to

predominant ribosomal RNAs at ~5kb (28S) and ~2kb (18S) were usedseqsent
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experiments Samples meeting these standards of quality control were then immediately
converted into more stable cDNA sequenraeg stored a20°C until being used foeal

time quantitative PCROPCR gene expression analysis experiments.

2.12 RT-gPCR

To generate complementary DNA (cDNA) sequences from RNA samples, an
initial reaction mixture was prepared by adding 3ug NARtissue samples) or 1 ug of
RNA (ventricular cells), 1pl of 20mM dNTPs (Invitrogen), 250ng @mdprimers
(Invitrogen) and RNAefree HO (Ambion)to a total of 12ul. This mixture was then
heated to 65°C for 5 minutes. Subsequently, 4ul 5X Sup&rHdirst strand buffer
(Invitrogen), 1ul of 0.1M Dithiothreitol (Invitrogen) and 1RINAseOUT (Invitrogen)
was added to each reaction mixture, and samples were incubated at room temperature for
two minutes. Following incubation, 100U of Supersdiipéverse transcriptase enzyme
(SSIFRT) (Invitrogen) was added to each reaction tube and mixed gently using a pipette
tip. All tubes were then incubated at 25°C for 10minutes, 42°C for 50 minutes and then
heat inactivated at 70°C for 15 minutes.

ThecDNA templates were amplified ygal timequantitative polymerase chain
reaction (QPCR) using the primers listedrable 2.12.1 The primers for NPRANPRC
and GAPDHwere generated using the NCBI primer design tool

(http://www.ncbi.nlm.nih.gov/tools/primdslast). Foreach of these primer pajithe

optimal annealing temperature was detesdiempirically by performing gPCR
efficiencyexperiments.Briefly, PCR products were purified usiag Axygen(Union

City, California, USA purification kit, by following thema n u f a dnstuwactiens. A s
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10X serial dilution series of purified product was tigemeratd, and subjected to qPCR
analysis as described beloverom these experiments, tefficiency of each primer pair
was calculated using previdyslescribed methodJ aylor et al., 2010) The annealing
tempeaturethat yieldedareactionefficiencybetweerf0-110%was used for subsequent
gene expression analyseall other primer pairs were generated using the NIH gPCR

primer data basé{tp://mouseprimerdgmt.nci.nih.gov). An annealing temperature of

60°C was used for each of these primers pairs. Eaction mixture consisted Jul0of
cDNA product, 1.0 pl of the forward and reserprimers (2.5uM), 1.0pl of 5X
EVOlution EvaGreen®PCR mix(Montreal Botech Inc., Quebec City, Canada) and
2.0pl RNAsgDNAsefree HO (Ambion). All gPCR reactions were performed for 40
cycles: 15sec at 95°C, 60 sec at 60°C using@Othermocycle(lllumina, San Diego,
California, USA. Following completion of the amification cycles, melt curves were
generated by an additional cycle using the following conditions: 15 sec at 95°C, 15sec at
60 °C and 15sec at 95 °C. The melt curve was performed to confirm the annmtifafat
a single primer productAdditionally, qRCR amplification products were resolved by
electrophoresis on a 1.5% agarose gebtdiom expected amplicon sizes.

Gene expression was normalized to the control housekeeping gene
glyceraldehyde phosphate dehydrogenase (GAPDHhugi t hemethogiiGvak
and Schmittgen, 2001)The threshold of fluorescence (dRN) was set to 0.1 and was used
to determine the threshold cycleff@alue. The €valuespecifically refers to the cycle
number at which the amplification plot for a particular genersects the dRn threshold.
In a typical experiment where the relative expression of two genes was compared, the

following sequence of calculations was perfodme determine the ®*®value for each
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genel-Fi r st ;valuehfar eagh@ene wdstermined by subtracting tigg value of
thecontrol gene (GAPDH) from th@y value of the corresponding experimental gee.
The aver agvaluepwas theh talcudpted- Thea v e r aryaue ghtined in
step 2 was t hen ivadesforeachtineiddudl genembtdinedein st
1 to vyi ervatlest-iee 29P&@s then calculated for each getse Finally,

the relative expression of each gene was deterd by dividing the 2®® obtained for
each gene by the®** of one selected gene. Thimneuveenabled data to be
expressed as the relative expression of each gene comp#redtee selected gene,

which was set ta value of 1.0.

2.13 Ca**Imaging using Fluo-8

The effects of nifedipine on intracellular €#designated as [€8;) were
monitored using t-88WGTiuneassay (QNT 8isquest INE.| u o
California, USA), according t2%indicdbe manuf ac
molecule Flued readilycrosses the cell membradee to the presence of npolar
acetoxymethylAM) esters. Once inside the gehe lipophilic blocking groups are
cleaved by norselectiveesterasegesulting in a negatively chargatblecule that
remains inside cellsIn response to Gabinding, Flue8 undergoes a very large increase
in fluorescence that can be detected at an emission wavelength of &ddmused to
monitor fluctuations in [CZ];. Ventricles from E11.5 CD1 embryos were isolated,
pooled and digested in 0.2% Type | collagenase (Worthington) for 30 minutes at 37°C.
Cell pellets were then obtained by centrifugation and neutralized with 10% DMEM as

describeckarlier(Section 2.5).Cells diluted in 10% DMEM were seeded in fibronectin
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coated wellof 96-well black wall/clear bottonplates(Greiner BiocOng Catalogue #

655809)at a density 025,000 cells/well. After 4 hours, media was changed and

replaced with 1% DMEM containing various concentrations of nifedipine (1uMyI10u

or 100pM or vehicle (DMSO) for 1 hour at 37°C. After 1 hour cells were loaded with

Fluo8 dye | oadi ng s-&NW stoclosolution2itcel0hofd X asday u o
buffer consi st i ngwitoZ0mM HEPESamd 1nHPaumokcFd27 Bu f f e r
Plus) for 15 nmutes at room temperature. The fluorescence inteftsityesponding to

[C&®"];) wascalculated aseveral timepoints after stimlation with1uM isoproterenol

(ISO, Sigma)ased on thiatensity of green pixels (representing”CsensitiveFluo-8

signal) viaColourSubtractive ComputeAssisted Image Analysis software (Reindeer

Graphics, Asheville, NC, USA) as previously descrif@dspard and Pasumarthi, 2008)

2.14 Protein Extraction and SDSPAGE Electrophoresis

Ventricles from various developmental stages were isolated, pooled and
homogenized in 1ml Tumor Lysis Buffer (1% NP40, 5r&MTA, 150mM NacCl, 50mM
Tris/HCI pH8.0, 1ul PMSF and 1ul Aprotinin). Ela sample was then sonica{@&bnic
Dismembrator, model00; Thermo Fisher Scientijithree timest a setting of 3.and
placedon ice for 15 minutesDetergent soluble cytosolic fractions and detergent
insoluble membrane fractions were separated by high speed centrifugati¢g80at rpdn
for 15 minutes a#°C. Equal volumes of protein extraciontaining 40ug of protein,
were denatured ihaemmlibuffer [62.5 mM TrisH C | p H 6 -ng&rcapt@ethanll b
25% vliv glycerol, 2% w/v sodium dodecyl sulfate (SDS), 0.02% w/v bromophear| bl

andddH;O)]. Samples were then boiled at 95°C for 3 minutes and stof@d°&t The
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concentrations of all protein extta 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 Coosma8lue (Pierce, Rockford, IllinojdJSA)

from 465 mm to 595 mm when bound tofein which results in color shift from brown

to blue which can be measured using a spectrophotometer.

A total of 40ug of protein was separated on 12.5% or 16.5% SDS
polyacrylamide gels (0.375 M Tris/HE@H 8.8, 0.08% w/v SDS, 12.5% wi/v acrylamide,
0.2% v/v ammonium persulphate (APS), 40ul TEMED usirigdris-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 (Birad, Mississauga, Ontari€anada
Separated pretns were transferred from the gel to a nitrocellulose memehiGE
Healthcare Life Sciencgsoy applying a constant current of 100 volts for one hour
(Transfer buffer25mM Tris base, 190 mMglycine and 20% methanol pH 8.3). For
detecting 3kD ANP pedjle, transfer was performed using Hrigine buffer (BioRad).
Following the transfer, nitrocellulose membranes were stained with napthol blue (1% wi/v
napthol blue black, 45% v/v methanol, 45% v/v water, 10% v/v acetic acid) for 2 minutes
to enable prain visualization and determine protein loading. Nitrocellulose membranes

were then rinsed in ddd and air dried prioto use for Western blot analygse

2.15 Western Blot Analysis
To detect a protein of interest, the nitrocellulose membrane gasftubated
with two changes of fresh blocking buffer (3%%v powdered milk and 3%v/v BSA in

PBSwith 0.1%w/v Tween) for 30 minutes each. Next, membranes were incubated for 1
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hour with primary antibodies diluted in blocking buffé?Primary antibodiessed for
Western blot analysegbbit polyclonaNPRA (1:200)(Santa Quz, Catalogue # sc
25489, NPRC(1:200)(Santa @uz, Catalogue # s25487),ANP (1:200 (Chemicon
International Billerica, Massachusett$JSA, Catalogue #°BL66).

Primary antibod#s were remved and membranes were washed three imes
PBScontaining 0.1% Tween (0.1% PBfSfor 15 minutes each with rocking and then
incubated for 1 hour with secondary antibodies diluted in blocking buffer. Secondary
antibodies usedqjoatantirabbit(1:2000)(Bio-Rad Catalogue #17-2019) or goaantr
mouse(1:5000)(Bio-Rad,Catalogue #17®516) antibodies conjugated to horse radish
peroxidase. After removal of secondary antibadiesmbranes were wash#dee times
in PBST for 15 minutes each witbcking. Protein bands were detected by enhanced
chemiluminescence method using ECL Plus Western Blotting Detection System (GE

Heal t hcare Life Sciences) according to man

2.16 Enzyme Linked Immunosorbant Assay (ELISA)

Tissue lyates from ventricles of either E11.5 or neonatal hearts were generated as
described earlier (Section 2.14). Clear @8&ll microtiterplates (Nunc, Catalogue #
167008) were coated with tissue lysate samples in 100ul 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 200ul of
blocking buffer (5% BSA in PBST) at 37°C for 1 hour. Blocking buffer was then
discarded and theells were rinsed once with PBST before incubating with primary

mouse monoclonal arBNP antibodies (8ng) (Chemicon, Catalogue # CBL66) diluted
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in 100ul ELISA diluent (1% BSA in PBST) for 2 hours at room temperature. Primary
antibodies were then removadd wells were washed five times for three minutes each
with PBST. Secondary geanhtrmouse antibodies (1:5000)(Bk®ad Catalogue # 170

1019) conjugated to horse radish peroxidase diluted in 100l of ELISA diluent were then
added to each well for 2 hauat room temperature. Secondary antibodies were
discarded and each well was washed five times for three minutes each with PBST. An
aliquot of Ultra TMBELISA substrate (Pierce) was wrapped in foil to decrease exposure
to light and equilibrated at rootamperature. A volume of 100ul of Ultra TMBLISA
substrate was added to each well and allowed to incubate at room temperature for ~20
minutes. The reaction was stopped by adding 100ul of 2M sulphuric acid to each well.
The absorbance was then measumadediately 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, Catalog#kl-2100.0500 and covered range of 403125ng.

