Characterizing The Role Of Atrial Natriuretic Peptide Signalling In The Development Of
The Embryonic Ventricular Conduction System

by

Arun Govindapillai

Submitted in partial fulfilment of the requirements
for the degree of Doctor of Philosophy

at

Dalhousie University
Halifax, Nova Scotia
August 2017

© Copyright by Arun Govindapillai, 2017



Dedicated to my parents, Govi and Varatha, my uncle, Dr. Elagu, and my sister, Sindu for
their continued support and encouragement.

i



TABLE OF CONTENTS

LIST OF TABLES ...ttt ssssssese s e s s s s s sasasssas e s s e s s e s ssssssssssssssnen Xi
LIST OF FIGURES ......cuuuiueieiiiiiiiiiinisisicsssssssssnenne s s s s s s ssssssas s s s s s s s s ssssssssssssnsssnns Xii
Y= Y 13V Xix
LIST OF ABBREVIATIONS AND SYMBOLS USED........ccccovirummmmnnnneniiiiiiisisssisssssssssssenenns XX
ACKNOWLEDGEMENTS......uuiiiunnnnenieiiiiiiiiiissisissssssssessssssssssssssssssssssssssssssssssssssssns XXV
CHAPTER 1: INTRODUCTION .....ccciiiiiiiiiiiiiiinnnnneneenesissssssssssssssssssssssssssssssssssssssssssnnes 1
1.1 ThesSisS OVEIVIEW ....uuuuueuuueiiiiiiiiiiiiiiiiiiiinieersesesssssaeassssssssssssssssssesssesssssssssssnes 1
1.2 Embryonic Heart Development ........ccccciiiiiiieneiiiininnnnniiiiiinness. 4
1.2.1 Formation of the Primitive Heart Tube .......cccocviiiiiiiiiiieecee 4
1.2.2 Cardiac Cell GENe Programming.......ccccceeeeeriiuiieeeeeiiiiiieeessssiieeeeeesniveeeeeeens 7
1.2.3 The Four-Chambered Heart...........coooiiiiriiiiiniie e 8
1.3 Development of the Cardiac Conduction System......cccccccoirrrrrneiiiiniinenneciinninnne. 9
1.3.1 Development of the Sinoatrial (SA) Node ........ccccoeecivieeeieeiiieeeeeeeeee, 12
1.3.2 Development of the Atrioventricular (AV) Node.........cccccoeeuvieeeeeecnnennn.. 13

1.3.3 Development of the Ventricular Conduction System:

The His-Purkinje NetWOrK.......c.ueieiiiiiiiiiieiee e 14
1.3.4 Cardiac Action Potentials.......cccueeeiieriiiiieiiiiiiiiic e 18
1.4 Notch Signalling and Trabecular Development........ccccceeiiiiirenneiiiiiinnnnnnscinnnnen 20

1.5 Role of Neuregulin-1 in the Development of the Ventricular
(0T T [V Lot o T3 T3V 2] =T o 22

il



1.6

1.7

1.8

1.9

1.10

1.11

1.12

1.13

Role of Endothelin-1 in the Development of the Ventricular
0o T VLot [0 T4 T3V £ =T 4 o 25

Comparative Effects of Neuregulin-1 and Endothelin-1

on the Development of the Ventricular Conduction System .......ccccccoerrevennnnnnns 28
Cardiac Conduction System Markers ........cccceiireeueiiiiiiinnnniiiiininenm. 30
1.8.1 Role of Cx40 in the Cardiac Conduction System........cccccevvvvviveeeeiinineennnn. 30
1.8.2 Role of HCN4 in the Cardiac Conduction System ........cccccevviiieeeiiiicineennn. 33

Genetic Models Used to Study Development of the
Cardiac Conduction SYSteM .....cccuueiiiiiiirnnniiiiiiiinniiiiiiiieenisieesss. 37

Cell Lineage Tracking of Nkx2.5+ Myocardial Cells:

Cardiac Progenitor Cells ........ccceuueiiiiiiiennniiiiiiinnniiiininesess. 39
MicroRNAs and Regulation of Cx40 and HCN4 Gene EXpression .......cccceeeeeennnees 41
1.11.1 The Functions and Mechanisms of MicroRNAS ........cccccceeeiviieenniieennneen. 41
1.11.2 MicroRNAs Regulating Gene Expression of Cx40 and HCN4 .................... 43
The Genetic Mechanisms of Congenital Heart Diseases.......cccceeeerrrrrennnnecinnnnnns 45
Role of Atrial Natriuretic Peptide in Physiology and Cell Biology ......cccc.ccceeuee. 47
1.13.1 Synthesis and Storage of Atrial Natriuretic Peptide .......ccceecuvveeeeiinnriennn. 47
1.13.2 Gene Expression and Regulation of Atrial Natriuretic Peptide................. 50
1.13.3 Natriuretic Peptide RECEPLOrS . ...cccivvviiiiieiiiiiieee et 51
1.13.4 Role of Atrial Natriuretic Peptide in Cardiovascular Physiology............... 56

1.13.5 Regulation of Cell Growth and Proliferation
by Atrial Natriuretic Peptide......ccueeviiiiiiiiiiiiiiieec e 58

1.13.6 Role of Atrial Natriuretic Peptide in Cardiac Development..........ccuue..... 60

v



1.14

The Potential Role of Atrial Natriuretic Peptide in the
Development of the Cardiac Conduction System..........ccceveeeeeiiiinnnnnnnnccininnenne

1.15 Characterizing the Specific Roles of Atrial Natriuretic Peptide in

Cell Biology: A Paradigm Shift .........ccciivvuuiiiiiiiiinniiiiiniinnninnieenesee.
CHAPTER 2: MATERIALS AND METHODS........ccovimerereneiiiiiiiiniiisssssssseessesssnsssssssssans
2.1 Animal Maintenance and Mouse Strains .........cceeeeeeeemeeeiiiiiiiiiiiiiiiinnnienneneenenn,
2.2 Genomic DNA EXtraction......ccceeeeeiiiiiiimneiiiiiiiieneiiiiiiinneiininssinnneesssnin.
2.3 Genotyping by Polymerase Chain Reaction (PCR) .......cccceeeeeumnnnnnsiissiisiissnnnnnnns
24 Timed Pregnancies for Female MiCe .......cccivveuuiiiiiiiinnniiiiniinnnniinnnneen.
2.5 Ventricular Cell CUItUreS..........eeiiiiiiiiiiiiiiiiirirreeeres e
2.6 Drug Treatments and Dosage Protocols.......cccccceeiiiimrnniiiiiiinnnnsiiinnnnenneiinnnne.
2.7 Fluorescence Activated Cell Sorting and Tetramethylrhodamine

Methyl Ester Perchlorate Staining ........ccceivveeeiiiiiiiinnncciiinininnniiinne.
2.8 IMmune CytoChemistry ......ccuciiiiiiiienuiiiiiiiieniiiiiiiieniiressssneneessssssssneees
2.9 Total RNA Extraction from Cells and TisSU€S.........cuuuuiiiiiiiiiiiiiiiiniiniiiineeneeennnee.
2.10 RNA Quality Control.......ccciiiieiiiieiicireiierreneeereneeereneseerennsessenassessnnssesennssesnen
2.11 Real Time Quantitative Polymerase Chain Reaction (RT-qPCR)........ccccceeeverennns
2.12  MICrORNA ANAlYSiS....ciiiiiernneiiiiiinennesiiiniimennsiiiiiimemssiiiiimemsssssmiimessssssssssenssses
2.13  Cx40°" Whole Embryo Culture and IMAging .......ceceeveveveremsesesrsesnsessssssssssssssens
2.14 Second Messenger Assays: CGIMIP and CAMP ........cccuuciiiiiimennssiiininennnsiinninennes



2.15

2.16

2.17

2.18

2.19

Measurement Of Cell SIiZ@.....uuveireireireireireireireireireiresretressesressessessessessessessnsannes

Generation of CX40 Promoter CONSTIUCE......cc.eveereireirerresresreseeseessecsessessensenses

B =2 =701 { o N

Secrete-Pair Dual Luminescence Luciferase Assay .......ccccceeeeiinirnnnnenscsnnnnennnnes

Statistical ANAlYSis.....cccuuciiieiiiiecirtcrrrc e e e r e e s s e n e e e s e nans

CHAPTER 3: CHARACTERIZING THE AUTOCRINE/PARACRINE ROLE OF ATRIAL
NATRIURETIC PEPTIDE IN THE DEVELOPMENT OF THE VENTRICULAR CARDIAC

CONDUCTION SYSTEM......cciiiiiiiiiiiiiniiiieieeieenenneiisisssssssisssisssssssssssssssssssssssssssssses
3.1 Background and Hypothesis .......cccccceeeiiiiiinnnnniiiiiinnnnniiiiniinenee.
3.2 R o L= 011 ol Ny L3
3.3 RESUIES .ot s s s s s s e s e e e s s s s s aaaes

3.3.1 Effects of ANP on Percent Distribution of Cells Expressing HCN4
and Cx40 in E11.5 Mouse Ventricular Cells ........ccccvveeeiinniiiieeeieniineennn,

3.3.2 Effects of ANP on Gene Expression of HCN4 and Cx40
in E11.5 Mouse Ventricular Cells.........ouvuiieiiiiiiiieeeiiniiieee e eeiieeee e

3.3.3 Effects of ANP and/or A71915 on Intracellular Production
of cGMP in Mouse E11.5 Ventricular Cells .....cccoeeeeeiiiiiiiiiiiieieiiiiiiinn,

3.3.4 Determination of the Bioactivity of Exogenously Added
ANP in E11.5 Ventricular Cell CUltUres ........ooccvveeeiiviiiiieeeeeieeee e

3.3.5 Gene Expression of HCN4 and Cx40 in NPRA-KO mice at E14.5.............

3.3.6 Effects of ANP on Cx40 reporter gene expression
iN E11.5 CXA0% VENIICIES .v.ovocveeeeceeeeeeeeeseec e

3.3.7 Visualization and Quantification of Ventricular Cardiac Conduction

System Development in Newborn Mice Lacking NPR-A Using the
CXA0%EP MOUSE MOTE! ..o s s

vi

140



3.3.8 Determining the Effects of ANP on Intracellular cGMP Production
in Cardiac Progenitor Cells and Ventricular Cells at E11.5 ........cc.ueee...

3.3.9 Effects of Exogenous cGMP (8-Br-cGMP) on Gene Expression
of HCN4 and Cx40 in Mouse E11.5 Ventricular Cells............ceeeeeennnnnnns

3.3.10 Cardiomyogenic Differentiation is Enhanced in Embryonic
Ventricular Cells Treated with 8-Br-CGMP..........ccccoovviiieeeiiniiiieeee e,

3.3.11 Effects of Rp-8-pCPT-cGMPS, a Protein Kinase G Inhibitor,
on Gene Expression of HCN4 and Cx40 in E11.5 Ventricular

Cellsin The Presence and Absence of ANP......couuvveieeieieieiiieeeeeieeeeeenn,

3.3.12 Effects of ANP on MicroRNA Regulation of HCN4 and Cx40 in
E11.5 and E14.5 Mouse Ventricular Cells .......cccoveeeeiiniiiiieeiiniiiieeeees

3.3.13 Effects of the NPRA-KO Genotype on MicroRNA Regulation of
HCN4 and Cx40 in E14.5 and Neonatal Mouse Heart Tissue .......cc........

CHAPTER 4: CHARACTERIZING THE PHARMACOLOGICAL PROPERTIES

OF THE NPR-A ANTAGONIST A71915 IN EMBRYONIC MOUSE
VENTRICULAR CELLS ...ccuuiiiiiiiiiiiiiitieiitiniinineiineneiinisaeisneseesintsssisnesassessssssssessssenees

4.1 Background and Hypothesis.......ccccceeeiiiiiiienneiiiiiiinnnniiiniinnen.

4.2 SPECITIC AIMS ..iieeeeiiiiiiiiiiiiiiiiiirtniiiniireeseierressssssssrressssssssstsesssssssssssssnnsnes

4.3 RESUILS eueeureriireireireireereeresteseeseeseesessssssssssssssassssssssasssssassessessessessessessssssssssassns

4.3.1 Generation of Dose-Response Plots for ANP
in EL1.5 Ventricular Cells ...

4.3.2 Generation of Dose-Response Plots for A71915 in E11.5
Ventricular Cells in the Absence of Exogenous ANP.........ccccccveveeinnnnee.

4.3.3 Effects of A71915 on ANP-Induced cGMP Production in
EL11.5 VentriCUIar CellS ...ttt et s e s eeans

4.3.4 Determining the Type of Antagonism of A71915......ccccceeviviveeiiiiineennn.

4.3.5 Effects of A71915 Dosage on ANP-Induced Changes
in Ventricular Conduction System Gene EXpression ........cccccceeeevcvvveennnn.

vii



4.3.6 Determining the Natriuretic Peptide Receptor Selectivity for

ATL915 Lo

CHAPTER 5: CHARACTERIZING THE POTENTIAL FOR SIGNALLING INTERACTIONS
BETWEEN ATRIAL NATRIURETIC PEPTIDE, ENDOTHELIN-1, AND NEUREGULIN-1
SIGNALLING PATHWAYS IN THE DEVELOPMENT OF THE VENTRICULAR

CONDUCTION SYSTEM......cciiiiiiiiiiiiiiiiineeieinenenniisiississssssssessessssssssssssssssssssssses
5.1 Background and Hypothesis .........cccccveeiiiiiiiinnniiiniiinnnniiinninnn.
5.2 Y o Lo 1 ol YTy LN
5.3 RESUIES .coeeieeeeeeiieicncrrin s s e e e e s s anes

5.3.1 Effects of ET-1 and NRG-1 on Percent Distribution of Cells

Expressing HCN4 and Cx40 in E11.5 Ventricular Cultures...................

5.3.2 Effects of ET-1 and NRG-1 on Gene Expression of HCN4

and Cx40 in E11.5 Ventricular Cells ..ot n e

5.3.3 Effects of ET-1 and NRG-1 on Intracellular Production of

cGMP in E11.5 Mouse Ventricular Cells .......coveveeviiiieiiieieeieeeeeeeeeen,

5.3.4 Comparative Effects of ANP, ET-1 and NRG-1 on Cardiomyocyte

Hypertrophy in E11.5 Mouse Ventricular Cells .......ccccoevvvieeeiiniineennn.

5.3.5 Effects of Rp-8-pCPT-cGMPS on Gene Expression of HCN4
and Cx40 in E11.5 Ventricular Cells in Combination with

ET-1 OF NRG-1 .ttt

5.3.6 Determining the Luciferase Activity of a Cx40-Promoter

Construct Upon Addition of ANP, ET-1, or NRG-1 .......ccccvvvvveeeeeeeeennnnn.
CHAPTER 6: DISCUSSION ......cuiiieiiiiiieniereeneerrenseseenssessenssessenssesssnssessensssssenssessennes
6.1 SUMMArY Of RESUILS ....cceuveeiiiiiiiinniiiiiiiieenciininereaessininrsesessssssnesssssssssneenes

6.2 Characterizing the Role of Atrial Natriuretic Peptide Signalling
in the Development of the Embryonic Ventricular Conduction

viii



6.3

6.4

(ST R 600 o 1 (=) TR

6.2.2 Effects of ANP on Protein and Gene Expression of
HCN4, Cx40 and Cardiac Transcription Factors .....c.cccoccuvveeeiiniiiiieeennnnns

6.2.3 Determination of Natriuretic Peptide Receptor Signalling
Mediators Involved in the Regulation of Ventricular
Conduction System Specific Marker Gene Expression
and Formation of the Ventricular Conduction System........ccccceevvveennn.