2.17 SecondMessenger Asays. cGMP and cAMP
Ventricles from E11.5 CD1 embryos were isolated, pooled and digested in 0.2%
Type | collagenase (Worthington) for 30 minute8#C Cell pellets were then obtained
by centrifugation and neutraed with 10% DMEM as described earl{&ection 2.5) To
determine the level of cGMP in E11.5 cells, cGMP competitive immunoassays were
performed using the two step protocol of the cGIMifP assaykit (Cisbio, Bedford,
Massachuséd, USACatalogue #$2GM2PEB accordingtd he manuf actur er 0s

instructions. The principle of this assay wassed on the competition between
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endogenous cGMP and a-dge labelled cGMP analogue (@MP) for binding sites
on anttcGMP monoclonal antibodsdabelled with Cryfate (mABCryptate) The
specific signal whictoccureddue to the energy transfer between the@®P and
mADb-Cryptate wasnversely proportional to the concentration of endogenous cGMP
contained within the experimental sample.

Thetwo step protocol for the cGMP competitive immunoassagsisting of a
stimulation step and a detection step was performed as follStep: :Stimulation: A
volume of 5pl of cells (6000 cells) in 10% DMEM was added to the experimental wells
of white 34-well low volume platesGreiner BieOneCaialogue# 784075.

Additionally, 5 ul of dilution buffer consisting of drug compounds of interditited in

10% DMEM, was added to each experimental well to achieve a final volume of
10ul/well. The broad dastrate phosphodiesterase inhibitas8butyt1-methylxanthine
(IBMX; Sigma)was also included in the dilution buffer at a concentration of 500uM in
order to prevent cGMP degradation. The plate was then sealed and incubated at room
temperature for 30 mutes. Step 2 Detection: A volume of 5ul d2cGMP diluted in

lysis buffer was added to each experimental well. ImportanthlgGNMP was omitted

from negative control wells in order to determine 1specific signal. A volume of 5ul
mADb-Cryptate was addeto each experimental well to achievtal volumeof

20pl/well. The plate was then sealed and stored at room temperature for one hour before
being read on a POLARstar Omega plate refBIG Labtech). The d2cGMP

fluorophore was excited at a wavelémgf 337nm and emission was detected at 665nm
and 620nm. The calculation of the fluorescence rationi@&2(hm) was performed to

minimize the photophysical interference which may have occurred due to medium
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conditions such as the presence of serumsulewere 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 46d the
average values from replicate wells were calculad’he 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 plottiegDelta F values obtained
from standards with known cGMP concentrations and covered an average range of 0.49
500nM (final concentration of cGMP/well)flhe cGMP concentrations in experimental
samples were deduced by extrapolating the respective Dedtlaésvromhe 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 dynarid 2ssay kit
(Cisbig Catalogue #2AM4PEB accor di ng t o tuttiens. madaheuf act ur
principle and the twstep protocol of the cAMP competitive immunoassays were
identical to those described above for the cGMP assay, with one important exception:
Step 1(stimulation), 4000 cells were added to each well (diluted in 5.1@% 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

2.181 Preparation and Processing of Paraffin Embedded [&cimens

Embryos from E11.5 stage were harvested and placed in 10% neutral buffered
formalin (10% NBF Sigm3g solution overnight at room temperature. For embryos
harvested from later developmahstages (E14.5 and Ebptheheadswere removed
and then embryos were immersed in 10% NBF fdrdays. The 10% NBF was then
discarded and specimens were dehydrated with increasing concentrations of EtOH (70%,
95%, 100%) and cleared with xylenes in 87800 tissue aufprocessor (Leica
Specimens were then infiltrated with liquid paraffin (Tissue PraprmoFisher
Scientific) held at the melting point (8°C) for 1 hour, embedded in paraffin using
embedding rings and cooled at 4°C to solidify.inTAOum tissue sections were cut using
aShandon AS 32kicrotome,(Thermo Fisher Scientifjdransferred to a 45°C water
bath and then collected &uperfrost® Plus slidegermoFischer Scientific). Slides
were allowed to air dry in a 37°C incubatwernight 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%%,(0%, ddHO) for two minutes each. An
antigen retrieval step was performed by boiling the samples in antigen retrieval buffer
(10mM Sodium citrate elnydrate, 0.05% v/v, pH 6.8&nd ddHO,) two times for thirty
seconds each. For immunofluorescencgdeslwere 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 overnigitt4°C. For these experiments, the following
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primary antibody dilutions were usedabbit polyclonalANP (1:100)(Santa Cruz
Catalogue # s€0158 and mouse monoclonal phosphohistada (1:100 (PH3; Cell
Signaling Catalogue #707). Slides were therinsed three times for five minutes each
with PBS and incubated with secondary goat-arguse antibodies, conjugated to Alexa
Fluor 555(1:200) (Invitrogenand goat artrabbit antibodies conjugated to Alexa Fluor
488 dye(1:200)(Invitrogen) for one aur. After washing with PBS three times for five
minutes eachgell nuclei were counterstained by immersing slides in a solutiapg/fm
Hoechst 33258Sigma) in PBS.Slides were then rinsed with PBS andunted with

0.1% propyl gallate solution. Tisssections were examined usingeaca DM2500
fluorescence microscopad images were captured using a Leica DFC 500 digital

acquisition system.

2.182 Preparation and Processng of Frozen $ecimens

Embryos from E11.5 stage were harvested and placadiyoprotectant 30%
sucrose solution overnight at 4°C with rocking. The following day, embryos were
embedded IOCT medium(Sakura Finetek, Torrance, California, USA)ng plastic
embedding rings and frozen-80°C. Thin 10um tissue sections weeat using a
CM3050 Scryostat (Leica) and collected &uperfrost® Plus slides (Fisr Scientific)
Slides processed f@AB( 3, 36 Di ami nobefixedwithiceeoJd st ai nir
methanol for 15 minutes at 4°C, rinsed with PBS and themmeabilizd 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. Aftewur, blocking buffer

was tipped off and primary antibodies diluted in blocking buffere added at the
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following concentrationsrabbit polyclonal NPRA (1:50) (Santa Cru2atalogue # sc
25489 andrabbit polyclonal NPRC (1:5qBanta CruzCatalogue # s25487) for 1 hour
at room temperature in a humid chaméied subsequently at 4°@eynight. The
following day, primary antibodies were tipped off and slides wiesed with PBS three
times for five minutes eadbefore being incubated with secondgoatanti-rabbit
antibodiegBio-Rad, Catalogue #17P019)conjugated to horse radiskrnoxidasdor
onelhourat room temperatureAfter extensive rinsing, a singRIGMAFAST "V DAB
tablg (Sigma)was dissolved in 15ml ultrapure® by vortexing, andhe resulting DAB
solution was applied to tissue sections. The subsequent chromogetionreas
monitored by light microscopat low powerto assess the degree of color development.
Reactions were allowed to proceed forHbminutes, and were stopped by tipping off
DAB solution and rinsing slides extensively with PBSides werenountedwith 0.1%
propyl gallatesolution examinedy light microscopysing aLeica 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 emnyos were isolated, pooled and digested in 0.2%
Type | collagenase (Worthington) for 30 minute8#C Cell pellets were then obtained
by centrifugation and neutrakd with 10% DMEM as described earl{&ection 2.5and
re-suspended to a concentrat@nt0,000 cells/pl in sterile PBAdult (~12 weeks) male
C57Bl6 mice were anesthetized by 1.25g of 2{2Zf&r-omethano(Sigma)dissolved in
1.25ml of Amyl Alcohol ABO-1 (Fisher Scientificadded drop wise into 50ml of de@l

(13pl of 2.5% tribroneetharol solution per gram body weighflo maintain anesthesia

73



mice were administered 2.5% isoflurane using an animal ventilatorcfadd@s/minute
and 0.3cc volume). Using thoracotomy, the trachea was exposed, intubated and
connected to an animal volursentrdled ventilator(Harvard Apparatus Small Animal
Ventilator Model 687Holliston, Massachusett$JSA). The heart was then exposed via
sternotomy with the use of smaltn@ctors. For each experimeBtX 1C cells suspended
in 5ul of PBS were injected dirtg into the left ventricle of the heart usiag28 gauge
insulin ¥z cc syringe .The incisions were then closed with interrupdadO suturesand
the endotracheal tube was gently retracted after voluntary respiration resumed.
AnalgesicsBuprenorphine (@3-0.05mg/kg body weight, IP) aretoprofen (2mg/kg
body weight administered via SC royterere given prioto surgery and once every 12
hoursfor the duration of the experimental protocol.