6.2.4 Effects of Exogenous ANP on Cell Survival and Growth,
Proliferation and Differentiation of Cardiac Progenitor
Cells and CardiomMyOCYLeS. .....uuiviiiriiiiiiee it areee e

6.2.5 Characterization of the Effects of ANP/NPR-A Signalling
on Embryonic Ventricular Conduction System
Development using the Cx40%8™ Mouse Model.........ovoveeereeereeeereenns

6.2.6 Post-Transcriptional and Transcriptional Mechanisms
Responsible for Changes in HCN4 and Cx40 Gene
Expression in Response to Modulation of the
ANP/NPR-A Signalling Pathway .......c.cccveeiiiiiiiiecieeciee e

Characterizing the Pharmacological Properties of the NPR-A
ANtagoNist A71915.......ccoiviiiiiiiiiiiriiiiriieireesirsess st rsasssssnsssssansssssannnans

[STC 700 R 600 ] 1 (=) 4

6.3.2 Determining the Antagonistic Nature of A71915......ccccccveiiiiiiiiieeeennnns

Characterizing the Potential for Signalling Interactions Between
ANP, ET-1 and NRG-1 Signalling Systems in the Development of the
Ventricular Conduction SyStem ........cceeeceiiiiiiieneniiiinninnnniiiinienee.

o o A 00 ] 0} = AP PPPUPRPPPIR
6.4.2 Characterizing the Potential for Signalling Interactions Between

ANP, ET-1 and NRG-1 Signalling Systems by Examining Changes

to HCN4/Cx40 Protein and Gene Expression and Intracellular

CGMP ProducCtion .........eeueiiiiiiiiieieee et e e e e e e e e e e e e
6.4.3 Effects of ET-1 and NRG-1 on Cardiomyocyte

Cell Growth/Hypertrophy in the Embryonic Heart...........ccccccveevieeennns

X



6.5 Clinical SignifiCanCe ......ccuuuiiiiiiiirnuiiiiiiiiieiiinren st reessessssssssennanes 286

6.6 Limitations and Future Directions ..........cceeeueieiiiiinnnnnniiiininnenniiinnneenee. 292
6.7 (00 0 1o [T o T 293
REFERENCES ......cuiiiiitiuuiiiiiiiinnneiiiiiienssssiiiiineessssssssismesssssssssmessssssssssssssssssssssssssnsssssses 294
APPENDIX I: Copyright permissions for Figure 1.1........ccccceceeiiiiinnnnniiinninnennesssnnnneennenes 318
APPENDIX II: Copyright permissions for Figure 1.2........cccccceeiiiirrnnnniiiniinnennnssinnnneennnnes 321
APPENDIX IlI: Copyright permissions for Figure 1.3........ccccccciiiiirmnniiiniinnnnnsisnnnnennnnne 323
APPENDIX IV: Copyright permissions for Figure 1.4........ccccccceiiirrrmniiiiiinnennsiiinnnennnnnes 324
APPENDIX V: Copyright permissions for Figure 1.7.......ccccceeeeiiiiinenniiininnnnnnssinnnnennnnees 325



LIST OF TABLES

Table 1.1:

Table 1.2:

Table 1.3:

Table 2.1:

Table 2.2:

Table 2.3:

Summary of the reported biological effects of exogenous

ANP on cardiovascular cell types......cccveeieiirciiieeiiiniiiee e

Reported concentrations of ANP in the circulation
(plasma or serum) in different species and different
developmental stages vs. concentrations of ANP

measured from organs (tiSSUE) ........cceecviieeeiieiiiieeee e,

Summary of reported biological effects of exogenous

ANP on non-cardiovascular cell types ......coccvuvveeeiiriiiveeeeiiiiieeeeene

List of primers utilized for genotyping and their expected

DN SIZES ettt ettt r et et e et anas

List of primary antibodies and corresponding dilutions used

For immune cytochemistry experiments.......cocccveeeeivniiieeeeeencnnnenn,

List of primers and corresponding primer sequences for
real time quantitative PCR experiments and

expected amplicoN SIZES.......uuiiviiiiiiiiieiieriee e

Xi



LIST OF FIGURES

Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7

Figure 1.8

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Schematic diagram depicting development of the embryonic
MOUSE NBAIT oo e e e s s e e e e s e aanees 6

Development of the cardiac conduction system in the embryonic
(0 To T Ty o T<T= o SRR 11

First heart field and second heart field progenitor cells contribute
toward formation of the ventricular cardiac conduction system
in the embryonic Mouse heart ........ccccovvvciiiiiiiiie e 17

Expression Pattern of Cx40 and HCN4 in the mouse embryonic
REart At EL4.5 ...ttt 36

Structure and processing of the paracrine factor,
atrial natriuretic PEPLIde ..ocoeeieiie e 49

Structures of natriuretic peptide receptors and binding affinities
for natriuretic PePLidEs ....oovvviiieie e 55

Model depicting potential signalling interactions of three
paracrine factors: atrial natriuretic peptide, neuregulin-1,

and endothelin-1, and their cognate receptors to induce
formation of the ventricular cardiac conduction system within
the ventricular trabecular myocardium of the mouse embryonic

Primary sequences of species expressing biologically active
atrial natriuretic peptide and structure of NPR-A inhibitor
ATL9LE oo a e e e e e e e e e e e eea e nnnes 71

Expected band sizes (bp) from the genotyping of
VArioUS MOUSE STFaiNS...uuuiiiiiiiiiiieeieetiiiee e eerie e e e eeriese s e e eeaie s e e e eaabaeeeaaees 76

Dosing protocol for addition of exogenous ANP and/or A71915 in
primary and embryonic cell CUtUreS. .......oevviviiiiieeeiiiiieeeeeeeee e 83

Schematic diagram depicting the principle behind the second
messenger competitive immunoassays for cGMP and cAMP ................ 100

Schematic depicting sequence of mouse Cx40 promoter
Lol 11 8 ¥ L of AP TPP T PTPPRT 103

Xii



Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Expression of HCN4 protein in E11.5 mouse ventricular cells
following addition of exogenous ANP treatment (1000 ng/ml)
OVEI A8 NOUIS ...ttt ree e e e e e e e e e e e e e e e e e e e nnnnnes 117

Percentage of HCN4+/MF20+ and HCN4+/MF20- cells in E11.5
mouse ventricular cells following addition of exogenous ANP .............. 118

Calculated ratios of HCN4+/MF20+ cells to HCN4+/MF20-
cells in E11.5 mouse ventricular cells following addition of
exogenous ANP treatment ..o, 119

Number of Hoechst stained nuclei per field and number of
MF20+ cells per field in E11.5 cells immunolabelled with
anti-HCN4 antibody following addition of exogenous ANP.................... 120

Expression of Cx40 protein in E11.5 mouse ventricular cells
following addition of exogenous ANP
(0, 10, 100 and 1000 NZ/MI) ceviierieeieeeee et 121

Percentage of Cx40+/MF20+ and Cx40+/MF20- cells in E11.5
mouse ventricular cells following addition of exogenous ANP .............. 122

Calculated ratio of Cx40+/MF20+ cells to Cx40+/MF20- cells in
E11.5 mouse ventricular cells following addition of exogenous

Number of Hoechst stained nuclei per field and number of
MF20+ cells per field in E11.5 cells immunolabelled with
anti-Cx40 antibody following addition of exogenous ANP ..................... 124

Comparison of HCN4+/MF20+ cell percentages in ventricular
cell cultures from various developmental stages following
addition of eX0geNOUS ANP .....ccoiiiiiiiiiiiiiiiee e 125

Comparison of Cx40+/MF20+ cell percentages in ventricular
cell cultures from various developmental stages following
addition of eX0geNOUS ANP .....ccciiiiiiiiiie e 126

RT-gPCR analysis of HCN4 and Cx40 gene expression in E11.5

mouse ventricular cells following addition of exogenous ANP

(1000 ng/ml), and in the presence of an NPR-A inhibitor

(A71915) OVEIr A8 NOUIS ....uuviiiieeeeeieiee e e ettt e e et eeerre e e e e e saaaee e 130

Comparison of HCN4 gene expression changes across embryonic

Xiii



Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19

Figure 3.20

Figure 3.21

Figure 3.22

Figure 3.23

Figure 3.24

Figure 3.25

stages of heart development upon addition of exogenous ANP
and/or A71915 OVEr 48 NOUIS ....coeeuvveieee ettt 131

Comparison of Cx40 gene expression changes across embryonic
stages of heart development upon addition of exogenous ANP
and/or A71915 OVEr 48 NOUIS ....coveuveeeeeeieeeeeee e 132

RT-gPCR analysis of various cardiac transcription factors in E11.5
mouse ventricular cells following addition of exogenous ANP (1000
NE/MI) OVEF A8 NOUIS ...ttt 133

Generation of the standard curve for CGMP .......ovveeevivieiiiiiieeeeiieeeeen, 136

The effects of exogenous ANP and A71915 on cGMP production
iN EL1.5 ventricular CellS ... 137

Determination of the bioactivity of exogenous ANP (1000 ng/ml)
upon addition to E11.5 ventricular cells..........coooeiiiiiiiieieeeeeeeeee, 139

Gene expression of HCN4 and Cx40 in NPR-A-KO mice in E14.5 stage
VENEIICIES ceeiiiiiiiiee e s s e e e e s aaaees 141

Visualization of EGFP fluorescence in Cx40%€™* (heterozygous)
whole embryos cultured in the presence or absence of ANP ................ 144

Visualization of EGFP fluorescence in Cx40%€™* (heterozygous)
whole hearts treated with ANP and/or A71915 for 24 hours,
=) o = R TN 145

Quantification of green pixels (%) to determine reporter gene

expression in Cx40%™* ventricles at E11.5 treated with ANP

ANA/ON ATLOLE oo e e e e e 146
Quantification of ventricular conduction system development

in neonate day 1 hearts of wild-type and NPRA-KO" mice using

CXA0E P APPIOACH ..ottt ees e 149

The effects of exogenous ANP on intracellular cGMP production
in cardiac progenitor cells and ventricular cardiomyocytes at E11.5..... 152

Effects of exogenous addition of 8-Br-cGMP on gene expression
of Cx40 and HCN4 in E11.5 ventricular cells........uvvveeeeeeieiiiiiiiiiiiiccnns 155

Generation of standard curve using 8-Br-CGMP ..........coccevveeeeinicnineennnn. 156

X1V



Figure 3.26

Figure 3.27

Figure 3.28

Figure 3.29

Figure 3.30

Figure 3.31

Figure 3.32

Figure 3.33

Figure 3.34

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Intracellular permeability of 8-Br-cGMP in E11.5 ventricular cells ........ 157

Conditional activation of the LacZ reporter gene allowing for
cells of the Nkx2.5 cell lineage to be genetically labelled ...................... 160

Cellular differentiation of cardiac progenitor cells is influenced

by addition of exogenous cGMP (8-Br-cGMP) in E11.5 Nkx2.5

Cre-Rosa LacZ (NCRL) mouse ventricular cells, as denoted by

changes in protein expression obtained via

IMMUNOTIUOIESCENCE . .ceeeeieeiieee e 161

Cellular differentiation of cardiomyocytes is influenced

by addition of exogenous cGMP (8-Br-cGMP) in E11.5 Nkx2.5

Cre-Rosa LacZ (NCRL) mouse ventricular cells, as denoted by

changes in protein expression obtained via

IMMUNOTIUOIESCENCE . ..ceeeiieieeii e 162

Effects of protein kinase G inhibitor — Rp-8-pCPT-cGMPS on gene
expression of HCN4 and Cx40 in the presence or absence of ANP,

INELL.5 VeNtriCUIar COIIS ..ottt e s 165

Effects of exogenous ANP (1000 ng/ml) and/or A71915 (1 uM)
on microRNA levels in E11.5 mouse ventricular cells.....c.cooeveveivnrnennn. 168

Effects of exogenous ANP (1000 ng/ml) and/or A71915 (1 uM)
on microRNA levels in E14.5 mouse ventricular cells.....c.c.cccoeeveivnenennn. 169

Effects of the NPRA-KO genotype on microRNA levels in E14.5
ventricles of NPRA-KO MICE......uuiiiiiiiiiiiiieiiiiieee s esiieeee e e 172

Effects of the NPRA-KO genotype on microRNA levels in neonate
(ND1) hearts of NPRA-KO MICE.......uuveeeeeeiiieeeeeeeeiiee e eeeereee e e 173

Dose-response for ANP on cGMP production in E11.5 ventricular

Dose-response for A71915 on cGMP production in E11.5
VENEFICUIAr CEIIS oo e 179

Dose-response for ANP on cGMP production in E11.5 ventricular
cells, using fixed concentrations of A71915 (0.1, 0.5, 1, 2, 5 uM).......... 181

Determining the type of antagonism of A71915 through

XV



Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

dose-response curves with varying concentrations of ANP
(1, 10, 100, 1000 ng/ml) in the absence or presence of A71915

RT-gPCR analysis of HCN4 gene expression in E11.5 mouse
ventricular cells following addition of exogenous ANP

(1000 ng/ml) in combination with varying concentrations

of A71915 (0.1, 0.5, 1,2 and 5 uM) over 48 hourS.......cccccveeeeeeecrreeennnn.

RT-gPCR analysis of Cx40 gene expression in E11.5 mouse

ventricular cells following addition of exogenous ANP

(1000 ng/ml) in combination with varying concentrations

of A71915 (0.1, 0.5, 1,2 and 5 uM) over 48 hourS........ccccvveeeeeecrreeennnn.

Determining selectivity of A71915 for NPR-A by measuring
changes in cGMP production that occur with partial genetic
ablation of the NPR-A receptor (NPRA—KO+/') .........................................

Determining selectivity of A71915 for NPR-C by measuring
changes in CAMP SigNAllING......coiiiiiiiiiiiiiie e

Expression of HCN4 protein in E11.5 mouse ventricular cells
following addition of ET-1 or NRG-1 over 48 hours........ccceeeeeeeeeeeccnnnnnns

Percentage of HCN4+/MF20+ and HCN4+/MF20- cells in E11.5
mouse ventricular cells following addition of ET-1 or NRG-1 over
V7 o o TU ] U UUUURURN

Calculated ratio of HCN4+/MF20+ cells to HCN4+/MF20- cells
in E11.5 mouse ventricular cells following addition of ET-1 or
NRG-1 OVEF 48 NOUIS ..ottt e e e e e e e e e e e e e e e

Expression of Cx40 protein in E11.5 mouse ventricular cells
following addition of ET-1 or NRG-1 over 48 hours.......cccceecuvveeeeernnnnnen.

Percentage of Cx40+/MF20+ and Cx40+/MF20- cells in E11.5

mouse ventricular cells following addition of ET-1 or NRG-1

OVEE A8 NOUIS..uvviiitiiieieeeeeeieeeeeeeeeeeee et e e et e e e e e e e e e e e et eeeeeas
Calculated ratio of Cx40+/MF20+ cells to Cx40+/MF20- cells

in E11.5 mouse ventricular cells following addition of ET-1
OF NRG-1 0VEr 48 NOUIS.....eeiiiiieiiiiiiieee ettt e e

Number of nuclei per field and number of MF20+ cells per

XVvi



Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

field in E11.5 cells immunolabelled with anti-HCN4 or
anti-Cx40 antibody following addition of ANP, ET-1 or NRG-1

OV A8 NOUIS ettt ettt e et r et e et te s e et s e etaesesenaresanaaes

RT-gPCR analysis of HCN4 gene expression in E11.5 mouse
ventricular cells following addition of ET-1 or NRG-1 over

A B NMOUIS ettt ettt e et e et e s et e e et e e s et s etanasesaaesenanasesennesenen

RT-gPCR analysis of HCN4 gene expression in E11.5 mouse
ventricular cells following addition of combination treatments

of ANP, NRG-1 and/or ET-1 over 48 hOursS .........cooeevveeeeiiiiivieeeeeeinns

RT-gPCR analysis of HCN4 gene expression in E11.5 mouse
ventricular cells following addition of ET-1 or NRG-1 in

combination with A71915 over 48 hOUIS ..c..uvveeneeiiieeeeieeeeeeee e

RT-gPCR analysis of Cx40 gene expression in E11.5 mouse
ventricular cells following addition of ET-1 or NRG-1

OV A8 NOUIS ettt ettt e et s et e et tteseetessetaesesanesesannaaes

RT-gPCR analysis of Cx40 gene expression in E11.5 mouse
ventricular cells following addition of combination treatments

of ANP, NRG-1 and/or ET-1 over 48 hOUIS .......ueeeeeeeeeeeeeiieieeieeeeeeinnns

RT-gPCR analysis of Cx40 gene expression in E11.5 mouse
ventricular cells following addition of ET-1 or NRG-1 in

combination with A71915 over 48 hOUIS ..c..uvvieneieiieeeeiieeeeieeeeieae

RT-gPCR analysis of HCN4 gene expression in E11.5 mouse
ventricular cells following addition of ErbB receptor antagonist
AG1478, and ANP or ET-1 in combination with AG1478,

OV A8 NOUIS ettt ettt e et s e et e s ette s e et e s etaesesenesesaaneees

RT-gPCR analysis of Cx40 gene expression in E11.5 mouse
ventricular cells following addition of ErbB receptor antagonist
AG1478, and ANP or ET-1 in combination with AG1478,

OV A8 NOUIS ittt ettt e e e et r e et e s ette s e et e s eaanesesenesessnneses

RT-gPCR analysis of HCN4 gene expression in E11.5 mouse
ventricular cells following addition of non-selective ET-1
receptor antagonist PD145065, and ANP or NRG-1 in

combination with PD145065, over 48 hoursS..........cccccevvvvvvvevvevvvvnnnnn.

RT-gPCR analysis of Cx40 gene expression in E11.5 mouse

Xvil



Figure 5.18

Figure 5.19

Figure 5.20

Figure 5.21

Figure 5.22

Figure 5.23

Figure 5.24

Figure 5.25

Figure 6.1

ventricular cells following addition of non-selective ET-1
receptor antagonist PD145065, and ANP or NRG-1 in
combination with PD145065, over 48 hOursS........ccccvvvvvvvvvvvvviieieneeeeennn. 227

The effects of ET-1 on cGMP production in E11.5
VENEHCUIAE CEIIS wuviiiiiiiiiiee e e 232

The effects of NRG-1 on cGMP production in E11.5
VENEHCUIAE CEIIS wuviiiiiiiiieee e e 233

The effects of AG1478 on cGMP production in E11.5
VENEHCUIAE CEIIS wuvviiiiiiiiiee e 234

The effects of PD145065 on cGMP production in E11.5
VENEHCUIAN CEIIS wuviiiiiiiiiiee e 235

Effects of ANP, ET-1, and NRG-1 on cardiac hypertrophy of
CMs of E11.5 ventricular Cells .....ooouvieeeiiiiiiiiiieieiieee e 239

RT-gPCR analysis of HCN4 gene expression in E11.5 mouse
ventricular cells following addition of Rp-8-pCPT-cGMPS in
combination with ET-1 or NRG-1 over 48 hours.......cccccvvvvvveeeeeinnineenennn 245

RT-gPCR analysis of Cx40 gene expression in E11.5 mouse
ventricular cells following addition of Rp-8-pCPT-cGMPS in
combination with ET-1 or NRG-1 over 48 hours.......cccccvvvvveeeeeeninieeenennn 246

Effects of ANP, ET-1 and NRG-1 on luciferase activity of mouse
Cx40-promoter clone in E11.5 ventricular cells..........ccccoovieiiiiieennnneen. 249

Complex cellular network involving ANP, ET-1 and NRG-1

signalling pathways may be involved in signalling interactions

to promote formation and development of the ventricular

conduction system in the embryonic mouse heart.........ccccceeeevivnnennnnn. 291

Xviii



ABSTRACT

Ventricular arrhythmias occur as a result of impairment in the conduction of the
electrical impulse in the ventricular conduction system (VCS), and present prominently
among the complications encountered by patients with congenital heart disease (CHF)
and heart failure. Atrial natriuretic peptide (ANP), a paracrine factor produced and
stored in the atria, has been shown to be transiently expressed in the ventricular
trabeculae of the embryonic heart, which is the main site for the formation of future
components of the VCS. We hypothesized that ANP, along with paracrine factors
endothelin-1 (ET-1) and neuregulin-1 (NRG-1), interact in a complex cellular signalling
network to guide differentiation of non-conduction system cardiac cell types such as
cardiac progenitor cells (CPCs) and/or working cardiomyocytes (CMs) toward a VCS cell
lineage, thereby promoting formation and development of the VCS.

The present study examined the potential impact of ANP on formation of the
VCS in the embryonic mouse heart and showed that ANP induces protein and gene
expression of important VCS markers such as HCN4 and Cx40 in vitro, through the
natriuretic peptide receptor-A (NPR-A)/cGMP/PKG signal transduction pathway. Genetic
ablation of NPR-A revealed significant decreases in VCS marker gene expression and
defects in Purkinje fiber arborisation. Additional experiments revealed that the NPR-A
antagonist A71915 behaves as a competitive antagonist at a specific concentration in
E11.5 mouse ventricular cells. Lastly, this study provides evidence that the ANP, ET-1,
and NRG-1 signalling systems interact in a cooperative manner to induce development
of the VCS in the embryonic mouse heart.

Results from this thesis provide new insights into the molecular mechanisms that
guide development of the VCS, specifically the potential role of ANP and the complex
interplay between ANP, ET-1, and/or NRG-1 signalling pathways in the formation of the
VCS. Collectively, results from these studies may facilitate the development of clinical
strategies to aid in the treatment of children and patients born with arrhythmia-
associated CHDs.
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CHAPTER 1: INTRODUCTION

1.1 Thesis Overview

In a normal lifespan, the human heart can beat almost 2 billion times, a feat that
is only made possible by the cardiac conduction system (CCS). The CCS refers to a
complex network of cells within the heart that generates and conducts electrical
impulses, enabling rhythmic and coordinated contraction of the heart. Each heartbeat is
initiated in the sinoatrial (SA) node, which acts as the intrinsic pacemaker for electrical
conduction. The electrical impulse travels as a depolarizing wave through the atrial
myocardium before converging at the atrioventricular (AV) node. From the AV node, the
electrical impulse travels into the ventricles through the Bundle of His, and then is
transmitted through the bifurcating left and right branches of the Bundle of His, which
then arborize extensively to form the Purkinje fiber network. The Purkinje fiber network
distributes the electrical impulse into the ventricular myocardium. Heart function begins
as early as embryogenesis and is essential to supply the embryo with sufficient nutrients
and oxygen (Weerd and Christoffels, 2016). The development of the CCS results in
coordinated contractions of the heart and allow it to efficiently pump blood to the rest
of the body.

Arrhythmias occur as a result of impairment in conduction of the electrical
impulse. Arrhythmias present prominently among the complications encountered by
patients with congenital heart disease (CHD) and/or heart failure. CHD is the most
common type of birth defect, affecting approximately 1-2% of newborns, and is the

leading cause of birth defect-related deaths (Khairy and Balaji, 2009). In CHDs, impaired



cardiac function results from structural malformation of the heart and/or components
of the CCS during embryonic development, which can in turn lead to the development
of life-threatening arrhythmias that require medical or surgical intervention. Although
progress has been made to understand the electrophysiological components of the CCS,
less is known about the molecular mechanisms governing development of the CCS.

In the past, the paracrine factors endothelin-1 (ET-1) and neuregulin-1 (NRG-1),
which are both transiently expressed in the trabeculae of embryonic ventricles, have
been shown to play an important role in the development of the CCS in the embryonic
chick and mouse hearts respectively (Gourdie et al., 1998; Rentschler et al., 2002).
Recent knockout studies involving endothelin receptors (Hua et al., 2014) and species-
specific differences related to the ability of ET-1 to induce CCS (Gourdie et al., 1998;
Patel and Kos, 2005) suggest that additional factors may be involved in the formation
and maturation of CCS. Atrial natriuretic peptide (ANP), a paracrine factor produced
and stored in the atria, has been shown to be transiently expressed in the ventricular
trabeculae of the embryonic heart, which is the main site for the formation of future
components of the ventricular conduction system (VCS) (i.e. the Purkinje fiber
network and bundle branches). However, a definitive role for ANP in the formation of
the VCS has yet to be explored. Since ET-1, NRG-1 and ANP are highly expressed in
ventricular trabeculae, there exists a possibility that a complex cellular signalling
network involving these three paracrine factors could be guiding the differentiation of
non-conduction system cardiac cell types such as cardiac progenitor cells (CPCs) and/or

working cardiomyocytes (CMs) toward a VCS cell lineage.



Thus, the first hypothesis addressed in my doctoral work was that ANP induces
formation of the cardiac Purkinje fiber network of the VCS in the embryonic mouse
heart. Toward this aim, my objectives were, (i) to investigate the potential impact of
ANP on protein and gene expression of the important VCS markers, hyperpolarization-
activated cyclic nucleotide-gated channel 4 (HCN4) and connexin-40 (Cx40), in
embryonic mouse ventricular cells, (ii) to determine if the ANP/NPR-A/cGMP signal
transduction pathway was biologically active in the embryonic mouse heart and
contributed toward formation and development of the VCS, (iii) to visualize the gross
morphology of embryonic ventricles and assess the progress of Purkinje fiber formation
in the absence or presence of ANP or with genetic ablation of the cognate receptor for
ANP, natriuretic peptide receptor-A (NPR-A), (iv) to determine the effects of ANP and
the NPR-A knockout (KO) genotype on microRNA (miRNA) regulation of HCN4 and Cx40
MRNA expression in embryonic ventricular tissue and cells, and (v) to determine if the
second messenger cGMP signalling could impact differentiation of CPCs and/or CMs in
the embryonic mouse heart.

The second hypothesis addressed in my doctoral work was that the NPR-A
antagonist A71915 may behave as an inverse agonist and/or a competitive antagonist
in a dose dependent manner in embryonic mouse ventricular cells. Toward this aim,
my main objective was to characterize the pharmacological properties of the NPR-A
antagonist A71915 in embryonic mouse ventricular cells by generating (i) dose-response
plots for ANP in the presence or absence of varying concentrations of A71915 (ii) dose-

response plots for A71915 alone by measuring endogenous cGMP in embryonic day 11.5



(E11.5) ventricular mouse cells, and (iii) by determining the type of antagonistic
behaviour of the A71915 compound.

The third hypothesis addressed in my doctoral work was that the three distinct
signalling systems of ANP, NRG-1, and ET-1, interact in a cooperative manner, to form
a complex cellular signalling network that guides the development of the VCS in the
embryonic mouse heart. To address this aim, my objectives were (i) to investigate the
potential impact of ET-1 and NRG-1 on protein and gene expression of the important
VCS markers, HCN4 and Cx40, in embryonic mouse ventricular cells, (ii) to determine if
ET-1 and/or NRG-1 signalling pathways involve the second messenger molecule cGMP in
cell signalling associated with the development of the VCS, and (iii) to determine if
exogenous ANP, ET-1, or NRG-1 induce activity of a mouse Cx40-promoter-driven
reporter construct.

Results from this thesis provide new insights into the molecular mechanisms that
guide development of the cardiac conduction system, specifically the potential role of
ANP and the complex interplay between ANP, ET-1 and/or NRG-1 signalling pathways in
the formation of the VCS. Results obtained from these studies may facilitate the
development of clinical strategies to aid in the treatment of children and patients born

with arrhythmias.

1.2 Embryonic Heart Development
1.2.1 Formation of the Primitive Heart Tube
During mouse embryogenesis, the earliest known cardiac cells, referred to as

cardiac progenitor cells (CPCs), are present, and are found on each side of the midline in



the mouse epiblast by embryonic day 7 (E7) stage (Tam et al., 1997; Kirby, 2007, Figure
1.1 A). Cells from the epiblast migrate through the primitive streak, to form a
mesodermal germ layer (Tam et al., 1997). From the primitive streak, mesodermal
cardiac precursor cells move both laterally and cranially. The movement of cells in these
directions generates bilateral cardiogenic fields in the regions of the anterior lateral
plate mesoderm (Kirby, 2007). As more and more cells move from the primitive streak
toward the midline and laterally, bilateral fields merge together cranially, to form a
structure known as the cardiac crescent at E7.5 (Tam et al., 1997; Kirby, 2007, Figure 1.1
B). At E8, the lateral portions of the cardiogenic fields migrate toward the ventral
midline, fusing together, and forming the linear heart tube (Tam et al., 1997; Figure 1.1
C). Cells from the first heart field (FHF) generate the primitive heart tube (PHT) and cells
from the second heart field (FHF) migrate into the heart tube from both sides of the
heart to allow the heart to loop (Gessert and Kuhl, 2010, Figure 1.1 D). The primitive
heart tube is composed of two distinct layers: an outer layer of myocardium, and an
inner layer of endothelial cells. During the process of cardiogenesis, the primitive heart
tube elongates and expands in order to form the four-chambered heart structure
(Figure 1.1 E-H). As this developmental process occurs, the heart continues to carry out
its function in pumping blood containing oxygen and nutrients to meet the metabolic

demands, which continue to increase with development.



SHF

SAnode

forming
— heart
-, valves His bundle

TV=

bundle —
branches

urkinje
vs ibers

Figure 1.1. Schematic diagram depicting development of the embryonic mouse heart.
A) At E7, cardiac progenitor cells are found on each side of the midline in the epiblast.
Cells from the epiblast migrate through the primitive streak to form a mesodermal germ
layer. Then, the mesodermal cardiac precursor cells move both cranially and laterally,
generating bilateral cardiogenic fields in the regions of the anterior lateral plate
mesoderm. B) Eventually, bilateral cardiogenic fields merge together to form the cardiac
crescent at E7.5. C) At E8, the linear heart tube is formed when the lateral portions of the
cardiogenic fields migrate toward the ventral line, fusing together. D) Cells originating
from the FHF generate the primitive heart tube (PHT) while SHF cells contribute toward
looping of the heart. E) The linear heart tube begins to balloon and loop. The heart loops
to the right (black arrows) as the outflow tract and inflow tract develop from the arterial
and venous poles, respectively. F-H) Transverse cross-section of the embryonic heart
during development. F) At E9.5, the heart is composed of the epicardium (pink),
myocardium (yellow) and endocardium and cardiac jelly (blue). Through the process of
epithelial-mesenchymal transformation, epicardial cells make up the cells of cardiac jelly,
which is a thick layer between endocardium and myocardium. G) At E10.5, trabeculae
begin to develop within the cardiac chambers and the cardiac jelly and endocardium
extend into the lumen of the heart to form heart valves. H) At E14.5, the heart chambers
are formed and are separated by the atrial septum and ventricular septum, along with
the mitral valve and tricuspid valve. At this stage, the CCS is half-formed, with the SA node
capable of transmitting the electrical impulse to the AV node, then through the Bundle of
His and bundle branches to the Purkinje fibers. FHF, first heart field; SHF, second heart
field; PHT, primitive heart tube, OFT, outflow tract; IFT, inflow tract; RA, right atrium; RV,
right ventricle; LA, left atrium; LV, left ventricle; PAS, primary atrial septum; IVS,
interventricular septum; SA, sinoatrial; AV, atrioventricular; AS, atrial septum; TV,
tricuspid valve; MV, mitral valve; VS, ventricular septum. Figures adopted from (Fishman
and Chien, 1997 and Gessert and Kuhl, 2010) and modified and recoloured minimally with
permission from the publishers (see APPENDIX I).



1.2.2 Cardiac Cell Gene Programming

Induction of cardiomyogenic cells occurs from the mesodermal cells that have
moved through the primitive streak, due to the activity of proteins from the family of
transforming growth factor (TGF) B, secreted from the hypoblast (in chick hearts) or
from the anterior visceral endoderm (mice) (Chapman et al., 2003). It has been shown
that inhibition of the Wnt pathway in cardiogenic mesoderm by factors secreted from
the endoderm is essential for heart specification in the anterior mesoderm (Yamaguchi,
2001). Wnt genes encode for a large family of cysteine-rich glycoproteins that are
secreted in order to regulate cell behaviours during metazoan embryonic development
(Yamaguchi, 2001). Wnt1 receptors transduce signals through the canonical Wnt/B-
catenin pathway, where B-catenin is a transcriptional co-activator that acts as the
primary effector for this pathway (Yamaguchi, 2001). By inhibiting this pathway,
induction of the mesoderm is tightly regulated.

Following the induction of cardiomyogenic cells from the mesodermal cells,
differentiation occurs, which is a process by which cells change morphologically in
appearance and begin to specialize in their functions (Kirby, 2007). When
cardiomyogenic cells differentiate into CMs, they gain specific morphological properties,
including the presence of contractile proteins, transmembrane ion channels and gap
junction proteins. The endoderm secretes proteins to enable differentiation of
cardiomyogenic cells into CMs, which includes the bone morphogenetic protein (BMP)
and fibroblast growth factor (FGF) families (Srivastava and Olson, 2000; Alsan and

Schultheiss, 2002). Proteins from these families initiate expression of the transcription



factor Nkx2.5, and other transcription factor families including T-box (Tbx), Iroquois (Irx),
GATA, MEF2, and HAND. These transcription factors work collectively to further
differentiate CMs by activating the working CM gene programme (Srivastava and Olson,
2000). In order to ensure that the differentiating CMs do not expand outside of the

cardiogenic field, Wnt is secreted from the ectoderm (Kirby, 2007).

1.2.3 The Four-Chambered Heart

In the mouse, until E9, the primitive heart tube elongates with the addition of
myocytes to the ends of the tube, and the tube itself then undergoes looping to form a
“C” shaped structure. This “C” structure contains a broad outer curvature, and a narrow
inner curvature (Olson and Srivastava, 1996). As the tube continues to loop, the
primordial ventricles become visible and expand outward from the outer curvature
(Figure 1.1 F). The atrial chambers also begin to expand and develop, bringing the inflow
and outflow tracts of the primitive heart tube close to each other (Kirby, 2007). At the
same time, as the heart continues to loop and expand, the primordia of the valves and
the septa begin to form. The trabeculae, which are sheets of CMs that form muscular
ridges and are lined by endocardial cells, begin to form along the inner surface of the
ventricles and the interventricular septum, which is also forming at this time (de la
Pompa and Epstein, 2012). At E10.5, the four-chambered heart has formed. This is
followed by a process known as septation whereby the interventricular septum forms,
which is the wall separating the left and right ventricles of the heart (Buckingham et al.,

2005; Harvey, 2002; Figure 1.1 G).



1.3 Development of the Cardiac Conduction System

The CCS refers to a specialized network of tissues in the heart that is responsible
for initiating and coordinating the heart beat (Boyett, 1994; Figure 1.2). There are
several components of the CCS that play a crucial role in initiating and conducting the
electrical impulse throughout the heart, which allows for coordinated contraction of the
chambers (Weerd and Christoffels, 2016). The components of the CCS include: the
sinoatrial node (SA node, also known as the pacemaker), the atrioventricular node (AV
node), and the His-Purkinje system. Specialized pacemaker myocytes in the SA node
generate the impulse, which is then rapidly propagated through the atrial myocardium
travelling to the AV node, where conduction is slowed down, allowing the atria to
contract while also allowing the ventricles to fill, before the ventricles themselves are
able to contract (Weerd and Christoffels, 2016). The His-Purkinje system consists of the
Bundle of His and a network of Purkinje fibers arising from bundle branches. The
purpose of this system is to conduct the impulse to all parts of the ventricles and to
ensure that both chambers contract simultaneously (Boyett, 1994). Hence, the His-
Purkinje system is frequently referred to as the ventricular conduction system (VCS).
Each component of the CCS uses its own distinct set of ion channels, channel-associated
proteins, and gap junction proteins or connexins (Mikawa and Hurtado, 2007).