Adult C57BI/6 male mice were injected once daily with a dosgmg/kg
(average mass of 25g per mouse was assumed) of nife(ffagmea)or an equal volume
of 10% Captisol(Captisol, La JollaCalifornia, USA)vehicle solution (sterile $D, 10%
w/v Captisol). A tothvolume of 150ul of nifedipin®r vehicle was devered via the
subcutaneous delivery route on the day of the cell transplantation surgery and once daily
for two subsequent days. On the third day+sosgery, animals were sacrificed and

processed for quantification of graft sizes as described 8ewution 2.2D

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-pektinjection by cervical

dislocation, hearts were 1idfy excised and placed in Flow Hrecipe described in
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Section 2.7 for 3 day at 4 °C with rocking. Heasections (25um) were then cut using
amotorizedadvanced vibroslicBMA752 Campden Instrumentdd., Lafayette, Indiana,
USA) in a PBS tissue la and placed in »Gal solution overnight at 37 °C to elicit a blue
chromogenic signal from the transplanted NCRL cells. The quantification of intracardiac
grafts within 25uM tissue sections was performed via Cefustractive Computer
Assisted Image Argsis as previously describé@aspard and Pasumarthi, 2008)

Areas occupied with blue pixelepresenting the NCRL cardiac cell grafere assessed
from photomicrographs using image processing software devetypedindeer

Graphics (AshevilleNorth Carolina USA). The surface area of the graft was calculated
based onlte area occupied by blue pixel§he approximate total volume of the graft for
each heart was then calculated by multiplying the surface aszlbfsection by 25um.
After quantification, issue sections containing transplanted NCRL cells were placed in a
cryoprotectant 30% sucrose solution overnight at 4°C with rocking. The following day
tissue sections were stacked and placegd@T medium usig embedding rings and

frozen at-80°C until further processirfgr Hematoxylin & Eosin staining described in

the following sectior{Section 2.2}

2.21 Hematoxylin & Eosin (H&E) Staining on Adult Heart Sections

Adult heart tissue sections (25pumattwere stacked in OCT were cut into smaller
(10pm) sections using a Lei€M3050 SCryostat and sections were collected on
Superfrost® Plus slides (FishScientific) Heart sections processed for H&E staining
were immersed in instahematoxylin soluon (Thermo Electron Corporation, Pittsburg,

PennsylvaniaUSA) for 2 minutes and then rinsed under running water. Slides were then
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immersed in a solutioconsisting of 0.25% HCwashed under running water, and then
immersed in bluing agent (0.05% lithucarbonate Slides were then rinsed under
running water and immersed in the following solutions3@isecondsach: 95%
ethanol,95% ethanol, 100% ethanol and xylenes. Finally, slides were mounted with
Cytoseal60 RichardAllan Scientific,Kalamazog Michigan, USA, allowed to air dry

and then examined by light microscopy using a Leica DM2500 microscope.

2.2 Electrocardiograms (ECG)

Prior to ECG recordings, ice wereanesthetizetdy inhalation 02.5% isoflurane
using an animal ventilator (18§cles/minute and 0.3cc volume). The EGi@nal was
obtained from using a bipolar8ectrode dead system.For this purpose, electrodes
(AD Instruments, Inc. 2205 Exetive Circle, Colorado Spring&/SA) were gently
placed under the skin in the laitd right regions of the pectoral muscles of naicd
under the skin of thieft 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 providlBd by
Instruments. EC&wererecodedat a sampling rate of 1 kHz using the Lab Chart
software. Recordings were performed for a minimum of 2 minatelsaselineand for a
minimum of 20 minutes aftefobutamine (Sigma) injectioris.5ug/g). At least 10 beats
were averaged to determine thetheate(beats per minute), RR, PR, QJRS, and P
duration Body temperature of all mice was maintained at 37°C by placing the mouse on
a small animal heatinglate (Physitemp, Instrumesinc. Clifton, New Jersey, USA,
Model # TCAT-2LV) and body tempetarewas continuously monitored using a rectal

probe
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2.23 Statistical Analyses

Data are presented asant standard error of the mean (SEM). Betwgewups
comparisons weranalyzed by ANOVA andukey multiple comparisons pdsoc test.
A two-tailedunpaired {testwas used to compare between two groups only. Significance
for all analyses was assignecaD.05 For each experiment, the number of

experimentseplicates is indicated in the corresponding figure legend.
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Primer Name

Pri mer

SeAQlue)nce

Expected band sizegbp)

Nkx2.5-S GCCCTGTCCCTCGGATTTCACACC

Nkx2.5-AS ACGCACTCACTTTAATGGGAAGAG 583 264
Cre-S GATGACTCTGGTCAGAGATACCTG

Rosa 1 AAAGTCGCTCTGAGTTGTTAT

Rosa 2 GCGAAGAGTTTGTCCTCAACC 320 650
Rosa 3 GGAGCGGAGAAATGGATATG

Nprl-S GCATGGTTCAGCTCTAAGAC

Npr1-AS CTAACCCTGTGAACTGTAAGC 500 339
Neo-AS CCTTCAGTTATCTACATCTGC

Cx40-S CTCCAATTAACTCCTTGTGAGCC

Cx40-AS AGGCTGAATGGTATCGCACC 450 380
Neo-AS CTTGCCGAATATCATGGTGG

ANF-LacZ F ATCCTTTGCGAATACGCCCACGG

ANF-LacZ R GCTGGTCACTTCGATGGTTTGCCC 310 N/A

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 straintsl)
Nkx2.5-Cre(NC). B) RosaLacZ (RL). C) NPRA knockout Kiprigend. D) Cx4G9"" E)

ANF-LacZ
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Table 2.12.1: List of primers used for real time quantitative PCR and expected
amplicon sizes.

80



Primer Name

Pri mer SeAQ3@)nce

Expected Amplicon

Sizes (bp)
GAPDH-F TCGTCCCGTAGACAAAATGG
GAPDH-R TTGAGGTCAATGAAGGGGTC 132
Cal.1-F TCCTAATCGTCATCGGCAGC
Cal.1-R CCTCCACCCAGGCAATACAG >
Cal.2F AGCAAGAACCACTGCGGAT
Cal.2R GAAGAAATGCAGCAACAGCC 106
Cal.3F CATCCCATTCCCTGAAGATG
Cal.3R TTCAGAAATGTCTCCACTGTAAAAA %9
Ca3.1-F TCCTGGTCAATACCCTCAGC
Ca3.1-R AGGCTGGTGAAGACGATGTT >
Ca3.2F CCGAGGAGGCGATACTGG 130
Ca3.2R CTCGGTCATGGTGGCAGA
Cyclin D1-F CTCCTCTCCAAAATGCCAG
Cyclin D1-R GGGTGGGTTGGAAATGAACT e
Cyclin D2-F CAGCAGGATGATGAAGTGAACACA
Cyclin D2-R GGATCCGGCGTTATGCTGCTCTT 108
CDK4-F TGCCAGAGATGGAGGAGTCT
CDK4-R TTGTGCAGGTAGGAGTGCTG 109
Cyclin EF TGTGAAAAGCGAGGATAGCA
Cyclin ER GATTTTCCGAGGCTGAATG 139
Cyclin B1-F TGTGTGAACCAGAGGTGGAA
Cyclin BI-R GGCTTGGAGAGGGATTATCA Hia
p21-F GAAACGCTTTCTGAGTTCGG 144
p21-R GGGTCCTTTGAACTGGCTTC
p27-F GTGGACCAAATGCCTGACTC 126
p27-R TTCTTCTGTTCTGTTGGCCC
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Expected Amplicon

Primer Name Pri mer SeAdi@)nce

Sizes (bp)
GATA4-F CTGGAAGACACCCCAATCTC
GATA4-R CCATCTCGCCTCCAGAGT 100
Hand2F CGGAGATCAAGAAGACCGAC
Hand2R TGGTTTTCTTGTCGTTGCTG %
MEF2GF TGGAGAGATGAAGTGAAGCG
MEF2CGR GCACAGCTCAGTTCCCAAAT %
Tbx5F TGGTTGGAGGTGACTTTGTG
Tbhx5R GGCAGTGATGACCTGGAGTT 101
ANP-F GGACTAGGCTGCAACAGCTTCCG
ANP-R CCAAGCTGCGTGACACACCAC 9
NPRA-F CCGATACTGCCTATTGGAG
NPRA-R CATCGAACTCTTCCAGCACA 116
NPRGF ACAGCTCTCCTTGCAAATCATCAGG
NPRGR CGC AGC TCT CGATGC TTC CCG 104
Cx40-F CAGAGCCTGAAGAAGCCAAC
Cx40R GACTGTGGAGTGCTTGTGGA 137
HCN4-F CCTCCTGCGCCTCTTGAGGCTTT
HCN4-R TGCCAATGAGGTTCACGATGCGT 19
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CHAPTER 3: THE EFFECTS OF CALCI UM CHANNEL
BLOCKADE ON PROLIFER ATION AND DIFFERENTI ATION OF
CARDIAC PROGENITOR CEL LS

3.1 Background and Hypothesis
Globally, ardiovascular diseasesmain the number one cause of mortality

(World Health OrganizatioBtatisticswww.who.in). Owing to a very low capacityf

postnatal cardiomyocytes tivide (Pasumarthi and Field, 2002ardiomyocytes lost to
disease or injurgre replaced by fibrotic scar tissue rather than new viable
cardiomyocytes. While the presence of several endogerardiac stem/progenitor cells
have been documented in the adult h@dierlihy et al., 2002; Beltrami et al., 2003; Oh

et al., 2003) they appear to be inadequate to respond to tlssimaell loss associated

with manyforms ofcardiovasculadisease. Currently, pharmacological therapies and
surgical interventions can slow the progression of heart disease, but cannot replace the
lost cardiomyocytes. To this end, donor cell trangjpk#on is emerging as a favorable
strategy to restore heart function by replenishing the diseased heart with new functional
cardiomyocytegMcMullen and Pasumarthi, 20Q7)

The discovery of functional coupling between transplanted fetal cardiomyocytes
and host myocardium was a significant stepaias the use of cell based therapies for
myocardial repai(Rubart et al., 2003; Roell et al., 2007; Shiba et al., 202he of the
major hurdles remaining in the célansplantation field is the ability of transplanted cells
to form larger graft sized.aflamme and Murry, 2005) A hallmark feature of
embryonic cardiac progenitor cells (CPCs) is a high intrinsic capacity for proliferation

which could in principle translatato larger graft sizes. Furthermore, CPCs have the
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ability to differentiate into mature cardiomyocyte lineagdsMullen et al., 2009and
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 myocardialagp Previously, our group described the existence
of CPCs in the embryonic heart at the pdsaimber formation stage of E11Zhang and
Pasumarthi, 2007; McMldn et al., 2009) We have also demonstrated that E11.5 cells
containing a significantly higher proportion of CPCs can repopulate diseased hearts a
higher efficiency compared to E14.5 cells (unpublished data, manuscript in preparation).
Currently,it is unclear whether existingardiovasculadrugs would have detrimental or
protective effects on CPC transplantation.

Previously,t was shown that¢mbryos exposed to the dihydropyrid{iHP)
C&"* channel antagonist nifedipine displayed cardiacphological abnormalities and
altered expression of cardiac gefieerter et al., 2003) Currently, our understanding of
the molecular mechanisms underlying impaired cardiogeitesesponse to Ca
channel blockade remains incompleféhus, we tested the hypothesis that Ga
channel blockade by nifedipine disrupts the normal program of proliferation and
differentiation of E11.5 CPCs and cardiomyocytes. As a corollary we dso tested the
hypothesis thasystemic administration offedipine would have a detrimental effext
graft size formation following transplantation of E11.5 cells (mixed pojpunlaf CPCs

and cardiomyocytes)
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3.2 SpecificAims

1. Determine he effects of ifedipine on proliferation of E11.5 CPCs and
cardiomyocytesn vitro.

2. Investigate the effects offadipine on myofibrillogenesis of E11.5 cardiomyocytes.

3. Determine the effectsf systemic administration offedipine on graft sizedrmation
following transplantation of E11.5 cardiac cells.