During the early stages of heart development, myocytes can be
electrophysiologically characterized as being automatic, in that they are able to
spontaneously depolarize. These myocytes conduct the impulse slowly. They are also

characterized by their inability to contract adequately, due to their underdeveloped



sarcomeres and sarcoplasmic reticulum (Weerd and Christoffels, 2016). Following
elongation of the heart tube, activation of gene expression in myocardial cells allows for
proper conduction of the impulse. These include genes encoding for the gap junction
proteins connexin 40 and connexin 43 (Cx40 and Cx43) through expression of the Gja5
and Gjal genes, respectively, and the cardiac sodium channel SCN5A (or Na,1.5).
Additionally, genes encoding for components of the sarcomeres and mitochondria are
activated, allowing for CMs to assume a phenotype that is capable of conducting rapid
conduction of the impulse and is able to contract sufficiently. In contrast, the
components of the CCS begin to develop as genes suppress the CM gene programme in
myocytes of the developing sinus venosus and the atrioventricular canal (AVC), which
allows for myocytes in these regions to continue to possess automaticity and be able to
slowly conduct the impulse (Weerd and Christoffels, 2016). At the same time, the
direction of the propagation of the impulse in ventricles changes, from base-to-apex to

apex-to-base (Mikawa and Hurtado, 2007).
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Figure 1.2. Development of the cardiac conduction system in the embryonic mouse
heart. A) The primitive heart tube is initially formed during folding of the embryo.
Myocardial tissue is depicted in purple, whereas non-myocardial tissue in the outflow and
inflow tracts regions is depicted in red. B) The heart tube elongates through the addition
of myocytes to both ends of the heart and begins to loop to form and expand the atrial
and ventricular chambers. The SA node develops from the sinus venosus, and the AV node
develops from the atrioventricular canal. Ventricular trabeculations give rise to the
bundle branches and Purkinje fibers as the heart continues to mature. The myocardium
of the chambers is depicted in grey and non-chamber myocardium is depicted in purple.
C) The mature cardiac conduction system (CCS) is fully formed postnatally, and is
composed of specialized CMs called CCS cells that are capable of conducting and
propagating the electrical impulse that is necessary for the heart to contract. The SA node
generates the electrical impulse, which depolarizes the atria and allows them to contract,
and then travels to the AV node. Then, the impulse is propagated through the left and
right bifurcating bundle branches and through the Purkinje fibers in order to depolarize
the ventricles and allows them to contract. SA, sinoatrial; AV, atrioventricular; RA, right
atria; LA, left atria; RV, right ventricle; LV, left ventricle; CM, cardiomyocyte. Figure
adopted and minimally modified from (Weerd and Christoffels, 2016) with permission
from publishers (see APPENDIX II).
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1.3.1 Development of the Sinoatrial (SA) Node

The SA node develops from the sinus venosus myocardium in the developing
heart and it can be histologically distinguished by the E11.5 stage in embryonic mouse
hearts (Viragh and Challice, 1977). The cardiac homeobox transcription factor Nkx2.5 is
expressed in the forming heart tube (Komuro and Izumo, 1993), but is largely absent
from the developing areas of the SA node gene programme. Between E9-E9.5 and
E11.5-E12.5, Nkx2.5 sinus venosus myocardium (Note: Nkx2.5" [minus] indicates lack of
transcription factor, whereas Nkx2.5" [plus] indicates presence of transcription factor) is
developed from the venous pole of the heart containing the inflow tract, by specialized
cells known as Tbx18+/Nkx2.5™ progenitor cells (Christoffels et al., 2006). The HCN4 gene
is activated in this region of Nkx2.5" sinus venosus myocardium, and is downregulated in
the surrounding Nkx2.5" myocardium. (Garcia-Frigola et al., 2003). HCN4 channels elicit
the funny current/pacemaker current (Is), and this current plays an important role in
helping conduction cells to establish automaticity (Musso and Vassalle., 1982).

The transcription factor Tbx5 is important in the development of the SA node.
Tbx5 is expressed in the sinus venosus and atria during heart development and targets
Nkx2.5 to regulate expression of several key regulators of SA node function: short
stature homeobox 2 (Shox2), Tbx3, and BMP4 (Mori et al., 2006). Tbx3 is involved in
directing the gene expression program of SA node by repressing factors that promote
the working myocyte phenotype. Tbx3 suppresses Cx40, Cx43, SCN5A and the

natriuretic peptide precursor A and B genes (Nppa and Nppb).
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1.3.2 Development of the Atrioventricular (AV) Node

During heart development, the AVC eventually forms the AV node and AV ring
bundles. The AV node can be histologically distinguished by E11.5 in embryonic mouse
hearts (Viragh and Challice, 1977). Transcription factors involved in the development of
the AVC include BMP2, Tbx2, and Thx3 (Weerd and Christoffels, 2016). The AVC contains
cells that possess a slow conducting phenotype (Weerd and Christoffels, 2016). The AVC
has been shown to be originally derived from Thx2+ cells of the inflow tract (Aanhaanen
et al., 2009). Tbx2 and Tbx3 act to repress the expression of factors that are involved in
promoting the chamber myocardium gene programme, including suppression of Nppa,
Cx40 and SCN5A; this allows the AVC/AV node cells to retain the slow conduction
phenotype (Weerd and Christoffels, 2016). BMP2 is required for development of the
AVC and regulates expression of Tbx2 and Tbx3 (Ma et al., 2005). Tbx20, which is
necessary for formation of the heart tube and development of the chambers, is also
involved in regulation of the expression of Tbx2, acting to confine activation of Tbx2 to
the AVC (Singh et al., 2009). Notch signalling is involved in establishing the boundary
between the AVC and the chambers. In the chick heart, within the myocardium, Notch
signalling has been shown to activate Hairy/enhancer-of-split related with YRPW motif
protein 1 and 2 (HEY1 and HEY2), which in turn suppress BMP2, which then helps to
develop the AVC (Rutenberg et al., 2006). It has been shown that inhibition of Notch

signalling resulted in underdeveloped AV nodes in mice (Rentschler et al., 2011).
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1.3.3 Development of the Ventricular Conduction System: The His-Purkinje Network

The ventricular myocardium conducts the electrical impulse rapidly due to its
high expression of Cx40 and SCN5A. The Purkinje fiber network is derived from
trabecular myocardium by E14.5 and continues to mature throughout fetal and
neonatal stages of heart development (Viragh and Challice, 1982). The trabecular
myocardium expresses several factors including Cx40, Iroquois homeobox protein 3
(Irx3), Notch, NRG-1 and its receptor ErbB (de la Pompa and Epstein, 2012). Rentschler
et al. (2012) found that activation of Notch in the embryonic ventricular myocardium
can promote conversion of CMs to CCS cells with a conduction phenotype. They utilized
a CCS reporter mouse line (CCS-/lacZ) and demonstrated increased expression of CCS
marker genes such as Contactin-2 (Cntn2), HCN1 and SCN5A as well as the B-
galactosidase (B-gal) reporter gene expression after activation of Notch pathway. The
same group determined that administration of NRG-1 to embryonic hearts in this CCS-
lacZ reporter line resulted in increased B-gal expression (Rentschler et al., 2002),
indicating that NRG-1 may be involved in the formation of CCS cells in the mouse heart.
It has also been hypothesized that ET-1 may also be involved in the formation of the
VCS. In the chick heart, addition of ET-1 was shown to induce CMs to differentiate into
Purkinje fiber cells (Gourdie et al., 1998).

A complex transcriptional network consisting of Nkx2.5, Tbx5, Thx3, Irx3,
homeodomain-only protein homeobox (Hopx), and DNA-binding protein inhibitor (1D2)
regulate AV bundle, bundle branch, and Purkinje fiber development (Weerd and

Christoffels, 2016). Tbx3 plays a similar role in the VCS as in the development of the AVC

14



and AV node (see Section 1.3.2), by acting to suppress the working myocardium gene
programme (by suppressing Cx40 and Cx43), while also stimulating the pacemaker gene
programme through induction of HCN4 (Weerd and Christoffels, 2016). Tbx5 is
expressed throughout the ventricles, and promotes cells to elicit rapid conduction,
through induction of Cx40 and SCN5A.

Retrospective clonal analysis and genetic tracing experiments using the Cx40°%
mouse transgenic model were performed in the embryonic mouse VCS and identified
the presence of two different progenitor cell lineages that comprise the VCS (Miquerol
et al., 2013). This finding was later validated in a separate mouse model system
involving HCN4, using several HCN4 knock-in mouse lines (Liang et al., 2015). One
progenitor cell lineage forms the right Purkinje fiber network, and most likely originates
from the first heart field (FHF) whereas the other progenitor cell lineage forms the left
bundle branch and most likely originates from the second heart field (SHF). Both cell
lineages were shown to contribute toward the AV bundle and right bundle branch
(Miquerol et al., 2013). Retroviral labeling studies in chick hearts showed that CCS cells
originate from two distinct myocardial lineages (Mikawa and Fischman, 1996). Before or
during gastrulation, cardiogenic mesodermal cells become a part of either the first or
second lineage that will give rise to either the FHF or SHF. The FHF is derived from the
first myocardial lineage and is composed of the first myocardial cells to differentiate into
the cardiac crescent. Later in development, cells from the FHF will develop into the

primitive heart tube, left ventricle, and sections of the atria (Liang et al., 2015). The SHF

is derived from the second myocardial lineage, and will give rise to the outflow tract,
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right ventricle, and the majority of the atria (Buckingham et al., 2005; Evans et al., 2010;
Cai et al., 2003). Thus, there appears to be a dual contribution of FHF and SHF
progenitor cells in the development of the VCS (Figure 1.3).

Many of the experiments described in this thesis occur at the E11.5 stage of
development, since this is when the components of the VCS (bundle branches and
Purkinje fibers) have started to form (Viragh and Challice, 1977; Viragh and Challice,
1982). At E11.5, our lab has previously identified a population of undifferentiated cells
(CPCs) that exist in the myocardium (Hotchkiss et al., 2015) using a cell tracking method
involving the crossing of two knock-in mouse strains: Nkx2.5-cre (NC) and Rosa-LacZ
(RL). It is highly likely that these CPCs, found in the E11.5 myocardium, may give rise to
both working CMs and Purkinje cells (McMullen et al., 2009). It has been suggested that
the trabecular myocardium houses important myogenic precursors of the cardiac
Purkinje fiber network, as well as paracrine factors like ET-1, NRG-1 and their cognate
receptors, which are thought to play an important role in recruiting undifferentiated
cardiac precursors and other cell types in the heart toward becoming CCS cells (Gourdie

et al., 1998; Rentschler et al., 2002; Christoffels and Moorman, 2009).
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Figure 1.3. First heart field (FHF) and second heart field (SHF) progenitor cells contribute
toward formation of the ventricular cardiac conduction system (VCS) in the embryonic
mouse heart. Retrospective clonal analysis and genetic tracing experiments using Cx40°€™
and HCN4 mouse model systems reveal that two distinct progenitor cell lineages, one
from the first heart field (FHF) and the other from the second heart field (SHF), contribute
toward development of the VCS in the embryonic mouse heart (Miquerol et al., 2013;
Liang et al., 2015). FHF progenitor cells give rise to the atrioventricular (AV) node, Bundle
of His, and left VCS (left bundle branch and Purkinje fibers; blue). SHF progenitor cells give
rise to the sinoatrial (SA) node and right VCS (right bundle branch and Purkinje fibers;
purple). A small subset of cells in the SA node and right Purkinje fibers are derived from
the FHF, and a small subset of cells in the AV node, Bundle of His, and left bundle branch
are derived from the SHF. SA, sinoatrial; AV, atrioventricular; RA, right atria; LA, left atria;
RV, right ventricle; LV, left ventricle; FHF, first heart field; SHF, second heart field. Figure
adapted and minimally modified from (Liang et al., 2015) with permission from the
publishers (see APPENDIX III).
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1.3.4 Cardiac Action Potentials

The cardiac action potential is a change in membrane potential across the cell
membrane of a cardiac cell caused by the movement of ions into and out of the cardiac
cell. Cardiac action potentials propagate through the heart from cell to cell through gap
junction proteins (connexins, such as Cx40), in order to trigger excitation-contraction
coupling (Boron et al., 2009). There are two types of cardiac action potentials that exist:
one for non-nodal cells such as atrial and ventricular cardiomyocytes and Purkinje fiber
cells of the VCS, and another for nodal cells such as SA node or AV node cells (Boron et
al., 2009). Non-nodal cell action potentials have a resting potential, a rapid
depolarization phase, and a prolonged plateau phase and consist of four phases. In
Phase 0, rapid depolarization occurs due to the opening of voltage-gated fast Na*
channels, resulting in rapid upstroke (Boron et al., 2009). In Phase 1, partial
repolarization occurs due to the closing of sodium channels and opening of a transient
outward K* current combined with reduced conductance through the inward rectifier K*
current. Phase 2 is known as the plateau phase, due to influx of Ca2+through L-type Ca’*
channels (LTCCs) as K+ continues to efflux out of the cell. This phase prolongs the
duration of the action potential, distinguishing cardiac action potentials from much
shorter action potentials as found in both neurons and skeletal muscle cells (Boron et
al., 2009). In Phase 3, repolarization occurs, when LTCCs inactivate and Ca’"influx halts,
as K continues to leave the cell through delayed rectifier K* currents. In this phase, the

fast Na' channels, which were inactivated (but open) at the end of Phase 1, now remain

in their resting state as closed channels (which can be subsequently activated in the
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next action potential cycle). Phase 4 refers to the resting membrane potential which is
characterized by a stable membrane voltage at approximately -90 mV. This is due to a
balance in the flux of ions leaving the cell (potassium, chloride) and ions entering the
cell (sodium, calcium; Boron et al., 2009).

Nodal cell action potentials, as found in SA node and AV node cells, display
automaticity or pacemaker activity due to the ability of these cells to spontaneously
depolarize. These cells display shorter and slower action potentials than non-nodal cells,
and do not have a Phase 1 or Phase 2 (Boron et al., 2009). In Phase 4, spontaneous
depolarization occurs due to the presence of Iscurrents that provide a slow, inward,
depolarization Na* current, allowing the nodal cell to depolarize. These currents are
generated by HCN channels such as the HCN4 isoform. When the resting membrane
potential reaches approximately -50 mV, a second channel is triggered to open, known
as transient or T-type Ca’* channels. These channels provide an addition influx of Ca’*to
further depolarize the cell, and then triggers opening of LTCCs which further contribute
toward Ca** influx and depolarization (Boron et al., 2009). Together, these channels
allow for the threshold voltage to be reached, resulting in the propagation of an action
potential. Hyperpolarization in nodal cells is a requirement for HCN channels to activate
and elicit the Is current leading to spontaneous depolarization. In Phase 0, depolarization
results due to Ca** influx from LTCCs, and T-type Ca”* and HCN channels close. This is in
contrast to Phase 0 of non-nodal cells, whereby fast sodium channels largely contribute

toward the initial upstroke of the action potential. Lastly, Phase 3 or repolarization
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occurs when K channels open allowing for K* efflux, while LTCCs inactivate and close,
decreasing Ca*" influx (Boron et al., 2009).

Within the VCS, Purkinje fiber cells have action potentials that have longer
duration than ventricular myocyte action potentials (Dun et al., 2008). Additionally,
Purkinje fiber cells display very rapid, maximal upstroke velocities during Phase 0 and
can conduct electrical signals faster than all other cardiac tissues (Dun et al., 2008). This
is due to the contribution of several sodium currents that are unique to Purkinje fiber
conduction (Dun et al., 2008). The cardiac sodium channel isoform known as Na,1.5
elicits a fast sodium current Iy, which is exclusive to Purkinje cells and does not exist in
nodal cells. There is also a late sodium current (Ina.), which exists in Purkinje fiber cells.
Both of these sodium currents are responsible for inducing the rapid upstroke of the

action potential in Purkinje fiber cells (Boron et al., 2009).

1.4 Notch Signalling and Trabecular Development

Developing myocardium differentiates into two distinct layers: one being an
outer compact zone, while the other is the inner trabecular zone (de la Pompa and
Epstein, 2012). This inner trabecular zone continues to become remodeled and becomes
the home for components of the VCS (i.e. the His-Purkinje network). Notch signalling
plays a vital role in trabecular development (Grego-Bessa et al., 2007). Trabeculae refer
to sheets of CMs that form muscular ridges and are lined by endocardial cells (de la
Pompa and Epstein, 2012). Early in heart development, as the coronary vessels begin to

develop, trabeculae serve as the active zones for CM proliferation and differentiation
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(Sedmera et al., 2000). Notch refers to a group of transmembrane receptors (named
Notch 1-4 in mammals) that contain an extracellular domain and an intracellular domain
(NICD). In the developing embryonic ventricles, Notch1 is highly expressed in the
trabecular endocardium and as development continues, Notch1 is highly concentrated
at the base of the trabeculae (Grego-Bessa et al., 2007). Membrane-bound ligands that
are part of the Delta or Serrate/Jagged families are capable of binding to the
extracellular regions of Notchl (Grego-Bessa et al., 2007). Subsequently, a fragment of
the receptor is cleaved by y-secretase, resulting in release of NICD, which then
translocates to the nucleus to bind to the transcription factor RBJK/CSLSu(H)
(abbreviated as RBJK). The binding of NICD to RBJK is followed by recruitment of the
transcriptional coactivator Mastermind-like (MAML); this complex leads to
transcriptional activation of target genes (de la Pompa and Epstein, 2012).

Notch signalling can affect important gene targets found in the trabeculae such
as BMP10, NRG-1/ErbB, and EphrinB2/EphB4 (Chen et al., 2004). BMP10 is highly
expressed in the trabecular myocardium in order to promote cellular proliferation (Chen
et al., 2004). Inactivation of Notch1 resulted in a significant reduction in the activity of
BMP10, which was correlated with decreased proliferation of trabecular myocytes
(Grego-Bessa et al., 2007). The EphrinB2/EphB4 ligand-receptor complex is necessary for
trabecular development. Mutant mice with the Notch1 gene knocked out resulted in a
significant reduction in the activity of EphrinB2/EphB4 (Grego-Bessa et al., 2007). NRG-1
is also required for trabeculation. NRG-1 interacts with ErbB2 and ErbB4 receptors in the

myocardium and stimulates cellular differentiation and proliferation in the trabeculae
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(de la Pompa and Epstein, 2012). NRG-1 is a downstream gene target of Notch
signalling. In mutant mice with the Notch1 gene knocked out, the activity of NRG-1 was
shown to be reduced (Grego-Bessa et al., 2007). Thus, the activities of EphrinB2/EphB4,
NRG-1 and Notch are closely related. Taken together, Notch signalling targets increased
activity of NRG-1 and EphrinB2, which promote CM differentiation in the trabeculae,
and Notch signalling simultaneously promotes BMP10 activity to induce CM

proliferation in the trabeculae (de la Pompa and Epstein, 2012).