3.3 Results

3.3.1 Conditional Act i v at i-galactosidase ib Embryonic Cardiac @llsusing
Nkx2.5-Cre and Rosa LacZ Double Transgenic Mouse btel

The primary aim of this research studgs to investigate the effects of Ca
channel inhibition ol€PCand cardiomyocyte populations in the E11.5 heart. To
distingush cardiac cells from necardiomyogenicell types found itheembryonic
heart, we employed a double transgenic mouse mygsign which genetically labels all
cells derived fronthe initial Nkx2.5expressing cell lineage. TINkx2.5Cre transgenic
strain @esignatedNC) was engineered to have an internal ribosomal entry sequence
(IRES) and Creecombinase (Cre) codingsequenci nserted into the 36
region of theNkx2.5gene(Stanley et al., 2002)Cre, a recombinase protein from the
bacteriophage P1, mediates site specific recombinasiwelen specific DNA sequences
known ad.oxP sites, resulting in removal of intervening DNA sequences.
The ROSA Lac Z reporterstrain @esignatedRkL) was engineered to have a
transcriptional ter mi na-gatactosidasddpl coding sett e p

sequencégSoriano, 1999) The stop cassettearborsa neomycin selection gene plus
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triple polyadenylatio sites, and is flanked HyoxPsites Upon translation oNkx2.5in

the initial heartcell population of the double transgenic mice (designated NCRL), the

Cre recombinase gene was-tanslated. The resulting Cpeotein excised the floxed

stop cassé& from ROSALac Ztransgene, allowing the expression of ltlae Zreporter,

and detection dflkx2.5" cell lineages thereaftéFigure 3.3.1AC). Homozygous NC

and RL mouse lines were routinely crossed to generate E11.5 embryos heterozygous for
both trangenes. To confirm thedouble transgenic genotype of embryos used for
experimental purposes, the atria were carefully disséaigdeach heartand incubated

in X-Gal( ¢ h r o moggleubstrate3diutionin order tovisualize the insolublelbe

reaction product (Figure 3.3.1D In preliminary studies, netnansgenic atria were

shown to be negative in response tga staining datanot shown).

3.3.2 Voltage Sensitivel -type and T-type C&* Channels are Expressed in the
Embryonic Ventricles

Dihydropyridine (DHP) C& channel antagonists potently inhibit voltage gated L
type C&* channelqICse< 1puM)(Katzung, 2009yvhile at higher concentrations they can
inhibit both L-Type and Ttype C&" channelgICs, 10-100puM)(PerezReyes et al.,

2009) To gain insight into the specific complement of voltage sensitivé @annels
expressedh the murine embryonieentricles we determined the rafive abundare of
mRNA for several -type C&*channel isoform$Ca,1.1, Cal.2 and C¢l.3)as well as
T-type C&" channel isoform§Ca,3.1 and C¢B.2) by real time quantitative polymerase
chain reaction (QPCR) at E11.5 aaldo atlater developmental/posiatal stages In

preliminary experiments, it was determined that glyceraldehym®3phate
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dehydrogenase (GAPDH) expression levels remained unchangsd at
developmental and posttal stages examined, and was therefore used as an internal
control gene to nornlize data by correcting for variations in quantities DNA used as
template (Figure 3.3A&B). At the E11.5 stage, thetype C&*channels CA.2 and
Ca1.3 were the predominant €ahannel isoforms expressed at the mRNA I¢Figjure
3.3.3A). At this stageboth T-type C&*channel isoformsda,3.1 and C¢B.2) were also
expressedalbeit at lower levelsompared tahe L-Type C&" channelgFigure 33.3A).

To monitor fluctuations irC&* channel expression in thentricles throughout
cardiacdevdopment the relative abundanaé each L:type and Ttype C&* channel
isoformwas also determined kter embryonic and postnatal stage$4.5, E16.5,
Neonatal and Adult) Results from these developmental analyses, which are presented in
Figure3.3.4A-E, revealed several notable trendi¥therelative expression of Gh3 and
Ca,3.2 were highest at E11.5 and progressively declined at later developmental stages
(Figure 3.3.€&E). 2) Relative expression of GCh2 remained relatively constantrass
all developmental and posital stage@-igure 3.3.8). 3) Expression of CA.1lwas
barelydetectableluring the entire embryonic aneéonatal period but then increased
~300fold atthe Adult stagg(Figure 3.3.4A. 4) Expression of C&8.1 progressively
increased during the developmental and perinatal period befoppihg precipitously at
the Adult stag€Figure 3.34D). A sideby-side comparison of the relative expression
levelsof each Ltype and Ttype C&" channel isofornat E11.5,E14.5, E16.5, Neonatal
and Adult stagealso provides aoreclear indication of theredominant C4 channel

isoformsexpresseat eachindividual stage(Figure 3.3.4F.
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3.3.3 Characterization of Ca®* Influx in | soproterenol Stimulated Cells Treated
with Nifedipine

Based ortheknowledge that nifedipine can inhitiittype and Ttype C&"
channelswith either high or low potenagespectively we examined theffects of
various concentrations of nifedipine imracellular C&" (denoted as [C4];) fluctuations
in theembryonic ventriculacell population Acutely isolated E11.5 ventricular cells
wereplated in 96 well clear bottom plates andcubated with various doses of nifedipine
(1M, 10puM or 100jM) or vehicle (DMSO) for 1 hour. THE&"]; levelswerethen
monitoredin randomly selected fields baseline and in response tgpisderenol (ISO)
stimulationusingthe C&* sensitiveindicatorFluo-8 AM. The Acetoxymethyl(AM)
esterghat are attached to Fik®moleculesare norpolargroupsthat readily coss the
cell membrane anthen getapidly hydrolyzed byntracellular esterase®s generate
chargedgroupsthat are retained within the cellponbindingto C&*, Fluo-8 undergoes
a>200fold increase in fluorescenagtensitywhich can be detected améted
fluorescence at a wavelength of Bidand usedo monitor fluctuations in [C&]; levels
In cultures prencubated with vehicléor 1 hour stimulation with ISQ1uM) resulted in
[C&®"]; oscillationsthat were readily observahile a significart proportion ofthe total
cell popuation from each field examinedy contrast, in cultures priacubated for 1
hour with either 1M or 1QuM nifedipine,[Ca®"]; oscillationswereobservably smallein
amplitudeand could only béetectedn a relativelysmall proportion of the total cell
population Finally, in cukures preincubated with 100uM ifedipine for 1 hour[Ca®*];
oscillations werdarelydetecableand were present wnly avery small proportiorof

the total cell population.
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To quantifythese observations, th@eragechange irfluorescence intensity
(correspondingo [C&"];) that occurred in responsegtimulation with ISO was
calculated from randomly selected fields us@@ourSubtractive Computehssisted
Image Analysis softwaras previously describeGaspardand Pasumarthi, 2008)-or
these experiments, the baseline fluorescence inyemag set to a value of 1.0 and data
are expressed as fold change at 1, 3 and 5 minute time fodioigng ISO stimulation.
In cultures prancubated with vehicle for 1 houSO induced aignificantincrease in
[C&®"]; compared to baselire 3 and5 minute time poirgt(3 minutes: 5.4 + 0.7fold vs.
baseline5 minutes:5.6 + 0.6fold vs. baseling (Figure 33.5B&F). In cultures pre
incubated withluM nifedipine, an ingease in [C&]; was observed at the 5 minute time
point andthis valuedid not differ in magnitude compared to cont®I9 + 0.7fold vs.
baseline)Figure 3.3.5&F). By contrast, pe-incubation with10uM nifedipineblunted
the increase in [G4; at 5minutescompared to both control and 1uM valugs4 + 0.3
fold vs. baselinejFigure 3.3.5[8.F). Pre-incubation with10QuM nifedipine essentially
abolished anySO stimulated increase [8&"]; (1.1 + 0.1fold vs. baselinejFigure
3.3.5E& F). These esults together withCa* channelgene expression data (Figure
3.33), support the idea th&@&* channelswith variable sensitivities tOHP C&*
channel antagonisexist in theventricular myocardiunat E11.5and could be members

of both the Ltype and T-type families of voltage gate@e channels
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3.34 Nifedipine Causes a Decrease in DNA Synthesis in Cardi&ogenitor Cells
and Cardiomyocyte Populations

Intracellular C&" signalling cascades are well known regulators of cell
proliferation in numerous cell typesThus, we investigated the effects@&* channel
blockade on proliferation kinetics of primary cultueti1.5 ventricular cells The
concentrations of 10uM and 100uM were selected for these anahtbethe intentiorof
either inhibitng L-type C&* channels only (10pM) or both-type and Ftype C&*
channels (100uM). For these experimedtaible transgenic embryos (NCRL) with
genetically labelled Nkx2Hineage( e x p rgal)svere Used tadentify cardiac cells in
culture, whileimmunolabelling foithe differentiation marker sarcomeric myo§nF20
antibodies)vas used to confirrthe identities of ardiomyocytegFigure 3.3.6AD).
Using this model systersellsp o s i t i-Gak buf notiF2@®( f5al’/ MF20) were
considered to be CPCs since previously waalestrated that Nkx2BVIF20 cells
differentiate into MF20expressing cardiomyocyt@s vitro (McMullen et al., 2009)
Converselycells positive fobothb-Gala n d M FGaky ME26") were considered to
be cardiomyocytesFi nal |l 'y, cel |l s t h&tal wamda -Gl&EQRaOt i(\be
MF20) were classified as nerardiomyogenic cells.

Following a 16 hour incubation period with either vehicle or mgfied (LOuM or
100uM), rates of proliferation werdeterminedising a tritiated>H]-thymidine
incorporation ass/. The principle of this assay is based on uptake of the radiolabelled
thymidine analogud?H]-thymidine by cellsundergoingde novaDNA synthesisduring
the S-phase of the cell cycleFollowing autoradiographic processiniggorporation of

[*H]-thymidineinto cellsin the Sphase cabe readily detectebly thepresencef
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distinct silver grains in the nucle(iSigure 3.3.J. The percentagof cells inthe S-phase
out of thedefinedcell population was referred as the labelling index (LI)

In vehicle treated control cultures, the CPC population had an avdrafd2.7
+ 4.2 %)which wassignificantly highercompared to thel observedn the
cardiomyocyte populatiorl4.0 + 3.4%pandwasconsistent with the inverse relationship
that is known to exist betwegmoliferation and differentiatioduring cardiogenesis
(Figure 3.3.8&B). Treatment with 10puMifedipinewas associated with gasificant
reduction inthe Ll of the CPC populatio25.6 + 3.9%)butdid not have any effé¢on
thelLl of cardiomyocyte (11.9+ 2.246) (Figure 3.3.8A&B. By contrast, treatment with
100uM nifedipinedrastically reduced proliferation in both the CRBB®T * 4.1%) and
cardiomyocye (1.7x 0.3%)cell populationgFigure 3.3.8A&B. Furthermoreit was
demonstrated that nifedipiteeatmentvas associated withdose dependent reduction in
DNA synthesisothenonc ar di omyogeni c-ga/dA20)thatwvagsul at i on (
guantitatively similar to that observed in the CPC populafogure 3.3.8¢.