1.5 Role of Neuregulin-1 in the Development of the Ventricular Conduction System
Neuregulins refer to a family of growth factors containing an epidermal growth
factor-like (EGF-like) domain. In mammals, there have been four identified neuregulin
genes: NRG 1-4. Among these genes, NRG-1 is the most studied in the heart since it has
been detected both in the embryonic myocardium and in the adult heart and coronary
vasculature (Parodi and Kuhn, 2014). The receptors for NRG-1 are known as ErbB
receptors, with only ErbB2-4 expressed in the heart. ErbB2 and ErbB4 are expressed in
both the pre- and postnatal heart, and are found in both the developing and adult
ventricles, whereas ErbB3 is found only in atrioventricular regions of the developing
heart (Parodi and Kuhn, 2014). Neuregulins are presented on the cell surface and are
then subject to proteolytic cleavage by metalloproteinases. Following their release into
the extracellular space, neuregulins are capable of binding to ErbB receptors on target

cells (Parodi and Kuhn, 2014).
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In the heart, endocardial cells release NRG-1 into the extracellular space, binding
to ErbB4 receptors expressed in the myocardium, which then dimerizes with ErbB2
receptors, in order to promote proliferation and differentiation of CMs (Parodi and
Kuhn, 2014). In adult CMs, phosphatidylinositol 3-kinase (P13K), proto-oncogene
tyrosine-protein kinase Src (Src), and Shc-transforming protein A/1 (ShcA) are important
effector molecules of ErbB2/ErbB4 signalling that regulate proliferation and hypertrophy
(Wadugu and Kuhn, 2012). Extracellular signal-regulated kinase (Erk) 1/2 are
downstream targets of ErbB receptor stimulation and modulate CM cell
growth/hypertrophy and proliferation as well as sarcomeric organization, while Akt acts
as another downstream target of ErbB stimulation to prevent apoptosis (Yin et al.,
2015). Stimulation of Erk 1/2 by NRG-1 is modulated by growth factor receptor-bound
protein 2 and 7 (Grb2 and Grb7) and Snc, which are downstream targets of ErbB2
receptor signalling, and have been shown to play a role in regulating CM hypertrophy
(zhang et al., 2003; Pero et al., 2007; Yoshizumi et al., 2001).

NRG-1/ErbB2/ErbB4 signalling has been shown to be essential for cardiac
development. Disruption of the NRG-1 gene or genes of ErbB2 and ErbB4 receptors, led
to unexpected death of mice during mid-gestation due to aborted development of the
trabeculae in the ventricles of the fetal myocardium. In these mice, the inner trabecular
layer of myocardium was found to be very thin (Meyer and Birchmeier, 1995; Gassmann
et al., 1995; Lee et al., 1995; Kramer et al., 1996, Marchionni, 1995). NRG-1 may also
stimulate the differentiation of CMs from undifferentiated stem cells and progenitor

cells, since it was shown that NRG-1 stimulated the generation of CMs from embryonic
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stem cell cultures (Sun et al., 2011; Wang et al., 2009; Zhu et al., 2010). Currently, the
signalling pathway by which NRG-1 regulates differentiation of various cell types to CMs
is not known. Overexpression of NRG-1, ErbB4 or ErbB2 receptors has been shown to
promote hyper-trabeculation, leading to ventricular non-compaction, which could
potentially lead to the development of congenital heart diseases (Hertig et al., 1999;
Stollberger and Finsterer, 2004; Parodi and Kuhn, 2014).

One group utilized a CCS-lacZ reporter line in mice to study the effects of
exogenous NRG-1 on cultured embryonic hearts isolated from this line (Rentschler et al.,
2002). The CCS-lacZ reporter line is capable of delineating the entirety of the CCS
including the early ventricular trabeculae. Addition of exogenous NRG-1 to these hearts
resulted in increased B-gal expression, providing evidence that NRG-1 is capable of
stimulating proliferation and/or differentiation of CMs into CCS cells (Rentschler et al.,
2002). In this study, addition of exogenous NRG-1 (2.5 nM) induced ectopic lacZ
expression in E9.5 embryonic hearts vs. no treatment. Additionally, ectopic expression
of lacZ increased in response to the addition of NRG-1 in a dose-dependent manner,
utilizing doses ranging from 25 pM to 2.5 nM (Rentschler et al., 2002). LacZ expression
was also measured in hearts ranging from E8.5 to E12.5, with lacZ expression continuing
to increase as the heart matured up until E12.5, whereby lacZ expression within the CCS
seemed similar in both control and NRG-1 treated E12.5 hearts. Another important
finding from this study was that induction by NRG-1 was shown, in embryonic
ventricular tissue sections, to not only increase lacZ expression but this was also

correlated with cells displaying electrophysiological characteristics that were consistent
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with tracts of conduction tissue (Patel and Kos, 2005). It was suggested that patterning
of the tissue was largely completed by E12.5 (Rentschler et al., 2002). Additionally, the
group hypothesized that NRG-1 provided a paracrine signal to induce differentiation of
CMs into CCS cells that declined in its paracrine effect as development of the embryo
proceeded and as the conduction system became fully mature, since it became difficult
to detect differences in lacZ expression between control and NRG-1 treated hearts at
E12.5 (Rentschler et al., 2002). This raises the possibility that other paracrine factors
may be involved in the development of the CCS, in the mid to late stages of embryonic
development, where NRG-1 expression begins to decline as the heart continues to

mature.

1.6 Role of Endothelin-1 in the Development of the Ventricular Conduction System
The paracrine factor ET-1 was initially discovered to be a potent vasoconstrictor
that was found in endothelial cells, epithelial cells of the kidneys, lungs, and colon.
Within the cardiovascular system, ET-1 was found in all types of vessels including
arteries, arterioles, veins and venules (Davenport et al., 2016). The ET-1 gene encodes
for a 212-amino acid precursor known as prepro-ET-1. A signal peptidase then removes
17 amino acids from the polypeptide to generate pro-ET-1. Pro-ET-1 is cleaved at both C
and N terminals by furin enzymes to yield Big ET-1. Endothelin converting enzyme -1
(ECE-1) hydrolyzes the tryptophan-valine bond in Big-ET-1 to yield ET-1 (Davenport et

al., 2016). ET-1 can be synthesized from endothelial cells and be secreted to interact
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with ET-A and ET-B receptors to induce vasoconstriction in nearby smooth muscle cells
(Davenport et al., 2016).

In CMs, the ET-A receptor is more abundant (90% of total ET-1 receptors) and is
considered to elicit most of the cardiac effects of ET-1 whereas the ET-B receptor may
be more responsive to physiological stress (Kedzierski and Yanagisawa, 2001). When ET-
1 binds to ET-A/B receptors, this induces a conformational change in the receptor that
allows for GTP to bind to the G4-a subunit of the trimeric receptor associated Gg-
protein. G4-a activates and dissociates from the By-complex and initiates downstream
G-protein signalling, including activation of the mitogen activated protein kinase (MAPK)
pathway (Schorlemmer et al., 2008). Alternatively, G4-o can activate protein kinase C
(PKC), which activates Ras, and Ras undergoes conformational changes that allow for
the exchange of Ras-bound GDP for GTP. GTP-bound Ras recruits Raf, which becomes
phosphorylated and subsequently activated. Activated Raf phosphorylates mitogen
activated protein kinase kinase (MEK) 1/2 or MAPK, leading to activation of Erk 1/2. ET-1
can also activate the PI3K/Akt pathway to prevent apoptosis of CMs (Schorlemmer et
al., 2008). All together, these pathways lead to regulation of CM cell growth,
hypertrophy, proliferation and survival. Currently, the signalling pathway by which ET-1
modulates differentiation of various cell types to CMs is not known.

Gourdie et al. (1998) demonstrated that exogenous ET-1 added to chick
ventricular CMs was capable of converting them into Purkinje fiber cells. Upon addition
of ET-1 (10 nM) to chick ventricular CMs at E3, it was observed that after 1, 3 and 5

days, there was a gradual conversion of CMs to CCS cells shown by a decline in
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expression of cardiac myosin binding protein-C (cMYBP-C) which is exclusively expressed
in contractile CMs, and subsequent increase in expression of slow twitch muscle myosin
heavy chain (sMHC) which is uniquely present in Purkinje cells (Gourdie et al., 1998).
Addition of ET-1 also resulted in increased expression of the conduction system markers
Cx40 and Cx42 (Gourdie et al., 1998). However, some controversy exists as to the
specific role that ET-1 may play in forming the cardiac conduction system. Another study
demonstrated that mice with genetic ablation of Ednra and Ednrb, which encode for the
ET-A and ET-B receptors, did not show any significant abnormalities in the function of
the CCS (Hua et al., 2014).

It has been suggested that the expression pattern of ECE-1, the enzyme involved
in generating ET-1 from Big ET-1, in the embryonic heart coincides with the timing and
localization of Purkinje fiber differentiation (Sedmera et al., 2008). ECE-1 expression is
present in some areas of the endocardium and coronary arterial endothelium, but is
absent from myocytes and endothelium of cardiac veins and capillaries (Mikawa and
Hurtado, 2007). The localized distribution of endogenous ECE-1 may account for the
localized ET-1 dependent induction of embryonic CMs to become Purkinje fiber cells. It
was shown that viral-mediated ectopic co-expression of ECE-1 and prepro-ET-1 in the
embryonic ventricular myocardium resulted in significant ectopic expression of Purkinje
fiber markers in the trabecular myocardium (Takebayashi-Suzuki et al., 2000).

Using a CCS-lacZ mouse model, it was shown that ET-1 did not significantly alter
CCS-lacZ expression (Rentschler et al., 2002). While ET-1 signalling might stimulate Cx40

expression in chick embryos, it may not be sufficient to induce conversion or lineage
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specification of the entire Purkinje fiber network (Christoffels et al., 2009). In the avian
heart, a Purkinje fiber network exists in the subendocardium along with a periarterial
Purkinje network, both of which express Cx40. It has been shown that recruitment of
Purkinje fiber cells from contractile myocytes occurs both periarterially and
subendocardially in the avian heart, suggesting that paracrine interactions of myocytes
with endocardial and arterial cells may play a role in the formation of CCS cells (Mikawa
and Hurtado, 2007). Additionally, suppressing the development of coronary arteries in
the chick heart led to a decrease in Purkinje fiber differentiation, further providing
evidence that coronary arterial beds may be necessary to recruit myocytes to become
CCS cells (Hyer et al., 1999). In contrast to Purkinje fiber network distribution in chick
hearts, mouse hearts possess only a subendocardial Purkinje fiber network (Weerd and

Christoffels, 2016).

1.7 Comparative Effects of Neuregulin-1 and Endothelin-1 on the Development of
the Ventricular Conduction System

Although the literature has described a role for both NRG-1 and ET-1 to
contribute toward the development of the CCS in the embryonic heart, there are some
important differences in their effects. One notable study sought to determine the
effects of adding exogenous NRG-1 or ET-1 to embryonic CMs and to assess formation
of the CCS through measurement of expression of several CCS markers, including Cx40,
Nkx2.5, GATAA4, Irx4, Cx45, HF-1b, and minimal potassium channel subunit (MinK) (Patel
and Kos, 2005). Both NRG-1 (2.5 nM) and ET-1 (1.5 nM) increased CCS marker gene

expression as measured by semi-quantitative RT-PCR, in embryonic mouse CMs at E9.5
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(Patel and Kos, 2005). However, this effect was not synergistic. Interestingly, this study
was able to show that ET-1 may have inductive effects on the CCS in not only the avian
heart, but also the mouse heart, as Rentschler et al.’s (2002) study previously suggested
that the ET-1 inductive effects may be exclusive to the avian heart due to the unique
distribution of the Purkinje fiber network, both periarterially and subendocardially.
Additionally, Patel and Kos’ (2005) study suggested that induction of the CCS by
ET-1 may occur through ET-A and/or ET-B receptor signalling, since adding selective ET-A
and ET-B receptor antagonists (BQ123 and BQ786, respectively) to embryonic mouse
CMs resulted in a significant decline in the number of cells expressing Cx40 (Patel and
Kos, 2005). This is in contrast with the results of another study wherein mice with
deletions in Ednra and Ednrb, encoding for ET-1 receptors, did not appear to show
deficits in the CCS suggesting that the ET-1 signalling pathway may be dispensable in
mouse CCS development (Hua et al., 2014). With respect to NRG-1, the results of Patel
and Kos’ (2005) study coincide with the results of Rentschler et al.’s (2002) study.
Upregulation of Nkx2.5 was found in the CCS of avian and mouse embryos and in
the fetal human heart (Takebayashi-Suzuki et al., 2001; Thomas et al., 2001). However,
in the avian heart, ET-1 induced Purkinje fibers did not show upregulation of Nkx2.5
(Takebayashi-Suzuki et al., 2001). In contrast, Patel and Kos’ (2005) study demonstrated
that in the embryonic mouse heart, addition of ET-1 and NRG-1 both upregulated
Nkx2.5. It was hypothesized that the upregulation of Nkx2.5 may be required to regulate
CCS-specific genes such as Cx40, in the mouse embryonic heart (Patel and Kos, 2005).

Consistent with this notion, another study found that hearts of transgenic mice that
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overexpressed a DNA non-binding mutant of Nkx2.5 under control of the B-myosin
heavy chain (B-MHC) promoter, had reduced levels of Cx40 expression (Kasahara et al.,

2001).

1.8 Cardiac Conduction System Markers
1.8.1 Role of Cx40 in the Cardiac Conduction System

Connexins are a family of proteins capable of forming gap junctions, which are
required to maintain cellular homeostasis and function (Seul et al., 1997). There are 20
different connexin genes found in mice, and 21 different connexin genes found in
humans (Condorelli et al., 1998). Most connexin genes share a common gene structure,
comprised of 2 exons separated by 1 intron sequence. By forming gap junctions,
connexins allow for the direct exchange of small molecules between adjacent cells, such
as Ca”* or IP3 (Seul et al., 1997). Gap junctions refer to clusters of channels that join two
adjacent cells together and consist of building blocks of connexons, that are contributed
by each communicating cell (Dbouk et al., 2009). Each connexon is composed of a
complex of six connexin proteins (Dbouk et al., 2009). Gap junction channels alternate
between “open” and “closed” conformations, which are regulated by various
mechanisms including Ca** concentration, pH and protein phosphorylation (Peracchia et
al., 2000; Alev et al., 2008; Peracchia, 2004; Hirst-Jensen et al., 2007; Yahuaca et al.,
2000; Anand and Hackam, 2005; Kwak and Jongsma, 1996). The connexin protein is
composed of nine main domains, of which the N-terminus, the two extracellular loops

(which are stabilized by intramolecular disulfide bridges), and the four transmembrane
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domains are highly conserved among the different isoforms (Elfgang et al., 1995; White
et al., 1995, Evans and Martin, 2002).

The gap junction protein Cx40 generates channels with high conductance, even
in early stages of development (Beblo and Veenstra, 1997). Throughout embryonic heart
development, Cx40 is expressed in the fast conducting trabecular myocardium in the
ventricles; trabecular myocardium will eventually form the mature CCS (Delorme et al.,
1995; Sankova et al., 2012). Cx40 expression is completely absent in the SA node, and is
absent in the outer portion of the AV node in mice (Delorme et al., 1995). It was also
found to be absent in the AVC wall throughout development (Delorme et al., 1995).
Cx40 mRNA was first detected at E11.5 in mice, in both the developing atrium and
ventricles. Cx40 mRNA expression in the ventricles was found to be the highest at E14.5,
after which there was a sharp decline in expression postnatally. In contrast, in atria,
Cx40 mRNA expression remained consistent throughout development and postnatally
(Delorme et al., 1995).

At E11.5, distribution of Cx40 protein occurs widely throughout the ventricular
trabeculae, with stronger expression occurring in the subendocardial trabeculae than in
the subepicardial cells (Delorme et al., 1995). Cx40 is absent from the interventricular
septum. At E14.5, immunoreactivity of Cx40 decreases in a gradient from the top of the
subendocardial trabeculae to the subepicardial layers (Delorme et al., 1995). The
expression pattern of Cx40 in the CCS of the embryonic mouse heart at E14.5 is
illustrated in Figure 1.4. At E17.5, when the VCS is well organized, Cx40 expression

continues to occur in the trabeculae, but is absent from the ventricular wall; Cx40
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expression occurs in endothelial cells of blood vessels. At E19, Cx40 expression is highly
restricted to the top of the septum, to the Bundle of His extending from the top of the
septum and its left and right bifurcating branches, and in the trabeculations which will
form the mature Purkinje fiber network (Delorme et al., 1995). At 1-week post-partum,
Cx40 expression is increased in the Bundle of His and the bundle branches. At this stage,
Cx40 expression is no longer detected in the trabeculae (Delorme et al., 1995).

In the adult mammalian heart, Cx40 is found to be highly expressed in atrial CMs,
whereas its expression in ventricular tissue exclusively involves the conduction system
and the endothelial cells of blood vessels (Delorme et al., 1995). Cx40 expression is
downregulated in the ventricular walls, and has never been detected in adult ventricular
CMs (Gros et al., 2004). Cx40 is highly expressed in the AV node, the Bundle of His,
bundle branches, and the Purkinje fibers in the adult heart and may contribute toward
more rapid propagation of action potentials in these cells compared to working
ventricular CMs (Seul et al., 1997; Gros et al., 2004).