Based on the observation that 10uM nifedipine was associated with reduced
proliferation of CPCs but not cardiomyocytes, speeculated that-type C&* current
may play a more prominent role in regulating proliferatio€HCs To gain insight into
this issue, E11.5 NCRL primary cultures were generated aidroanolabelled with
MF20 andCa,1.2 L-type C&" channebpecificartibodies. Slides were also incubated
overnight in Xgal in order to confirm the identities cdrdiomyogenicells
Interestingly results from these experiments demonstratedGhdt 2 immunoreactivity

was strong in thaucleusperinuclear region ohie CPCs and cardiomyocytes, while
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labelling of the plasma membrane tended tonloee prominent iCPCs compad to

cardiomyocytes (Figure 3.3.9

3.35 Ca”" Channel Blockadewith Nifedipine is Associated with Gene Expression
Changes in Cell CycleRegqulating Genes

To gain insight intgotentialmolecular mechanismsderlyingthe effects of
C&"* channel blockade on CPC and cardiomyocyte proliferation, we examined the effects
of nifedipine on the expression séveral positive and negative cell cyagulating
genes.PrimaryculturedE11.5 ventriculacellswereincubatedwith either vehicle or
nifedipine(10uM or 100uM)for 16 hours andubsequently analyzed fohangesn
expressiorof the positive cell cycle regulators Cyclin D1, Cyclin D2, CDKA4¢lin E
and Cyclin B1 as well cell cycle inhibitors p21 and p2J&ing vehicle (DMSO) treated
cultures as a point of reference (i.e. expression=teSjts from these analys€Bigure
3.3.1Q and summarized ihable 3.3.1)demonstrated thateatmen with either 10uM or
100uM nifedipine was associated witlsignificantreductionin expression in Cyclin B1
compared to contrdflOpuM: 0.7 = 0.06and100uM: 0.7 + 0.02, while other positive cell
cycle genes remained unchangedidditionally, 100uM nifedipine, but not 10uM, was
associated with a ~ 2 fold increase in expressighetell cycle inhibitop27(1.9+ 0.2)
but had no effect oaxpression of p21

Thus far work from Chapter 3 hademonstrated the nifedipine mediatedCa
channeblockadewasassociated with reduced rates of proliferation of CPCs and
cardiomyocytes isolated from the E11.5 ventriclearthermore, th@igher potency of

nifedipine on inhibition of CP@ersus cardiomyocyteroliferationhighlights the
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possibility that differat C&* channel isoformsvith varying sensitivities to DHP
antagonistsnay differentiallyregulateproliferation kinetics in these two distinct cell
populations. Because intracellulaE&”* signalling cascades have also beeplicated as
critical reguladrs of cardiomyocyte differentiation, vimextsought to characterize the

effects of nifedipine on myofibrillogenesis.

3.36 Ca’" ChannelBlockadeis Associated with High Levels of Sarcomeric
Disorganization in Embryonic Cardiomyocytes

To determinghe effects of C& blockade on cardiomyocyte differentiation, we
characterizedhe effects of nifedipinen theintegrity ofthe contractile apparatus of
E11.5cardiomyocytegb-gal'/MF20") based orimmunolabelling with antibodies against
sarcomeric myosin (MF20)in control culturesncubated with vehicle (DMSO) for 16
hours,the vast majority oMF20" cardiomyocytes displayed organizediscle fiber
bundles and a stellate mtwgdogy,which is characteristic of emjmnic cardiomyocytes
(Figure 3.3L1A). By contrast, in cultures treated withO edw 1 00e M ,ni f edi pi r
cardiomyocytegenerallyappeared smallen size and didpyed poorly formed
sarcomericstructures that wetgighly disorganized and/onisshaped (Figure
3.3.1B&C). To quantitativelyneasure of the impact of nifedipine on cardiomyocyte
differentiation the average cell size of cardiomyocytes from each treatment group was
determine by measuring ceBurface areausingColourSubtractive Computehssisted
Image Analysis softwar@aspard and Pasumarthi, 2008 esults from these analyses
demonstrated that the average surface area of cardiomyocytes from control cultures was

~ 2 5 0 6(Figura 3.3.11[) Comparedo control, significant reductiosin
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cardiomyocyte surfacareawereobserved in response to eitiér ¢ 100G rf) or
10 0 €~MDCe M) nifedipine(Figure 3.3.1D).

To determine whether nifedipine treatment was associated with altered
differentiation kinetics, the relative abundance&BiCs( {isal’/ MF20), cardiomyocytes
( f5al'/ MF20") and norc a r d i o my-Gal/ MR20)avas(qbantified from control
and nifedipine treated culturedn control cultures, the cell population was composed of
49.3 + 3.5% cardiomyocyte®).1+ 4.26 CPCs,and11.1+ 4.4% of norrcardiomyogenic
cells(Figure 3.3.12) While the relative distribution of each cell type did not change in
response to 10¢ M ggnificantncrgasennelativerp@orttionefn t
cardiomyocyte$63.4+ 1.8%) and atrend toward alecrase in CPCs (288 1.4%) was
observedn response to 100uM nifedipine (proportion of reardiomyogenic el
population did not chang&;9 + 1.24).

To investigatgotentialmolecularmechanisrmmunderlying impaired
myofibrillogeness, we examined whether nifedipine had any effect on expression of a
panel of transcription factorequired for propecardiogeesis including GATA4,

Hand2, MERc and Thx5 Comparé to DMSO controls (Expression=1.@%was
determined thatOOuM, but notlOuM nifedipine was associated with a modest but
significant reductiorof Thx5 expressio0.7 + 0.08) while GATA4, Hand2 andEF2c
levelsremained unchanggFigure 3.3.18-D). Previously, it was demonstrated that
translocatiorof MEF2cto the nucleusvas critical for propemyofibrillogenesisand
occurred via £& " dependent process(Lynch et al., 2005)Based orthis knowledge,
we investigated thsubcellular localization of MEE in E11.5cardiomyocytesreated

with either DMSO or 100uM nifedipineln controlcultures,intenseMEF2c labeling
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wasreadily observed in theucleusalong withlower levels in the dgplasmic
compartmentletectecas small punctae (Figure33L4A-D). By stark contrasin
cardiomyocytes from 100uM treated cultures, immunoreadtiZ&2c wasveryfaint in

the nucleus, anohostlyconfined tothe cytoplasnmas small purtae(Figure3.3.14EH).

As a readoudf whether this mislocalization of EF2c in the cytoplasmvas associated

with alteredtranscriptional activityye quantified thexpression odknown MER2c

target gene ANPNppa), in response to 100uM nifedipin€€ompared to DMSO ¢ated
cultures (expression=1.0), a significant reduction in ANP gene expression (0.7+0.06) was

measured ircultures treated withOOuM nifedipine Eigure 3.3.1p

3.37 Nifedipine has Detrimental Bfects onGraft Size Formation Following
Injection of E11.5 Ventricular Cells into RecipientHearts

Thein vitro data presented thus far in Chapter 3 have provided evidence that
pharmacological Ca chanrel blockadewith theDHP C&* channelantagonist nifedipine
disrupts the normal program of proliferatiand differentiation of E11.5 CPCs and
cardiomyocytes Based orthis knowledgewe further hypothesized thatehletrimental
effects of nifelipineseenin vitro would translate into smaller graft size formatiorvivo
following cell transplantation Totest this hypothesisparoximately 3x10ventricular
cells, acutely isolatedrom E11.5 double transgenic (NCRL) embryweretransplanted
via direct intracardiac injection into the left ventriclehealthyC57BI/6 mice.

Recipient mice subsequentigceived daily doses of eithefedipine 6Gmg/kg) oran
equal volume ofrehicle (10% captisol) for 3 days beginning on the day of the

transplantatiorsurgery On the third day posturgery, animals were sacrificed and
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processed for quantification of draizes. Brefly, excised hearts were fixesliced into
~25um sections, and then incubated hga{ solution in order toigualizetransplanted
NCRL cells within the host tissyblue reaction product)Areas occupied by blue pixels,
corresponding taansplanted cells, were then quantified to estimate the total graft
volume from each recipient heart usi@glour-Subtractive Computer Assisted Image
Analysis softwaréGaspard and Pasumarthi, 2008)

In recipient mice receiving once daily doses of vehicle for 3 days, distinct regions
of transplanted E11.5 cells wernsible andtended to be spread out over relatively large
surface area@~igure 3.3.16&B). By contrast, in mice receivirggily injection of
nifedipine (3ng/kg dissolved in 10% captisol), engrafted regions tended to &léesm
(Figure 3.3.16C&D. Quantification of the graftolume fromrecipient heagconfirmed
that the average graft volume from vehicle treated recipients (0.045 m@nf)was in
fact significantly larger compared to thiéedipine treated group (0.083t 0.001Imn?)

(Figure 3.3.16k
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Figure 33.1: Conditional activation of the LacZ reporter gene genetically labels the
Nkx2.5" cell lineage. A) Schematic representationkx2.5-Cre transgene (NC),
engineered to have an internddasomal entry sequence (IRES) and-@eombinase
(Cre) coding sequence inserted intB) the 30
Schematic representation of RdsacZ (RL) reporter strainengineered to have a
transcriptional terminator stop cads® r o X i ma {galactosidasévée2) dding
sequence which is flanked by LoxP sit€3).In double transgenic (NCRL) embryos,
translation of Nkx2.5n the initial heart cell populatioresulted inthe co-translation of
the Cre recombinase genelhe resulting Creprotein excised the floxed stop cassette
from ROSALac Ztransgene, allowing the expression of ltlae Zreporter, and detection
of Nkx2.5" cell lineages thereafteD) Confirmation of the double transgenic genotype
of embryos was accomplishegt incubating atria from each heartXnGal solution in
order to visualize thensoluble blue reaction product.
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GAPDH

ARnN

0.100

Dev. Stage C; £ SEM
E11.5 15.3+0.06
E14.5 15.4 + 0.03
E16.5 15.4 + 0.1
Neonatal 15.7 £ 0.2
Adult 15.8+ 0.2

Figure 3.3.2: Validation of GAPDH as internal control gene. A)Amplification plot

of GAPDH shows all samples crossed the threslgiRhE0.1) at approximately the

same cycle number (avera@e= 15.5+ 0.08. B) Tabular summary of the average

GAPDH Cy values obtained from multiple samples at each developmental stage.