In this thesis, we utilized the Cx40%™® knock-in mouse model to visualize Purkinje
fiber formation in the embryonic heart (Miquerol et al., 2004). In this model, the vital
enhanced green fluorescent protein (EGFP) sequence is inserted upstream of Cx40
coding sequence such that EGFP, but not Cx40, is expressed under the control of the
Cx40 promoter (Miquerol et al., 2004). The Cx40°€™ knock-in mouse model was initially
designed to investigate visualization of the CCS in the adult heart because many other
CCS mouse models offered technical limitations at this stage. For example, in the adult

heart, in the Hf-1b-lacZ model, expression of the reporter gene extends far beyond the
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CCS making it difficult to distinguish the CCS from surrounding myocardium; the use of
minK-/acZ in adult mice allows for clear visualization of the CCS, but the enzymatic
activity of lacZ used to identify conduction system myocytes was found to be lethal for
cells at the adult stage (Miquerol et al., 2004). The Cx40°%™ knock-in mouse model offers
several advantages over other models because: 1) Cx40 appears to be the best marker
for the His-Purkinje system, 2) Cx40 is expressed strongly in atrial CMs, the AV node, the
Bundle of His, and distal elements of the CCS and 3) The hyperpolarization activated
current/pacemaker current (lf) is evident in all spontaneously active EGFP positive
Purkinje cells. Taken together, the Cx40%™ knock-in mouse model offers the capacity for
visualization of live cells and the opportunity to pursue functional analyses of the

development of the CCS, as performed by Miquerol et al.’s (2004) group.

1.8.2 Role of HCN4 in the Cardiac Conduction System

The hyperpolarization-activated cyclic nucleotide-gated cation channel (HCN)
family generates the pacemaker/funny current (Is), which provides pacemaker activity in
the SA node (Accili et al., 2002; DiFrancesco, 1993; Ludwig et al., 1998). The mammalian
genome encodes four HCN channels (HCN 1-4), which are present throughout the heart
(DiFrancesco, 1996; Mangoni and Nargeot, 2008). The HCN4 isoform is restricted in its
expression in the murine adult SA node (Garcia-Frigola et al., 2003). Therefore, HCN4 is
an excellent molecular marker to study cardiac pacemaker function in the adult heart. In
the adult SA nodes of rabbit, mouse and dog, the dominant subtype of HCN is HCN4,

which accounts for the majority of transcripts present (Schweizer et al., 2009). HCN4

33



was also found to be the major HCN isoform in adult canine Purkinje cells (Han et al.,
2002). It was shown that HCN4 channels contribute toward the majority of the s current
in E9.5 mouse ventricular CMs, which was significantly downregulated in E18 CMs,
presumably to enable pacemaker activity at the SA node (Yasui et al., 2001).

Cardiac pacemaker activity originates early in heart development, at ~E8 in chick
embryos and ~E8-8.5 in mouse embryos. Electrical impulses are generated in the
forming SA node region and are conducted to the bulboventricular portions of the heart
(Garcia-Frigola et al., 2003). It was suggested that this early pacemaker activity was
attributed to the presence of HCN4 channels at the embryonic stage, since HCN4 mRNA
was detected in dispersed cells in mice throughout the precardiac mesoderm at E7.5
(the cardiac crescent) (Garcia-Frigola et al., 2003). At E8-8.5, HCN4 was detected in the
sinus venosus; by E9, HCN4 was detected in the septum transversum; expression
continued to expand as the SA node fully developed (Garcia-Frigola et al., 2003). HCN4
MRNA expression was found to be two-fold higher in atria than in ventricles in mice at
E9.5 (Schweizer et al., 2009). By E14.5, all components of the CCS, as well as the atria
and ventricles, express HCN4, with the SA node having the greatest expression of HCN4,
followed by the atria, and then the ventricles (Garcia-Frigola et al., 2003, Figure 1.4).
Towards birth, HCN4 mRNA expression was found to be downregulated in both the atria
and nearly disappeared in ventricles. However, after birth, HCN4 mRNA levels increased
in the ventricles (Schweizer et al., 2009). After the postnatal stage, HCN4 became
gradually restricted to the SA node (Garcia-Frigola et al., 2003). In human adults, HCN4

was detected in the atria, ventricles, and Purkinje fibers, with the greatest level of
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expression being in the SA node (Dobrzynski et al., 2007). In humans, it is suggested that
HCN4 may play a significant role in maintaining normal heart rate, since HCN4 mutations
were associated with inherited sinus node bradycardia in adult patients (Milanesi et al.,
2006; Nof et al., 2007; Schulze-Bahr et al., 2003). However, despite a similar role for
HCN4 in generating the Is current to enable pacemaker activity in the SA nodes of both
human and mice, several studies have suggested that, based on the Cre-mediated
ablation of HCN4, the HCN4 channel may not be critically important for the acceleration
of heart rates in mice (Harzheim et al, 2008; Herrman et al., 2007). In this thesis, we
chose to study HCN4 as our VCS marker of choice because it is expressed both

prenatally in the ventricular trabeculae, and postnatally becomes restricted to the

Purkinje fibers.
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Figure 1.4. Expression Pattern of Cx40 and HCN4 in the mouse embryonic heart at E14.5.
At E14.5, in the mouse embryonic heart, the CCS maturation and development is partially
completed such that nodal tissue and bundle branches are formed but Purkinje fiber
arborisation continues to develop. A) lllustration depicts the components of the CCS in
the embryonic mouse heart including the SA node, AV node, atria, ventricles, Bundle of
His, bundle branches, interventricular septum, and Purkinje fibers. B) Expression pattern
of Cx40 at E14.5 in the embryonic mouse heart. At this stage, Cx40 is highly expressed in
atrial CMs, the inner portion of the AV node, the Bundle of His, bundle branches and
Purkinje fibers. Cx40 is expressed to a lesser degree in the ventricular CMs. Cx40
expression is absent in the SA node, the outer portion of the AV node, and the
interventricular septum (Delorme et al., 1995). C) Expression pattern of HCN4 at E14.5 in
the embryonic mouse heart. At this stage, HCN4 is greatly expressed in the SA node. HCN4
is highly expressed in atrial CMs, the AV node, the Bundle of His, bundle branches and
Purkinje fibers. HCN4 is expressed to a lesser degree in ventricular CMs. HCN4 expression
is absent in the interventricular septum (Garcia-Frigola et al., 2003). The pink gradient
depicts relative expression patterns; the stronger the colour, the higher the relative
expression. SA, sinoatrial; AV, atrioventricular. Figure redrawn from copyrighted material
corresponding to (Gros et al., 2004, see APPENDIX IV).
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1.9 Genetic Models Used to Study Development of the Cardiac Conduction System
The Cx40%™ transgenic mouse model we employed in our study has been
described in Section 1.8.1. Transgenic mice have been used to study CCS development
with lacZ expression under the transcriptional control of a cardiac-specific enhancer
from chicken-GATAG6 (cGATA-6), the proximal promoter of regions cardiac troponin-I, or
engrailed 2 (CCS-lacZ), and also by knocking in the lacZ sequence into the coding
sequence of the transcription factor HF-1b (reviewed in Myers and Fishman, 2003). The
limitations of using cGATA-6 and troponin-| transgenes is that expression of lacZ
becomes confined to the AVC and is sparse in other components of the CCS, by E9.5 and
E10.5, respectively (Di Lisi et al., 2000). HF-1b-/lacZ model also has limitations in a
different sense, because lacZ expression occurs broadly throughout the heart, and is not
exclusive to components of the CCS, including expression in the right atria,
interventricular septum, Bundle of His, bundle branches, and compact myocardium
(Nguyen-Tran et al., 2000). MinK-/acZ was thought to be an attractive genetic model
because of its specificity in delineating the CCS. By E10.5, /acZ expression in MinK-lacZ
mice occurs in the SA node region, parts of the AVC, the interventricular groove, outflow
tract, and ventricular trabeculae (Kondo et al., 2003). By E12.5-E13.5, lacZ expression is
present in the AV bundle, AV node, and bundle branches (Myers and Fishman, 2003).
Rentschler et al. (2002) employed a CCS-lacZ model utilizing the random insertion of an
engrailed-2 enhancer-lacZ transgene, which was capable of delineating the entirety of
the CCS. Expression of lacZ in CCS-lacZ mice occurs first at E8.5, where B-gal expression

was detected in the region of the right sinus horn where the SA node will eventually
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form. By E9.5, lacZ expression was detected in the interventricular septum, from which
the Bundle of His and bundle branches will be derived from. By E10.5, expression in the
AVC was detected. By E12.5, there was a continuous expression of /lacZ from the SA
node, to the AV node, to the developing Bundle of His and bundle branches, and also to
the ventricular trabeculae (Rentschler et al., 2002). By E13.5, lacZ expression was
detected with all components of the CCS labeled, including discrete Purkinje fiber
networks (Rentschler et al., 2002). There are some similarities and differences between
CCS-lacZ and MinK-lacZ models. The distinct components of the CCS including the SA
node, AV node, and bundle branches, are readily detected by both models (Myers and
Fishman, 2003). However, expression of lacZ is stronger and broader in CCS-lacZ hearts,
where expression is also seen along the distinctive Purkinje fibers (Myers and Fishman,
2003).

Several HCN4 knock-in transgenic mouse lines have been established to
delineate the entirety of the CCS, including HCN4-CreERT2, HCN4n-lacZ, and HCN4-
H2BGFP (Liang et al., 2013; Spater et al., 2013; Gros et al., 2010; Horsthuis et al., 2009).
Data from these models support the use of HCN4 as a marker to identify development
of the CCS, since HCN4 expression was shown to identify distinct components of the CCS
at specific developmental stages (Liang et al., 2013). HCN4 was found to be first
expressed in the differentiating cells of the cardiac crescent and was transiently
expressed throughout formation of the early heart tube, indicating that HCN4 was a
good marker for the FHF (Liang et al., 2013). In the FHF, HCN4 expression identified

differentiated myocyte precursor cells throughout the CCS. By E16.5, all HCN4
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transgenic mouse lines marked all components of the CCS (Liang et al., 2013). Studies to
determine the lineage potential and to identify specific contributions of the FHF toward
development of the CCS have been very limited due to the lack of appropriate specific

markers (Liang et al., 2015).

1.10 Cell Lineage Tracking of Nkx2.5+ Myocardial Cells: Cardiac Progenitor Cells
Although the primitive heart tube in model organisms is miniscule and poses
technical limitations when attempting to study cell types in experiments, several groups
identified novel cell types present in the embryonic heart known as CPCs (Kirby, 2007;
Buckingham et al., 2005; Evans et al., 2010). It is possible that a population of
undifferentiated, cardiomyogenic mesodermal precursor cells like CPCs could persist
through heart development (presumably derived from the FHF and SHF as described in
Section 1.3.3) and be present at later stages in development, and thus, a method was
established to assess the ultrastructural characteristics of mouse ventricular cells at the
post-chamber stage, at E11.5 (Zhang et al., 2015). This was done using a lineage tracking
method that had been previously established to distinguish myocardial cells expressing
Nkx2.5, a transcription factor necessary for cardiomyogenesis from non-myocytes
(Komuro and Izumo, 1993). This method involves crossing two knock-in mouse strains:
Nkx2.5-cre (NC) and Rosa-LacZ (RL). The NC knock-in strain contains an internal
ribosomal entry sequence (IRES) and a Cre-recombinase coding sequence (Cre) from
bacteriophage P1, inserted within the 3’-untranslated region of the Nkx2.5 gene

(Stanley et al., 2002). When the Nkx2.5 gene is expressed, this also results in the

39



expression of Cre recombinase protein. The function of Cre is to mediate site-specific
recombination between specific DNA sequences known as LoxP sites (Stanley et al.,
2002). The RL knock-in mouse strain was engineered to have a transcriptional terminal
stop cassette proximal to the B-gal (LacZ) coding sequence (Soriano, 1999). The stop
cassette contains a neomycin selection gene and triple polyadenylation sites, and is
flanked by LoxP sites. When NC and RL mice are crossed, the double knock-in embryos
that result from the cross allow for expression of the Nkx2.5 gene followed by the co-
translation of Cre, which allows for the excision of the floxed stop cassette from the
Rosa-LacZ transgene. This enables the expression of the LacZ reporter gene in all
Nkx2.5+ cells. Therefore, one can detect Nkx2.5+ cells by immunofluorescent labelling
with B-gal antibodies.

Nkx2.5+ cells can give rise to cardiac, smooth muscle, endothelial, and
conduction system cells (Moretti et al., 2006; Wu et al., 2006). Of the cells that express
Nkx2.5, we are interested in CPCs and CMs. CPCs give rise to many types of
differentiated cells in the embryonic heart, including mature CMs, fibroblasts, smooth
muscle cells and endothelial cells (Buckingham et al., 2005; McMullen et al, 2009). We
have previously shown that in E11.5 mouse ventricles, there is a population of Nkx2.5+
CMs and CPCs, and a Nkx2.5- nonmyocyte population (McMullen et al., 2009; Zhang et
al., 2015). One can use this lineage tracking system combined with sarcomeric myosin
staining to differentiate between Nkx2.5+ CMs and Nkx2.5+ CPCs, and between these

two Nkx2.5+ populations vs. nonmyocytes (Nkx2.5-) (Zhang et al., 2015).
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1.11 MicroRNAs and Regulation of Cx40 and HCN4 Gene Expression
1.11.1 The Functions and Mechanisms of MicroRNAs

MicroRNAs (miRNAs) are endogenous small non-coding RNAs (~22 nucleotides)
that can control gene expression in animals and plants at the post-transcriptional level
(Bartel, 2004). MiRNAs induce gene silencing by binding to target sites found within the
3’UTR of the target mRNA, and prevent protein production by either suppressing
protein synthesis and/or by initiating the degradation of mRNA (Bartel, 2004). Individual
miRNAs can target as many as 100 different mRNAs. MiRNAs are involved in cell cycle
control, apoptosis, stem cell differentiation, cardiac and skeletal muscle development,
neurogenesis, and many other processes (Bartel, 2004). The short lin-4 RNA (~22
nucleotides) in C. elegans was recognized as the founding member of the miRNAs and
this was shown to target lin-14 mRNA for degradation during larval development. (Lau
et al., 2001; Lagos-Quintana et al., 2001; Lee and Ambros, 2001).

The model for miRNA function can be outlined in seven steps. First, the miRNA
gene is transcribed, by RNA polymerase I, to generate pri-miRNA (Wahid et al., 2010). It
was recently determined the RNA polymerase Il is largely responsible for the
transcription of miRNA genes, enabling temporal control such that a specific set of
miRNAs can be synthesized for specific conditions or cell types (Wahid et al., 2010, Cai
et al., 2004). Second, the Drosha RNAse Ill endonuclease (Drosha) performs nuclear
cleavage of pri-miRNA, liberating a ~¥60-70 nucleotide stem loop intermediate known as
the miRNA precursor or pre-miRNA. Drosha cleaves both strands of the stem at the sites

near the base of the primary stem loop. In the third step, the pre-miRNA is actively
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transported from the nucleus to the cytoplasm by RAN-GTP and the export receptor
known as exportin-5 (Bartel, 2004). In the next step, the miRNA is further cleaved in the
cytoplasm by the enzyme Dicer. This cleavage performed by Dicer removes the terminal
base pairs and the stem loop of the pre-miRNA, leaving behind the 5’-phosphate and a
3’-overhang. The resulting duplex is composed of both the mature miRNA and another
fragment that originates from the opposing arm of the pre-miRNA. In step 5, a helicase-
like enzyme, samples the end of the duplex many times to unwind the duplex (Bartel,
2004). Next, the cleavage products from Dicer obtained at the end of step 4 are
incorporated as single-stranded RNAs into a ribonucleoprotein complex known as the
RNA-induced silencing complex (RISC). This complex recognizes targets based on
complementarity between the small interfering RNA (siRNA) cleavage products and the
target mRNA. RISC contains a protein known as Argonaute, which works with RISC to
associate with both strands of the miRNA and then cleaves and discards one of the
strands (Wabhid et al., 2010). The other strand that remains is used as a guide for RISC to
bind to specific mRNAs through base pairing. If the miRNA to RNA match is extensive,
Argonaute cleaves the target mRNA, causing its rapid degradation. RISC can then go
seek out other target mRNAs with strong complementarity. If there is a less extensive
match of miRNA to RNA (weaker complementarity), this results in inhibition of
translation of the mRNA, destabilization of the mRNA, shortening of the poly-A-tail, and
causes the mRNA to move to structures in the cytosol known as processing bodies (P-
bodies). At P-bodies, mRNAs are sequestered, decapped and degraded (Wahid et al.,

2010).
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1.11.2 MicroRNAs Regulating Gene Expression of Cx40 and HCN4

To study the role of miRNAs in Cx40 expression, we chose miRNA 27b and 208a
based on previous evidence published in the literature. To study the role of miRNAs in
HCN4 expression, we chose miRNA 133 and 1a, which have been shown to regulate
HCN4 gene expression.

The role of miRNA 27b on Cx40 expression and incidence of atrial arrhythmias
were analyzed in an obesity animal study (Takahashi et al., 2016). Mice were subjected
to high-fat diets (HFDs) to increase their vulnerability to atrial tachycardia. Cx40 gene
expression was examined in HFD atria of mice, and was found to be significantly
decreased vs. normal chow-fed mice. This was correlated with electrophysiological
abnormalities in HFD mice, including decreased conduction velocity. Further analysis
revealed that miRNA 27b was the only possible candidate that could directly bind to the
3’UTR of Cx40, and was found to be significantly upregulated in its expression in HFD
atria (Takahashi et al., 2016). Therefore, this study demonstrated that miRNA 27b may
be a key regulator of increased atrial arrhythmic vulnerability in HFD, by regulating the
gene expression of Cx40, which preceded the development of atrial fibrosis (Takahashi
et al., 2016).

MiRNA 208a is encoded within an intron of the a-myosin heavy chain (aMHC)
gene. It was found that overexpression of miRNA 208a induced cardiac hypertrophy
whereas in miRNA 208a knockout mice, it was shown that P waves were absent in the
ECGs, and PR intervals were prolonged vs. wild-type (WT) animals (Callis et al., 2009).

Further analysis revealed that mRNA and protein levels of Cx40 and its upstream
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regulating transcription factor Hop were significantly decreased while protein levels of
GATA4 were upregulated in miRNA 208a knockout mice. Although a target site for
miRNA 208a in the 3’ UTR region of GATA4 mRNA was validated using a reporter gene
assay, clear mechanisms underlying the upregulation of Cx40 and Hop levels in miRNA
208a knockout mice were not identified. However, the miRNA 208a knockout mouse
study suggests that this miRNA is required for sustained expression of Cx40 and Hop in
the heart (Callis et al., 2009).

MiIRNA 1 and 133 are co-transcribed as dicistronic messages from the same
transcriptional unit and have been shown to play an important role in cardiac
development. MiRNA 1 has been implicated to be important for development of the
CCS, since a 50% lethality rate was reported for homozygous miRNA 1 knockout
offspring by weaning age due to the development of conduction system deficits
including ventricular septal defects (Zhao et al., 2007). It was shown than miRNA 1 plays
a regulatory role in CM differentiation and electrophysiological maturation in human ES
cell cultures by decreasing the s current (Fu et al., 2011). Interestingly, it was shown that
exercise training produced intrinsic sinus bradycardia as a result of a remodeling of ion
channels that govern pacemaking, including decreased HCN4 expression in the SA node,
and it was hypothesized that this could have been due to an upregulation in miRNA 1a
expression (D’Souza et al., 2014). QPCR analysis revealed that there was significant
downregulation of miRNA 1a in the SA node of rats that underwent exercise training
compared to the controls (D’Souza et al., 2014). Although a correlation existed in this

study between downregulation of miRNA 1a and HCN4 gene expression in rats that
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underwent exercise training, they do not prove a causal link by additional validations
(D’Souza et al., 2014). MiRNA 1a has also been shown to promote differentiation of
CPCs and their exit from the cell cycle in mammals and in flies (Zhao et al., 2005; Kwon
et al., 2005). It is possible that miRNA 1a may be important in regulating HCN4 gene
expression in the context of the CCS, although this remains to be tested. In
cardiogenesis, miRNA 133 has been implicated in early cardiac differentiation of mouse
and human embryonic stem cells by repressing non-mesoderm lineages, while
enhancing mesoderm specification (lvey et al., 2008). In another study, elevated levels
of HCN2 and HCN4 mRNA and protein were correlated with significant reductions in
miRNA 1 and miRNA 133 in atrial biopsies from aged patients with atrial fibrillation

compared to those from patients with sinus rhythm (Li et al., 2015).

1.12 The Genetic Mechanisms of Congenital Heart Diseases

The term congenital heart disease (CHD) refers to structural or functional
abnormalities of the heart that occur before birth. CHDs are found in 30-50 out of every
1000 live births (Hoffman and Kaplan, 2002). Dysregulation in the development of the
heart during embryogenesis leads to the development of CHDs. CHDs are classified into
three broad categories: cyanotic heart disease, where infants appear blue due to the
mixing of oxygenated and deoxygenated blood, left-sided obstruction defects such as
valve stenosis, and septation defects, which affect septation of the atria and/or
ventricles (Bruneau, 2008). The severity of CHDs can vary, and therefore, mortality and

morbidity is also variable and depends on the specific defects that occur in the patient.
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Often, patients and children with CHDs must undergo debilitating surgeries to correct
heart defects, and life expectancy and quality of life are greatly reduced.

The majority of CHDs are caused by mutations in the regulators of heart
development during embryogenesis (Pierpont et al., 2007). For example, Tbhx5, a
regulator of ANP expression, was shown to be the causative gene in Holt-Oram
Syndrome (Basson et al., 1997). In Holt-Oram Syndrome, atrial septal defects occur,
along with ventricular septal defects and conduction system deficits. Interestingly,
conduction system deficits in this particular CHD have been linked to dysregulation in
the spatial expression pattern of ANP (Mori and Bruneau, 2004). Nkx2-5 mutations have
also been shown to be responsible for the incidence of many CHDs, such as ventricular
septal defects, Ebstein’s anomaly, and Tetralogy of Fallot (Benson et al., 1999). In
addition, mutations in GATA4, Tbx1, Tbx20, and many other transcription factors have
been implicated in the incidence of CHDs (Garg et al., 2003; Lindsay et al., 2001; Kirk et
al., 2007).

Based on the body of knowledge available describing the genetic mechanisms
underlying development of CHDs, it is possible that genetic mutations in genes encoding
for paracrine factors like ET-1, NRG-1, and ANP and their cognate receptors, or
mutations in transcriptional regulators of these paracrine factors, may be involved in

contributing toward the incidence of CHDs.
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1.13 Role of Atrial Natriuretic Peptide in Physiology and Cell Biology
1.13.1 Synthesis and Storage of Atrial Natriuretic Peptide

ANP is a member of the natriuretic peptide family and the human ANP gene
Nppa encodes for a prepro-hormone (prepro-ANP) that consists of 151 amino acids
(Woodard and Rosado, 2008, Figure 1.5). Prepro-ANP is subsequently cleaved
proteolytically into a 126-amino acid structure known as pro-ANP. Pro-ANP is stored in
secretory granules in atrial myocytes until its release (Woodard and Rosado, 2008).
When ANP needs to be secreted by the atria, pro-ANP becomes cleaved by corin, which
is a transmembrane cardiac serine protease, generating a mature ANP peptide
consisting of 28-amino acids. This product is termed ANP (99-126) (Woodard and
Rosado, 2008). Similar to other natriuretic peptides, ANP contains a disulfide-linked ring
structure consisting of 17 conserved amino acids, which is necessary for the peptide’s
biological activity (Inagami et al., 1987; Figure 1.5). ANP is released from the atria in
response to the stretching of the wall of the atria, which is a result of increased blood
pressure and blood volume (Woodard and Rosado, 2008). From there, ANP perfuses
into the coronary sinus, and is then distributed to various target organs (Potter et al.,
2006). Although ANP is mostly expressed and stored in the atria, it is also present in the
ventricles and kidney (Potter et al., 2006).

It appears that a regulatory pathway for ANP secretion exists in the atria,
whereas in the ventricles, ANP is released rapidly, as part of a constitutive secretory
pathway. The secretion of a protein in a cell can either occur through a cell signal

dependent (regulated) or constitutive (unregulated) manner (Burgess and Kelly, 1987).
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Atrial CMs of the adult mammalian heart demonstrate features of a regulated secretory
cell type. These features include the presence of dense secretory granules, long-term
storage for these granules in the cytoplasm, and mechanisms for secretion that are
coupled to mechanical stimuli (Burgess and Kelly, 1987). However, in adult ventricles,
ANP mRNA expression is nearly ~100-fold lower than in the atria, promoting the idea
that secretory granules are not stored in the ventricles but are rapidly released (Nemer
et al., 1986). However, there is some evidence to refute the hypothesis that ANP
secretion occurs in the ventricles as a part of the constitutive secretory pathway. ET-1
and Ca** were both shown to stimulate ANP secretion from ventricular CMs, lending
support to the idea that perhaps a regulated secretory pathway for ANP may also exist

in ventricles (Kinnunen et al., 1991; Irons et al., 1993).
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I Pro-ANP !

Figure 1.5. Structure and processing of the paracrine factor, atrial natriuretic peptide.
A) Atrial natriuretic peptide (ANP) is a member of the natriuretic peptide family and
contains a disulfide-linked ring structure consisting of 17 conserved amino acids, which is
necessary for biological activity. Amino acids that are conserved between ANP and the
other known natriuretic peptides, BNP and CNP, are depicted as dark grey circles. B) ANP
is synthesized as a prepro-hormone and is then proteolytically cleaved into a biologically
active peptide. At the N-terminal, the signal sequence is cleaved to form the 126-amino
acid structure known as proANP (1-126). Corin, a transmembrane cardiac serine protease,
processes proANP and the product becomes a mature C-terminal ANP consisting of 28-
amino acids, termed ANP (99-126, orange). In this form, ANP is biologically active.
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1.13.2 Gene Expression and Regulation of Atrial Natriuretic Peptide

The paracrine factor ANP is encoded by the gene Nppa, which contains 3 exons.
This gene is found on chromosome 1 in humans and in chromosome 4 in mice (Yang-
Feng et al., 1985). ANP mRNA expression can be detected first in the primitive heart
tube (Zeller et al., 1987) around the time when atrial and ventricular myocardium first
start to differentiate (E8-8.5) (Christoffels et al., 2000). At E10-E12.5, ANP expression is
similar in both the myocardium of the primitive atria and ventricles. As the heart
continues to mature, ANP expression persists in the atria but declines in the ventricles
such that there is a ~100-fold decrease in mRNA expression in the ventricles vs. atria in
the adult heart (Nemer et al., 1986). Cis-elements present in the Nppa promoter are
necessary for the heart to acquire the stage specific expression pattern for ANP and are
contained within a ~500 bp upstream sequence (Argentin et al., 1994). These cis-
elements are necessary for the binding of important cardiac transcription factors
involved in the development of the embryonic heart, including: GATA4, HAND2, MEF2C,
Tbx5, and Nkx2.5. These regulatory elements, in association with cardiac transcription
factors, also allow for differential expression of ANP to occur in a cell type specific
manner at both developmental or postnatal stages (Small and Krieg, 2003; Durocher and
Nemer, 1998; Thattaliyath et al., 2002; Belaguli et al., 2000; Morin et al., 2000; Dai et al.,
2002; Morin et al., 2005; Hiroi et al., 2001). Mutations in these regulatory elements and
transcription factors have been shown to impair cardiogenesis in experimental animal
models and also in humans with CHDs. Mutations in MEF2C have been associated with

dysregulation in ANP expression leading to impaired cardiac development in
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experimental animal models of disease as well as in in human patients with CHDs
(Bruneau et al., 2008; Lin et al., 1997; Schott et al., 1998; Molkentin et al., 1997; Tanaka
et al., 1999; Garg et al., 2003; Bruneau et al., 2011). Some CHDs, like Holt-Oram
Syndrome, in the mouse, have demonstrated a dysregulated spatial expression pattern
of ANP due to a mutation in Tbx5, leading to the development of conduction system
deficits (Bruneau et al., 2001; Mori and Bruneau, 2004). Despite this body of knowledge,
a specific role for ANP in the development of the CCS has not been clearly defined.
Therefore, work in this thesis aimed to determine if the ANP-mediated signalling
pathway (ANP/NPR-A/cGMP) could play a role in recruiting various cardiac cell types

toward the conduction system cell lineage.

1.13.3 Natriuretic Peptide Receptors

Three different natriuretic peptide receptor subtypes exist across species:
natriuretic peptide receptor A (NPR-A), natriuretic peptide receptor B (NPR-B), and
natriuretic peptide receptor C (NPR-C). ANP is capable of stimulating NPR-A, NPR-B, and
NPR-C (Koller et al., 1991). Of all three natriuretic peptides, ANP has the highest affinity
for NPR-A (Koller et al., 1991). NPR-A is a guanylyl cyclase (GC) linked receptor (Potter et
al., 2006). NPR-A is composed of an extracellular N-terminal ligand binding domain
consisting of 450 amino acids, a single hydrophobic transmembrane domain consisting
of ~20-25 amino acids, and a C-terminal intracellular domain consisting of 570 amino
acids. This intracellular domain is further subdivided into kinase homology, dimerization

and GC domains (Potter et al., 2006; Figure 1.6). The gene that encodes for NPR-A,
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known as Npr1, contains 22 exons and is found in humans and mice, on chromosomes 1
and 3 respectively (Chang et al., 1989). NPR-B has a similar structure and is encoded by
the Npr2 gene, also contains 22 exons, and is found in humans and mice, on
chromosomes 9 and 4 respectively (Chang et al., 1989).

Numerous studies have evaluated the biological and physiological effects of ANP
in the context of ANP/NPR-A signalling. When ANP binds to NPR-A, cellular responses
are induced through elevation of intracellular cGMP levels, and this has been
demonstrated in all tissues that express NPR-A. These tissues include those found in
kidney, adrenal, terminal ileum, aortic and lung tissues, and the brain, for humans and
rats (Potter et al., 2006). When ANP binds to NPR-A, several events occur. First, the
normal level of repression that is exerted by the kinase homology domain of the NPR-A
receptor is removed. It was hypothesized that this kinase homology domain repressed
the activity of NPR-A under basal conditions, since receptors that lacked this kinase
homology domain were found to be constitutively active (Potter et al., 2006). Ligand
binding leads to the GC domains coming together in a head to tail arrangement.
Following this step, the affinity for the ligand-binding domain for ANP decreases, which
increases the dissociation rate of the ligand from its receptor (Jewett et al., 1993). Once
ANP is completely dissociated from NPR-A, the receptor becomes desensitized and is
considered to be in an inactive state, caused by the dephosphorylation of regulatory
phosphorylation sites on the kinase homology domain of the receptor (Jewett et al.,

1993).
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When the GC domains of NPR-A come together and the receptor is thus
activated, this leads to production of the second messenger molecule cGMP (Ogawa et
al., 2004). Following this, cGMP can then go on to activate several downstream
effectors, including cGMP dependent protein kinases like protein kinase G (PKG), cGMP-
gated ion channels, and phosphodiesterases (PDEs) (Lincoln and Cornwell, 1993).

ANP is also capable of binding to NPR-C. NPR-C mRNA has been found in atrial,
placenta, lung and kidney tissue, in aortic smooth muscle, and in aortic endothelial cells
(Suga et al., 1992). An important difference between NPR-C and NPR-A receptors is that
NPR-C receptors lack GC activity (Potter et al., 2006). Instead, NPR-C is a disulfide-linked
homodimer (Potter et al., 2006). ANP also has the highest affinity for NPR-C, as is the
case with NPR-A (Potter et al., 2006). NPR-C is encoded by the gene Npr3 and contains 8
exons, and is found on chromosome 8 in humans and on chromosome 15 in mice
(Chang et al., 1989). The purpose of NPR-C receptors is to act as clearance receptors, to
clear natriuretic peptides from circulation, or to clear them extracellularly through
receptor-mediated internalization of the ligand/receptor complex, followed by
degradation of this complex (Jaubert et al., 1999). The intracellular domain of NPR-C is
small, consisting only of 37 amino acids, compared to the larger intracellular domain of
NPR-A (Fuller et al., 1988). NPR-C can activate G; proteins to inhibit adenylyl cyclase (AC)
and subsequently reduce the production of the second messenger molecule cAMP
(Anand-Srivastava et al., 1987). It is hypothesized that ANP binding to NPR-C may trigger
a signal transduction pathway that does not include cGMP signalling, but may include

the presence of other secondary messengers like cCAMP (Potter et al., 2006), however
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the literature investigating ANP/NPR-C signalling is limited, and thus this discussion of
the role of ANP in cell biology and cardiovascular physiology will focus on its

involvement with NPR-A.
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Figure 1.6. Structures of natriuretic peptide receptors and binding affinities for
natriuretic peptides. Natriuretic peptides can bind to three subtypes of natriuretic
peptide receptors: natriuretic peptide receptor A (NPR-A), natriuretic peptide receptor B
(NPR-B), and natriuretic peptide receptor C (NPR-C). NPR-A and NPR-B are guanylyl
cyclase (GC)-linked receptors, whereas NPR-C lacks GC activity. NPR-C is a disulfide-linked
homodimer and contains activator sequences for the inhibitory heterotrimeric G protein

(Gj), which is coupled to inhibition of adenylyl cyclase (AC).
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1.13.4 Role of Atrial Natriuretic Peptide in Cardiovascular Physiology

ANP regulates cardiovascular homeostasis, through regulation of blood pressure
and volume (Potter et al., 2006). This is achieved through promotion of natriuresis and
diuresis, which promotes release of sodium and water from the body, thus decreasing
blood pressure and blood volume. ANP can also decrease blood pressure and blood
volume by increasing the glomerular filtration rate and reducing renin secretion; these
effects are all mediated by binding to NPR-A (Kishimoto et al., 1996). Mutations that
disrupt the Nppa gene resulted in increased hypertension in these mice, suggesting that
ANP has an important role in regulating cardiovascular homeostasis, blood pressure,
and blood volume (Kishimoto et al., 1996; John et al., 1995).

ANP can exert specific effects on the systemic vasculature by reducing total
peripheral resistance. This is accomplished by having a direct effect on the vessel walls
through vasodilation of the renal afferent arterioles, which leads to an increase in
glomerular filtration and then diuresis (Woodard and Rosado, 2008). PKG is responsible
for mediating the vasodilatory actions of ANP. PKG regulates the opening of ion
channels in vascular smooth muscles in order to cause hyperpolarization, which will
allow for vasodilation (Dora et al., 2001). Binding of ANP to NPR-A receptors leads to
increased intracellular cGMP levels, which can then decrease cytosolic free Ca**
concentrations through a PKG-dependent mechanism, thus leading to further
promotion of vasodilation (Rosado et al., 2000). The mechanism of ANP-induced
vasodilation has pointed to the involvement of PKGI in this pathway. PKGI is one of two

PKG genes and is highly expressed in platelets, smooth muscle, CMs and the brain
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(Pfeifer et al., 1998). It was shown that PKGI knockout mice are incapable of vasodilation
in response to the addition of cGMP-elevating agents/cGMP-activators such as ANP or
nitric oxide (NO) generators (Pfiefer et al., 1998).