Because GAPDH was shown not to vary significantly between develdahaewl 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.-6\inBependent

RNA extractions/developmental stage, analyzed in duplfoateech extraction One

way ANOVA with Tukey post hoc test.
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Figure 3.3.3 L-type and T-type Ca?* channelexpressionin E11.5 ventricles. A)The
relative expression levels oftype C&* channel isoformgCa,1.1, Cal.2 and C¢l.3)
and Ftype C&* channéisoforms(Ca,3.1 and C¢B.2)were measured in cardiac
ventricles at E11.5 by real tingriantitativePCR (all samples normalized to GAPDH)
At this stage of developmertie L-type C&" channelsCa,1.2 and Cgl.3 were the
predominant C& channel isofans expressed. THetype C&* channels C#8.1 and
Ca3.2were also expressed, albeit at lower lev@gpression of CA.1 was virtually
undetectableB) Representative melt curused toconfirm the amplification of a single
PCR product (example providesiCa,1.3). N=34 independent RNA
extractions/developmental stage, analyzed in duplfoateach extraction Each bar
represents meah SEM.*p <0.05vs. Cgl.3; #p <0.05vs. Cgl.2, Oneway ANOVA
with Tukey post hoc test.
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Figure 3.3.4: Developmentaprofiles of L-type and T-type Ca* channel isoforms.
The relative expression of each’®Cehannel isoform was determined in relation to the
E11.5 stage (E11.5 expression=1.8). Expression oCa 1.1 was barely detectable
throughout development and inased significantly at the adult stag®) Relative
expression of GA.2 did not vary significantly between any stages exami@gd.
Expression oCa,1.3 was highest at early developmental stages (E11.5 and E14.5) and
then declined significantly later iredelopment (E16-Adult). D) Expression of C&3.1
showed a progressive increase during development and then dpsppgtously at the
Adult stage.E) Expression 0fCa,3.2 was highest at E11.5 and then progressively
declined at later developmental stag-) Sideby-side comparison of the relative
expression levels of eachtype and Ttype C&* channel isoform a11.5,E14.5, E16.5,
Neonatal and Adult stagstatistics not shown fd¥). N=3-4 independent RNA
extractions/developmental stage, analyireduplicatefor each extraction Each bar
represents meah SEM. Statistical differences are indicatedder the appropriate graph
for A-E. Oneway ANOVA with Tukey post hoc test.
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Figure 3.3.5 The effects ofCa?* channel blockadeon isoproterenol induced
fluctuations in intracellular Ca®*. Acutely isolated E11.5 ventricular cells were
incubated with various doses of nifedipine (1uM, 10uM or 100uM) or vehicle (DMSO)
for 1 hour. The average change in fluorescence intensity (poresg to intracellular
C&" levels) was then monitored in randomly selected fields at baseline and in response to
isoproterenol (ISO; 1uM) stimulation using the*Csensitive indicator Flu8 AM. A)
Representative micrograph of baseline fluoresceneddat time OFluorescence
intensity=1.0). B-E) Representative micrographs taken 5 minutes-[{88tstimulation
from cultures incubated with DMS®), 1uM nifedipine(C), 10uM nifedipine(D) or
100uM nifediping(E). F) Quantificationof changes in fiorescence intensity that
occurred in response to stimulation with ISO at 1, 3 and 5 minute time péa@g3
independent experiments, 3 random fields/experiméddjarepresenmeant SEM
*p<0.05 vs. DMSO and 1uM#p<0.05vs. 1uM, 10uM and100uM. Oneway ANOVA
with Tukey post hoc tesEcale bar=100uM.
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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 labeléat2.5" lineage

( e x p rgal)swere Used to identify cardiac subpopulations in E11.5 primary ventricular

cell culturesA-D) The same field of cells stained with Hoechst nuclear ¢89in - b
galactosidase antibodi@s-Gal)(B), sarcomeric myosin antibodi€glF20)(C) and

merged image@).Cel | s po-6at j vbuft o-Ga/MFIOFW2@® ( b
classified as cardiac progenitoeGalacde!l | s ( ar
MF 2 0-Ga'/tMF20") were considexd to be cardiomyocytes (astejisiCells thawere
negati veGabr ab d{iGRABRO) weke classified as nen

cardiomyogenic cells (arrow hea®cale bar=25um.
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Figure 3.3.7 Visualization of cells in the Sphase of the cell cycle using a tritiated
[*H]- thymidine incorporatio n assay. Following autoradiographic processing,
incorporation of H]-thymidine intocells in the Sohase could beeadily detected by the
presence of distinct silver grains in the nucléysBright field image of three cells, two
of which are synthesiag new DNA(arrows), and one that is not (arrowhead).

B) Hoechst nuclear staining of the same three cells. Scale bar= 25um.
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Figure 3.3.8 The effects ofCa?* channel blockade on proliferation of E11.5 cardiac
cell populations. Using a fH] - thymidine incorporatin assay, the labelling indelI{
percentage of cells in the@hase out of the defined cell population) was determined for
subpopulations of E11.5 ventricular cel&) In the cardiac progenitor c€lCPC)
population b-gal’/MF20), aprogressive decrease in LI was observed in response to
either 10uM or 100uM nifedipineB) In the cardiomyocytéCM) population(b-
gal/MF20") LI was unchanged in response to 10uM nifedipine, but was dramatically
reduced in response to 100uM nifedipirn@) The LI of the norcardiomyogenig¢Non-

CM) cell population f-gal/MF20) was also significantly reduced in response to 100uM
nifedipine.N=3-4 experimentéreatment group~400 cells counted/experimefiach bar
representsneant SEM.*p<0.05,0neway ANOVA with Tukey post hoc test.
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CM

CPC

3.3.9: Immunolabelling ofCa,1.2 L-type Ca** channels in E11.5 cardiac progenitor
cells and cardiomyocytesDouble transgenic embryos (NCRL) with genetically labelled
Nkx2.51 i ne age -galpwerp usedsosiderfiify cardiac subpopulations in E11.5
primary ventricular cell cultures by the presence of blue chromogenic signal following
overnight incubation in >gal solution(A&D). Immunolabelling with antibodies against
sarcomeric myosin (MF2@rean) wasused to confirm the identities of cardiomyocytes
(CM). The top panegfA-C) shows two cardiomyocytes {¥al'/MF20"; indicated by
arrows) with strong GA.2 (red) immunoreactivity in the nucleus/perinuclear area, but
not around the plasma membrawenon-cardiomyogenic cell in the same fieM-gal
IMF20; indicated by arrowhead) did not show immunoreactivity in either the nucleus or
around theplasmamembrane. The bottom par{Bl-F) shows a single cardiac progenitor
cell (CPC)(X-gal'/MF20) with srong immunoreactivity in the nucleus and around the
plasma membrane (small arrows). Scale bar=10um.

107



Gene 10uM 100pM
CYCLIN D1 7 7
CYCLIN D2 7 7
CYCLIN E 7 7
CYCLIN B1 7 7
CDK4 7 7
P27 7 S‘/
P21 7 7

Table 3.31: Summary of the effects of C&" channel blockade on expression dfell
cycle regulating genesCompared to vehicl@DMSO) treated control cultures
(expression=1.0), treatment of E11.5 ventricular cell cultures with 20uM or 100uM
nifedipine was associated with a significant reduction in expres$ite positive cell
cycle regulator Cyclin B110uM: 0.7 + 0.06 and.00uM: 0.7 + 0.02). Moreover,
100uM nifedpine (but not 10pM) was associated with a significant increase in the
expression of the cell cycle inhibitor p2IZ.9 + 0.2). N=35 experiment&reatment group.
Z =significant decreasé§, ssignificanti ncr e as e, zStatstical signiticaneen g e .
assigned gp<0.05 Oneway ANOVA with Tukey post hoc test.
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Figure 3.3.10 Graphical summary of the effects of C&" channel blockade on
expressionof cell cycle reggulating genesCompared to vehicle treated control cultures
(expression=1.0), treatment of E11.5 ventricular cell cultures with 20uM or 100uM
nifedipine was associated with a significant reduction in expres$iie positive cell
cycle regulator Cyclii31 (10puM: 0.7 £ 0.06 and00uM: 0.7 + 0.02). Moreover,

100uM nifedipine (but not 10uM) was associated with a significant increase in the
expression of the cell cycle inhibitp7 (1.9 + 0.2) N=3-5 experimentéreatment group,
analyzed in duplicator each experiment Each bar represents meaS8EM. Meaning of
each symbol is indicated under the appropriate grapgway ANOVA with Tukey post
hoc test.
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Figure 3.3.11: The effects o€a®* channel blockade on sarcomeric organization of
E11.5 cardiomyocytes. AJn 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 cardiomyocyB%C) In cultures
treaed with either 20uMB) or 100uM(C) nifediping cardiomyocytes generally
appeared smaller in size and displayed poorly formed sarcomeric structures that were
highly disorganized and/or misshapmampared t@ardiomycytes fromcontrolcultures.

D) Quantfication of cardiomyocyte size (surface area) confirmed that nifedipine
treatment was associated with a significant reduction in celll[d&Z&independent
experiments/treatment group, ~50 cells measured/experiment. Each bar represents mean
+ SEM. *p<0.05 Oneway ANOVA with Tukey post hoc tesbcale bar25uM.
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Figure 3.3.12: The effects of C& channel blockade orthe relative distribution of

E11.5 cardiac cell populations In vehicle (DMSO) treated control culturelsetrelative
distnbution 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), ad 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 100uM nifedipine, while the-camdiomyogenic cell population
remained relatively constant acradbktreatmentsN=3-4 experiment&reatment group

~400 cells countdexperimentEach bar represents mean + SEpk0.05, Oneway

ANOVA with Tukey post hoc test.
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Figure 3.3.13: Graphical summary of the effects of G4 channel blockade on
expression of differentiation marker genes.Compared to vehiclDMSO) treated
control cultures (expression=1.0), treatment of E11.5 ventricular cell cultures with
100uM nifedipine was associated with a significant reduction in expression of Thx5
(0.7 £ 0.08), while expression of all other genes tested remained unchangguabinse
to either 10puM or 100M nifedipine. N=35 experiments/treatment group, analyzed in
duplicate for each experimeiiiach bar represents mean + SElgk0.05vs. DMSO,
Oneway ANOVA with Tukey post hoc test.
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Figure 3.3.14:Subcellular localization of MEF2c in response to C&" channel

blockade. E11.5 ventricular cell cultures were in@ibd with either DMSO or 100uM
nifedipine for 16 hours, and then inmmolabelled with MEF2c (red)s well as MF20

(green) antibodies to identify cardiomyocytézanel 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 arr®®asel E-H) By contrast, in
cardiomyocytes from 100uM nifedipine treated cultumesnunoreactive MEF2c was
veryfaint in the nucleus (thick arrowdh addition,some small punctae could be
observedn the cytoplasmic compartment (thin arronSgale bars= 25uM
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Relative Expression

Figure 3.3.15: Effects of @** 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 100uM
nifedipine.N=4-5 experimentéreatmemn group analyzed in duplicate for each
experimentEach bar represents mean + SElgk0.05 two-tailed unpaired-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 3x18ventricular 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 receivetther daily doses of nifedipine (5mg/kg) or an
equal volume of vehicle (10% captisol) for 3 days. Subsequently, hearts were excised,
sectioned and incubated ingél solution in order to visualize transplanted NCRL cells
within the host tissueb(ue;arows).A&B) In vehicle treated animals, distinct regions of
transplanted E11.5 cells werisible and tended to be spread out over relatively large
surface area@=H&E andB=Brightfield). C&D ) By contrast, in mice receivinggily
injection of nifedipineengraftel regions tended to be small&@=H&E and

D=Brightfield). E) Quantification of he graft volumes confirmed thaifedipine was
associated with a sigmgant reduction in graft sizé&l=3 independent
experiments/treatment groupach bar representseain + SEM*p<0.05, two-tailed
unpaired {test.
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CHAPTER 4: CHARACTERIZATION OF THE EFFECTS OF
NATRIURETIC PEPTIDE SIGNALLING SYSTEMS ON
PROLIFERATION OF CAR DIAC PROGENITOR CELL S

4.1 Background and Hypothesis

It is well established thattrial natriuretic peptide (ANP) synthesizednd stored
primarily in atrial cardiomyocyte®f the postatal heart, and gets released into the
circul ati on a sendgoraeunction fo regulate bodydlabdornedstasis
(Potter et al., 2006) In the ventgles of the adult heart, ANP expressionasmally
very low, but increases under pathological conditions and functions locally in an
autocrine/paracrinfashion to antagonize hypertrophic cardiomyocyte grd@tiien et
al., 1991; Kilic et al., 2007)

In themammalanembryonic heart, ANNRNA expression is firstletectablen

the primitive heart tube in cardiomyocytes destined to form both the atrial and ventricular

chambergZeller et al., 1987) As development proceedsywever ANP mRNA
expressionevels gradually decline in the ventriclest emainhighin the atria. Based

on thedynamic spatigemporalexpression of ANP in the ventricldsiring cardiogenesis

it has been speculated that ANPynb& an importantautocrine/paracrine regulator of
cardiac cell growth in this compartméieller et al., 1987; Cameron and Ellmers, 2003)
Currently,however, specifigaps in our knowldge exist regarding whether ANP mRNA
produed in the embryonimurine ventricless also translated into biologicalictive
protein thaigetsactively secreted into the extracellular environment. Furthermore, it
remains uncertain whether ANP receptor mediated signalling systeimslaggcally

intact in the embryonic ventricles.
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Previous studies showed th#elfIP could either increase or decrease proliferation
of embryonic/fetal cardiomyocytésom the avian or ovine heart respectivéfpide 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 yeekplened. Thus, we
hypothesized that ANP is secretetly 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 expressioof ANP mRNA and protein ithe 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 activityN® Bigh affinity
receptors (NPRANnd NPREC) in ventricular cells aE11.5.

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 thelagive abundance of mRNA transcripts at E11.5 and
several other advanced developmental andpaistl stages bseal timequantitative

polymerase chaireaction (QPCR) (Figure 3.1A&B). Because expression levels of
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GAPDH remairdunchanged acrosd developmental and postatal stagefChapter 3,
Figure 3.3.2)this gene was used normalizedata by correcting for veations in
guantities of cDNA used as templafEhe highest level of ANP mRNA ex@&on was
observed at E11.5 and gradualiclined atater developmental and gienatal stages
(Figure4.3.1A&B). Using E11.5 as a point of referer{ce. expression=1.0), there was
an approximately 2 fold decrease in ANP mRNA at E14.5 (0.513W. E11.5) Gene
expression did not vary signiéatly betveen E14.5, E16.5 andeldnatalday 1)stages,
but decreased significantly Adult stages (~ 10 fold decase from E11.5 todult
stage).

To confirmthat ANP mRNA was translated into immunoreactive progmn
enzyme linked immunosorbant assay (ELISAswised to quantify ANP protein from
ventricular tissue lysates at both E11.5 and neonatal st&@gesistent with mRNA
expression data, the concentration of ANP protein in the ventricles at E11.5 was
approximately 2 fold higher compared to the neonasgjesE11.5:4.3 = 0.7ng ANP/ug

of lysate vsNeonatal: 2.3ng = 0.5ngANP/ug of lysate) (Figure 4.3)2

4.3.2 Spatial pression Pattern of Immunoreactive ANP in the Embryonic Heart
at E11.5 and E14.5

To gain information onhespatial expression ftarn of ANP in themurine
embryonic hearimmunohistochemistrysing ANP specific antibodies was performed
on thin tissueections from embryos at the ngelstational stages of E11.5 and E14.5. At
E11.5, the murine ventricles are composed of looselyguhttkbeculated myocardium

projecting into the lumeand a surrounding compact lay€igure 4.3.3A&B) Atthe
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E11.5 stagewe observed regions of strong imnuueactive ANP labelling ispecific
regions of thatria and also the trabeculaetlo¢ left \entricle (Figure 4.3B). ANP
expression was also detectable, albeit at lower levels, in the trabecular myoazrthem
right ventriclein some sectionBut wasessentiallyabsenfrom thedeveloping compact
myocardium dboth 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 compartme(itirby, 2007) At E14.5, ANP expression
remained restricted primarily to the trabecular myocardium of the left ventricle, and was
essentially abse from the thickening compact zone of theaogrdial free wall (Figure
4.3.4B). Collectively, analyses of temporal and spatial expression patterns of ANP in the
developing mouseentriclesrevealed that) ANP mRNA and proteinvereexpressed at
higher kvels in the ventricles at tiiel 1.5 stageompared to later developmental and
postnatal stages, ar) high levels ofinmunoreactive ANP expression weyatially
restricted tdhe myocardial trabeculae at midgestational stagk&h is consistent with
expression patterns reported in the embryonic and fetal rat(fieahimori 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 imgmht
this issue, ANP protein levels were measurgdestern blot analys&s culturemedia

samples collected from primaryléeured E11.5 ventricular cellsFollowing a 24hour
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incubation period, @anditioned media samplegere separated by electrophases
transferred to a nitrocellulose membrane and probed using ANP specific antibodies.
Results from these anyales revealegrominenimmunoreative bandsat 34kD and

17kD as well as ®#and of weaker intensity akB in conditioned medicollected from
ventricular cell cltures but not in control medsamples thatvere notexposed to cells
(Figure 4.3.3). The 17kD band corresponds to tlkpected molecular weight of

proANP, while the 3kD band correspondghe proteolytically processed and

biologically active form of ANP.The band seen at BB is presumably dimer of17kD
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 conditionghe 3kD band appeared to be more prominent in conditioned media
sample<ollected from E11.5 cultur€&igure4.3.5B). Thus,resultsfrom Western blot
analysesrovided evidence that ANP was actively secreted from E11.5 ventricular cells
and also proded confirmation that pAANP was cleaved into its biologically active

form.

4.3.4 Natriuretic Peptide Receptor (NPR) Expression Patterns in the Embryoic
Heart

An additional prerequisite condition for ANP to achieve an autocrine/paracrine
effect would be expression of ANP high affinigceptordy either ANP secreting cells
or those in close proximity. Quantitative analyses of mMRNA transcriptsN& iigh
affinity receptors (NPRA and NPRC) revealed that both receptor subtypes were present at

E11.5 and at later developmental stages and displayed differeqpiiabsion patterns
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(Figure 4.3.6A8). Specifically, NPRA gene expression was lowest at¥add
increased significantly during the gestational period achievinglaipeexpression levels
at the Neonatal stageNeonatd ~3 fold higher vse11.5. In contrast, NPRC gene
expression was highest at E11.9 @ecreased significantly by EbGandremained low
atsubsequempostnatalstagesE11.5expression was2fold highervs.E16.5). Side

by side comparison of NPRA and NPRC expression at each developstageamore
clearly illustrateghe receptor subtype switch that occurred from eargteo
developmental stages (Figur&4).

Western blot analyses were used to confirm the presence of NPRA and NPRC at
the protein level at alevelopmental/postatalstages using NPRA and NPRC specific
antibodies (Figure 8.8A&B). Distinct bands we detected at 120kD and 66kD,
corresponding to g@ected molecular weights of NPRA and NPRespectively.The
developmental changes in immunoreactive NPRA (Figl88A) appeared to be
consistent with gene expression data obtameglPCR analysigFigure 43.6A).

Specifically, lmth of theseanalyses rexaed an apparent increase in NPR#els from

E11.5to E14.5 as well as a peak in expression at the neonatal Ategeonsistent with

gPCR analyses of NPREigure 4.3.6B)levels of inmunoreactivgroteinappeared to

higher atthe gestatiomal stagesestedE11.5, E14.5 and E16.5) compared to pasal

stagegqFigure 43.8B). To gain insight into the spatial distribution patterns of NPR

subtypesn the embryonic hegrimmunohistochemicalanalys8 , 36 Di ami noben
staining methodjvere performed on thin tissue sections obtained from E11.5 hearts using
NPRA and NPRC specific antibodies (Figur8.94A&B). Immunoreactive NPRA and

NPRC were both broadly expressedhia ANP rich trabecular myzardium as well as
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the ANP negative compact myocardiwwith minimal expression observed in adjacent

endocardial cushion tissiEigure 43.9A&B).

4.3.5 Determination of the Effects of ANP on cGMP ®duction in E11.5
Ventricular Cells

Ligand bindirg 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 sk@éperney 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
acutey isolated E11.5 ventricular cells using a competitive immunoassay appfbaeh.
principle of this assay wdsased on the competition between endogenous cGMP and a
cGMP analoguéabelled with an energy donor molecii2-cGMP) for binding sites on
ant-cGMP monoclonal antibodies labelled witly@tate (mABbCryptate) (Figure

4.3.10. The specific signdhatoccureddue to the energy transfer between the d2
cGMP and mABCryptate yielded a Delta F value that vimgersely proportional to the
concentratiorof endogenous cGMPThe obtained Delta F valuesuld then be
extrapolated from theGMP standard curvg-igure4.3.11)to deduce cGMP
concentrations each experimental sample.

To determine the optimal cell density for corifien assays, a range Bfl1.5
ventricular celldensitiesvere tested in the presence or absendgigfml ANP (Figure
4.3.12. Optimal cell density was selected based on the following criterizasal level

of cGMP production was within tHmear range of the standacdrve aml 2) a maximal

125



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 @0 cells per well was detemed and used
for all subsequent experimerfisgure 4.3.12

To determine the effects of exogenous ANP treatment on cGMP production,
E11.5 cells were stimulated wittarious concentrations of ANP (1, 10, 100, A©@/ml).
The level of cGMP measuredder basal conditions was 19.1 + M/ 64,000 cells
(Figure 4.3.13 Due to considerable variability in basal levels of cGMP between
independent experiments, basal levels from each iexpet were set to a value di0
and data represent fold change@MP concentration in responsedifferent 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 obserwagbared to control
(Figure 4.3.13 By contrast, 100ng/miNP was able to induce a significafht4 fold
increase in cGMP production (1.4 + 0.09 vs. basal). Adk&hhigher dose of ANP
(2000ng/ml) did not result in a further significant increase in cGMP production compared

to 100ng/ml £00Ong/ml: 1.4 £ 0.09 vs1000ng/ml:1.7 + 0.2) (Figure 4.3.33

4.3.6 Determination of the Effects of ANP on cAMP Poduction in E11.5
Ventricular Cells

While NPRC was initially believed to serve only as a clearance reddfaaick
et al., 1987) there is substantial evidence that this receptor couples batanii(G)
proteins to inhibit adenylyl cyclase and reduce cAMP produ¢fmand Srivastava et

al., 1986) Using a competitive immunoassay approach analogous to that described
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abovefor cGMP, we examined the effects of exogenous ANP on cAMP production in
E11.5 cells under basabnditionsor in the presence of the n@ne | e cadrenergic b
agonist, isoproterenol (ISQ00NM).

Concentrations of cAMRor all experimental samples were extrapolated feom
standarcturve (Figure 4.3.0)4generated using the same experimental procedure
described focGMP &periments To determine the optimal cell density for cAMP
experiments, a range BfL1.5 ventriculacell densities were tested in the presence or
absence of the direct activator of adenylyl cyclase, Forskplil) (Figure4.3.15) A
cell densiy of 4,000 cells/well was selected based the same two evaluation criteria
described above for cGMP competition assays. Under basal conditions, tioé level
CAMP in E11.5 cells was 7.3 £ In®. Data in Figure 4.3.16re expressed as fold
change in cAMP @ncentrations compared to basal to normalize the baseline values
obtained for individual experinmés Compared to baseline, ANB-100ng/ml)had no
effect on levels of cAMBroduction(Figure 4.3.1% By contrast, stimulation with ISO
(100nM) alonewvasable to induce & 4 fold increase in cAMRevelscompared to basal
controls(Basal: 7.3 £ 1.61M vs.ISO: 26.5+ 9.1nM) When cells were ctreated with
ISO (100nM) and ANP (100ng/ml), a modest reduction in cAMP production compared to
ISO alone was observduit this result was variable between experiments and did not
reach statistical significan¢€igure 43.16).

Overall, based on collectivdata from cGMP and cAMP second messenger
assays, we concluded that ANP mediated signal transduction pathwaysimvo
production of cGMP were biologically active in E11.5 ventricular cells. Conversely, our

datacouldnot providesubstantiakvidence that ANP signal transduction pathways
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coupled to adenylyl cyclase activity were biologically intatler our experiental
conditions. Furthermore, we concludeéhat ANP mediated guanylyl cyclase activity was
via NPRArather than NPRBased on previous vitro data that showedNP was able

to elicit half-maximal production of cGMRia NPRA at a concentration 8hM while

25uM ANP was required to achieve the same effect via N(&RBulz et al., 1989for

our cGMP assay300ng/mlwas used and corresponds 89aM).

4.3.7 ANP High Expression Zones are Associated with a Low Mitotic Index in the
E11.5 \entricles

Thus far, work from Chapter 4 has provided evidence that tloeving
prerequisites for ANP autocrine/paracrine signalling were met in the ventrithes at
E11.5 developmental stage: ANP mRNA was traslated into immunoreactive ANP
protein 2) ANP was actively secreted into the extracellular compartmen8pANP
high affinity receptor subtypd®PRA and NPRC) were expressatl 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 prolitération
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 E1$éefFigure 4.33) were associated withdices
of proliferationthatdiffered from regions of low ANP expressidhin tissue sections of
the E11.5 heart were émmunolabelledvith antibodies against ANP and
phosphohistonél3 (PH3). Phosphorylation of histon@ldccurs in the nucleus of cells

in themitosis phase of theell 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 Rid8lei compared to thadjacent
compact layer (Figure.d.17A). Similarly, in the right ventriclePH3" nuclei appeared to
be less abundant in the trabecular myocardium despite having lower levels of
immunoreative ANP (Figure 4.3.17B

To determine the mitotic indices ihe keft and right ventricles, the percentafe
PH3" nuclei out of the total number of nuclei was determined in regions of both high
(designated ANP and low ANP(designated AN expression that were defined based
onimmunolabelling with ANP specific @ibodies Results from these analyses
confirmedthat, in the left ventriclethe ANP regionhada significantly lower mitotic
indexcompared tANP regions(ANP" : 0.6 + 0.0%6 vs.ANP™: 1.5+ 0.1%) (Figure
4.3.17Q. Because it was difficult to reldy distinguishbetweenANP* andANP
regions in the right ventricle, the mitotic index was determined in the trabecular versus
the compact myocardin. From these analyses, it was determined that the mitotic index
was significantly lower in the trabecularyocardium compared to the surrounding

compactayer (Figure 4.3.10) (Trabecular: 0.8 + 01% vs.Compact: 1.5 + 0.06%)

4.3.8 Effects of ExogenousANP on Proliferation of E11.5 Cardiac Progenitor Cells
and Cardiomyocytes

Based orour datathat stowed ANPwas able to stimulatguanyyl cyclase
activity (Figure 4.3.18 we proceeded to investigate the effects of ANP on proliferation
of E11.5 CPCs and cardiomyocytes in the presence or absetheereteptor guanylyl

cyclaseantagonist A71915. Asandex of proliferation, primary cultured cells were
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subjected to a’H] - thymidine incorporation assay following 24 hswfincubation with
either ANP alone (ILOOng/ml) or cetreatment with ANP (100ng/ml) and A71915 (1pM
added 30 minutes prior to ANP For these experimentsyltures were generated from
ventriclesof double transgeniNCRL) embryosto enable distinction between CPCs and
cardiomyocytes based on a combination of genetic labddimiykx2.5 and
immunolabelling fothe differentiationmarker sarcomeric myosias describeearlier

(See Chapter Figure 3.3.9.

In vehicle(H,0) treated control cultures, the CPC population had an average
labelling index(LI; percentage of labelled nuclei/ total numbé&nucle) of 53.8 + 56%,
whichwas significantly highecompared to th&l observedn the cardiomyocyte
population 15.2 + 3.26) (Figure 4.3.18&B). In parallel experiments, ANP {1
100ng/ml) was shown to cause a dose dependent decrease in proliferation of CPCs that
reached statistitaignificance at the concentration of 100ng(B80.5+ 0.5%)(Figure
4.3.18A) but had no effeabn the cardiomyocyte populatighigure 43.188). To
investigate whether thaiecrease in proliferation observed in the CPC populatoid be
mediated by ta ANP/NPRA signallingaxis, separate11.5 culturesvere preincubated
with A71915(1uM) for 30 minutes prior to addition of 100nd/@NP for an additional
24 hours.Results indicated thaéihe reduction in proliferation associated with 100ng/ml
ANP was ablished in response to pmecubation with A71915 (49.9 3.1%) in the CPC

population (Figure 4.3.18).
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Figure 4.3.1: Developmental profile of ANP mRNA expression. AJhe relative
expression levels of ANP mRNA (nornedd to GAPDH) were measuwtén cardiac
ventricles at E118\dult stages by real timguantitativePCR. 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 shgemetal trend
toward lower expression levels at later developmental st&jesAmplification plot

from a representative qPCR experiment. The&ue used to calculate the relative
expression of each sample corresponded to the cycle number at twhitiplification
plot crossed théhreshold of fluorescendep R +0.1), which is indicated by the horizontal
blueline. N=56 independent RNA extractions/developmental stage analyzed in
duplicatefor each extraction Each bar represents mean £ SEpI<0.05vs. E11.5; %
<0.05vs. Adult. ne way ANOVA with Tukey post hoc test
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ANP [Protein]
(ng ANP/ug of lysate)

Figure 4.3.2: Quantification of ANP protein in E11.5 and neonatal ventricles.
Ventriculartissue lysates from E11.5 anédhatal stages were subjected to enzyme
linked immunosorbant assay (ELISA). Restribm these analysesvealed that ANP
protein was significatty more abundant at E11.5 (4:3.7ng of ANP/ug tissue lysate)
compared to neonatal stages (2.8.5ng of ANP/ug tissue lysate). &4 (E11.5 and

N=3 (Neonata) independent experiment7 replicate wells/experimé& Each bar
represents mean = SENp <0.05 two-tailedunpaired-test Note: Data presented in this
figure weregeneratedhn collaboration with honours student Kathleen McNeil and has
appeared previously in her honours thesis.
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4.3.3: Spatial expressim pattern of immunoreactive ANP in the embryonic heart at
E11.5. A) Coronal section (4hamber 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 &ium (LA), right ventricle, (RV), left ventricle (LV) and the

forming interventricular septum (SB) Overlay of Hoechst nuclear stain with ANP
(green). Strong ANP immunolabelling was detected in the trabeculae of the left
ventricle, which corresponds 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 ventec 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 insgtorrespondingp the boxed area, more clearly demonstrates
the strong labelling of ANP ithe trabecula€T), and its exclusion from the adjacent
interventricular septur(S) and the compact myocardiui@).
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4.3.4: Spatial expression pattern of immunoreactive ANP in the left ventricle of the
E14.5 heart. A)Sagital section (Zhamber viav) of the left ventricleof theE14.5heart
stained with Hoechst nuclear dye (bla@dshowing 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 (r@giindcated by the letter Thut was generally absent

from the thickening compact layer (region indicated by the letter C).inEbg
corresponding to the boxed region, shows the strong labelling of ANP in the cells of the
ventricular trabeculae.
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