PKGI targets several calcium channels; PKGla phosphorylates and activates
calcium-activated potassium channels, leading to potassium efflux and membrane
hyperpolarization, which then inhibits calcium influx through nearby voltage-gated
calcium channels (Schlossmann et al., 2000). PKGl is also capable of directly inhibiting
voltage-gated calcium channels by phosphorylating these channels. PKGI can directly
phosphorylate the inositol (1,4,5) triphosphate receptor and the inositol (1,4,5)
triphosphate receptor-associated PKGI substrate, at the endoplasmic reticulum, to
inhibit the release of calcium from storage vesicles (Schlossmann et al., 2000). PKGI also
has been shown to activate calcium/ATPase membrane-associated pumps to pump
calcium out of the cell, reducing intracellular calcium levels, and is also capable of
phosphorylating phospholamban, which activates the calcium/ATPase (SERCA), resulting
in the sequestration of calcium into the sarcoplasmic reticulum (Schlossmann et al.,
2000). Thus, downstream signalling of ANP binding to NPR-A can lead to multiple
mechanisms that will promote vasodilation in vascular smooth muscle cells.

ANP is thought to have a significant role in maintaining systemic blood pressure,
since mice that lacked NPR-A receptors had significantly higher blood pressures, 20 to
40 mm Hg greater, than normal WT mice. Additionally, mice that overexpressed ANP in
a transgenic line had blood pressures 20 to 30 mm Hg lower than normal WT mice

(Ogawa et al., 2004). Physiological doses of ANP in humans has been shown to suppress
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both renin and aldosterone levels, which led to a decrease blood pressure (Potter et al.,
2006). ANP has also been shown to directly inhibit the production of aldosterone in the
adrenal gland, through activation of PDE2, a cGMP-activated PDE that degrades cAMP.
The secondary messenger molecule cAMP is crucial for the synthesis of aldosterone

synthesis (Potter et al., 2006).

1.13.5 Regulation of Cell Growth and Proliferation by Atrial Natriuretic Peptide

ANP has been shown to inhibit cell proliferation of several cell types, including
vascular smooth muscle cells, through production of intracellular cGMP (Woodard and
Rosado, 2008; Table 1.1 and Table 1.3). Studies sought to determine the association
between ANP and cGMP and its potential anti-proliferative effects on vascular smooth
muscle cells when it was first discovered that NO, a cGMP-donor, was capable of
exerting anti-proliferative effects on this cell type (Woodard and Rosado, 2008). Indeed,
several studies have found that ANP can attenuate cell growth and proliferation of
smooth muscle cells, CMs, and fibroblasts (Woodard and Rosado, 2008; Horio et al.,
2000; Tsuruda et al., 2002). After hypertrophy was induced in CMs by addition of
angiotensin Il (Ang Il), ET-1, or phenylephrine, the addition of ANP has been shown to
inhibit hypertrophy and proliferation of these CMs, both in vitro and in vivo (Horio et al.,
2000; Rosenkranz et al., 2003; Laskowski et al., 2006; Kilic et al., 2007). The exogenous
addition of ANP at concentrations between 0.1 and 1 uM reduced protein synthesis in
cultured neonatal rat cardiac myocytes evaluated by incorporation of [c

phenylalanine (**C-Phe) into cells (Horio et al., 2000). Addition of an NPR-A antagonist,
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known as HS-142-1, significantly increased protein synthesis due to increased uptake of
C-Phe and also induced a significant increase in the cell surface area of myocytes
(Horio et al., 2000).

Interestingly, genetic ablation of either ANP or NPR-A genes also led to
significant increases in cardiac hypertrophy, signifying the importance of the ANP/NPR-A
signalling axis in attenuating cardiac hypertrophy (Lopez et al., 1995; John et al., 1996;
Oliver et al., 1997). To further clarify if ANP was truly exerting direct anti-hypertrophic
effects on CMs or whether this was an indirect effect due to the natriuretic and diuretic
properties of this paracrine factor which decreases blood pressure and blood volume,
NPR-A knockout mice were given anti-hypertensive drugs to normalize blood pressure,
and despite becoming normotensive, these mice still demonstrated hypertrophy and
fibrosis, providing a convincing argument that ANP had a direct anti-hypertrophic effect
in the heart (Knowles et al., 2001).

Not only does ANP exert anti-hypertrophic effects on CMs, but these effects also
extend to other cell types found in the heart, including cardiac fibroblasts, vascular
smooth muscle cells, and mesangial cells (Cao and Gardner 1995, Sharma et al., 2002,
Tripathi and Pandey, 2012). NPR-A knockout embryonic hearts of mice were shown to
be significantly enlarged at mid-gestation, providing evidence that normal functioning of
the receptor may be important for regulating cardiac growth during embryonic heart

development (Ellmers et al., 2002).
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1.13.6 Role of Atrial Natriuretic Peptide in Cardiac Development

The transient expression of ANP in the ventricles during cardiac ontogeny
suggests that ANP could be important in regulating cellular proliferation and/or
differentiation to promote cardiac development. To support this notion, studies have
demonstrated that mice lacking NPR-A receptors display reduced survival, experience
cardiac hypertrophy at mid to late gestation, and also experience morphological
abnormalities like dextrocardia and mesocardia (Cameron and Ellmers, 2003; Lopez et
al., 1995; Ellmers et al., 2002; Scott et al., 2009). In both embryonic mice and rats, it has
been shown that ANP mRNA is abundantly expressed in trabecular myocardium around
mid-gestation (Zeller et al., 1987; Toshimori et al., 1987). The trabecular myocardium
has been proven to be the embryonic precursor to Purkinje fibers and the Bundle of His
of the mature CCS and serves as the preferred route for electrical conduction prior to
the mature CCS forming (Viragh and Challice 1977; Sedmera et al., 2003; Sankova et al.,
2012, see Section 1.3.3). However, despite this knowledge, the potential role of ANP in
the development of the VCS is poorly understood in literature.

Recently, a potential role for ANP in cardiac development has been identified. At
E11.5, mouse/rat ANP significantly decreased cell number and DNA synthesis of CPCs,
but not CMs, and this effect was reversible using the NPR-A antagonist A71915
(Hotchkiss et al., 2015; see Figure 1.8 for the structure of A71915). Therefore, ANP may
play a local paracrine role in regulating the balance between CPC proliferation and
differentiation through NPR-A/cGMP mediated pathways (Hotchkiss et al., 2015).

Another study showed that addition of human/porcine ANP to fetal sheep CMs inhibited
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Ang II-stimulated proliferation (O’Tierney et al., 2010). However, there is some
discrepancy in the literature as to whether ANP truly exerts anti-proliferative effects,
since exogenous addition of human ANP to embryonic chick CMs resulted in an increase
in proliferation of these cells (Koide et al., 1996). Although the primary amino acid
sequence of chick NPR-A is not known, chick ANP lacks the well conserved amino acid
residues of human ANP (G10, A17, Q18, L21, S25 and F26; Figure 1.8) that have been
shown to be critical for binding with the extracellular domain of human NPR-A via
molecular modeling studies (Parat et al., 2008). Thus, it is possible that results reported
by Koide et al. (1996) could be attributed to sequence differences between human and

chick ANP and NPR-A receptors.

1.14 The Potential Role of Atrial Natriuretic Peptide in the Development of the
Cardiac Conduction System

ANP may play an important role in the development of the VCS. Due to the
unique spatiotemporal expression pattern of ANP in the ventricular trabeculae of the
developing mouse heart, it has been hypothesized that ANP may be an important
paracrine regulator of cardiac growth (Hotchkiss et al., 2015). In a recently published
model of VCS development (Weerd and Christoffels, 2016), it has been hypothesized
that paracrine interactions between embryonic myocytes and cardiac endothelial cells
may play a key role in driving local recruitment of conduction cells from beating
myocytes (Mikawa and Hurtado, 2007). Cell lineage studies have demonstrated that
periarterial and subendocardial CMs can be recruited into the formation of periarterial

and subendocardial Purkinje fiber networks in avian hearts (Mikawa and Fischman,
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1996; Mikawa, 1999; Mikawa and Hurtado, 2007). Endothelial cells are the only cell type
present in both endocardium and in arterial endothelium, both of which are adjacent to
myocytes that are capable of differentiating into Purkinje fibers, and thus it was
hypothesized that an endothelial cell-derived signal may play a role in recruitment of
conduction system cells (Mikawa and Hurtado, 2007). When Gourdie et al. (1998)
studied the effects of ET-1 on embryonic chick CMs, it was found that this paracrine
factor, which is released from endothelial cells, was capable of upregulating expression
of important CCS markers, in vitro (Cx40 and Cx43). This was subsequently validated in
vivo (Takebayashi-Suzuki et al., 2001). Similarly, NRG-1 is a paracrine factor derived from
endothelial cells, and was shown to induce formation of CCS cells during heart
development, in a mouse CCS-/acZ reporter line employed by Rentschler et al. (2002).
The evidence presented thus far sets a strong precedent for the role of a paracrine
factor that is secreted from the endocardial/endothelial cells, in specifying the
conduction system cell lineage in an autocrine/paracrine fashion. Based on this body of
knowledge, it is possible that ANP present in the trabecular myocardium of the
developing embryonic heart may interact with NPR-A receptors of nearby cells in the
trabeculae to not only modulate cellular proliferation and differentiation, but also may
be capable of inducing expression of conduction system markers in an

autocrine/paracrine fashion (Figure 1.7).
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Figure 1.7. Model depicting potential signalling interactions of three paracrine factors:
atrial natriuretic peptide (ANP), neuregulin-1 (NRG-1), and endothelin-1 (ET-1) and their
cognate receptors to induce formation of the ventricular cardiac conduction system
(VCS) within the ventricular trabecular myocardium of the mouse embryonic heart.
NRG-1, ET-1 and Notch1l are secreted from endothelial/endocardial cells and have been
shown to specify the conduction system cell lineage in an autocrine/paracrine fashion, by
promoting differentiation of CMs in the primitive myocardium to trabecular myocardium
(green arrows). Some cells in the ventricular trabeculae eventually develop into the
bundle branches and Purkinje fibers of the mature VCS. It is possible that ANP may
interact with NPR-A receptors present in the primitive myocardium to promote
differentiation of CMs into VCS cells, and may also continue to develop ventricular
trabeculae in order to form the cardiac Purkinje fiber network of the VCS. NRG-1, ET-1
and BMP10 signals to the trabecular myocardium to promote proliferation of CMs
(orange arrows). ANP has been shown to inhibit proliferation of CMs (orange). A complex
signalling network involving ANP, NRG-1, and ET-1 may exist in the ventricular trabeculae
to promote development of the cardiac Purkinje fiber network. Figure adopted from (de
la Pompa and Epstein, 2012) and modified minimally with permission from the publisher
(see APPENDIX V).
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1.15 Characterizing the Specific Roles of Atrial Natriuretic Peptide in Cell Biology: A
Paradigm Shift

There is a significant and growing body of literature describing the effects of
exogenous ANP on in vitro proliferation and differentiation of cardiovascular cell types
(i.e. CMs, CPCs, vascular smooth muscle cells and fibroblasts). It is important to
recognize that discrepancies between studies in the literature do exist. For example, in
various cardiovascular cell types, ANP has been shown to either increase or decrease
proliferation. The effects of ANP on cardiovascular and non-cardiovascular cell types as
described in the literature have been summarized (Table 1.1 and Table 1.3). Primary
sequences of ANP from several species as listed in these tables are shown in Figure 1.8.
As seen from these tables, discrepancies in the biological effects of ANP may be
attributed to the varying doses of ANP utilized in each study. An important question to
consider is whether ANP is acting in a physiological or pharmacological role to induce
biological changes, and whether this is dependent on the concentration of ANP added
to treatment groups. Another important question that is raised is whether ANP should
be considered as acting in an endocrine or paracrine role in inducing biological effects in
the literature. While concentrations of ANP measured in circulation were low, tissue
concentrations in specific organs are much higher (Table 1.2). We propose a paradigm
shift in the way we view the role of ANP, depending on the source of ANP, whereby ANP
that is present in plasma or serum that exerts biological effects should be considered to
have an endocrine role, whereas ANP that is present in tissue that exerts biological
effects should be considered to have a physiological or paracrine role. Local

concentrations of ANP can be several orders of magnitude higher than in the general
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circulation, as is evidenced by Tables 1.15.1-1.15.3, and this may be conducive to a
paracrine signalling role for ANP, for example, in the development of the embryonic
trabecular myocardium. This concept of viewing the differences in circulatory vs. local
ANP concentrations as correlating with whether to assign an endocrine or paracrine role
to the hormone draws a similar parallel to the activity of norepinephrine, whereby
circulating levels are also generally low (~200-1700 pM), while local concentrations, for
example in synaptic clefts are much higher (up to 3.3 nM) (Goldstein et al., 1986).

There are several challenges in searching the literature for a consensus on how
to view the impact of ANP in an endocrine or paracrine role. One such limitation is that
currently there is no adequate method to measure ANP in fluid compartments, such as
the fluid bathing the trabecular myocardium of the developing heart. Furthermore, it
may be technically challenging to distinguish the specific biologic effects of the
precursors of the ANP hormone, including prepro-ANP, pro-ANP, and mature ANP itself.
This leads to several unanswered questions: do the larger molecular-weight forms of
unprocessed ANP have signalling functions? And is it possible to distinguish these
functions from one another?

We propose that the endocrine functions of ANP require low concentrations of
ANP, whereas the paracrine effects of ANP may require a much higher concentration,
for example, in localized regions of developing ventricles. It remains to be determined
what effects we can consider to be physiological vs. pharmacological in the context of in
vitro experiments using exogenous ANP. In order to address some of these challenges

and limitations, we suggest that it would be highly beneficial to develop methods that
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accurately measure local concentrations of ANP. Moreover, assays that detect
concentrations of prepro-ANP vs. pro-ANP vs. mature ANP would add significant value
to our understanding of the biological effects of ANP. Such methods would certainly
help in making distinctions between what effects are pharmacological vs. what effects

are physiological, which seems to be a contentious issue across numerous studies.
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Table 1.2. Reported concentrations of ANP in the circulation (plasma or serum) in
different species and different developmental stages vs. concentrations of ANP
measured from organs (tissue). ANP in the circulation is generally considered to play an
endocrine role, whereas ANP in local tissue can be considered to have a
physiological/paracrine role.
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A Formatted Alignments

N terminus Cterminus

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

Chick ANP NP_990256 M M|RID|S| G

B A71915 Structure

N terminus

C terminus

R-C-cha-G-G-R-I-D-R-I-oTic-R-C-NH,

Figure 1.8. Primary sequences of species expressing biologically active atrial natriuretic
peptide (28 amino acids) and structure of NPR-A inhibitor A71915. A) The alignment of
the ANP predicted protein sequence (28 amino acids) which is biologically active, from
humans and several other species used commonly in experiments is shown. Shaded boxes
correspond to amino acids that are conserved between mouse, rat, sheep, human and
chick. This sequence is highly conserved among mammalian species. B) Structure of NPR-
A inhibitor A71915. Red line in Panel A and amino acids highlighted in red in Panel B
correspond to the sequence of amino acids that are conserved in A71915 vs. mouse and
rat ANP. Cha, B-cyclohexyl-Ala; DTic, D-1,2,3,4-Tetrahydroisoquinoline-3-carboxylic acid.
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CHAPTER 2: MATERIALS AND METHODS

2.1  Animal Maintenance and Mouse Strains

All animal procedures were performed according to the Canadian Council on
Animal Care guidelines and were approved by the Dalhousie University Committee on
Laboratory Animal Care (CCAC, Ottawa, ON: Vol 1.1.2, 2" edition, 1993; Vol 2, 1984,
Protocol No. 16-048). CD1 and C57BL/6 (BL6) mice were obtained from Charles River
Laboratories (Montreal, Canada). The Nkx2.5-Cre mouse strain was (abbreviated as NC)
initially characterized by Stanley et al. (2002) and was provided by Dr. Richard Harvey
(Victor Chang Cardiac Research Institute, University of South Wales, Australia). NC mice
were engineered to have an internal ribosomal entry sequence (IRES) and a Cre-
recombinase (Cre) coding sequence inserted into the 3’ untranslated region of the
Nkx2.5 gene. The generation of mice with Cre recombinase inserted into the Nkx2.5
allele was previously described (Stanley et al. 2002). The R26R reporter strain
(designated as Rosa-LacZ and abbreviated as RL) was obtained from Jackson
Laboratories (Bar Harbor, Maine, USA). The Npr1-/- (NPRA-KO) mouse strain, initially
characterized by Oliver et al. (1997), was utilized for studying the NPRA-KO genotype.
This strain was obtained from Dr. Nobuyo Maeda (University of North Carolina, USA). In
Npri-/- mice, exon 1 and intron 1 of the Npr1 gene which encodes for the NPR-A

e&fP* mouse strain

receptor were replaced with a neomycin resistance cassette. The Cx40
was utilized to study the formation of the Purkinje fiber network; in this strain, an

enhanced green fluorescent protein (EGFP) coding sequence followed by pgk-neo

cassette was inserted in frame at the Cx40 start codon (Miquerol et al., 2004). This
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strain was received from Dr. Robert Rose (Dalhousie University, Canada). All transgenic
lines were maintained in C57BL/6 (BL6) background. Unless otherwise stated, CD1 mice

were utilized for all experimental procedures.

2.2 Genomic DNA Extraction

In order to determine the genotype of transgenic mouse strains, ear punch
biopsies were obtained for routine genotyping. Extraction of genomic DNA was
performed from ear punch biopsy samples using the Sigma REDExtract-N-AMP tissue
PCR kit (Sigma, Oakville, Ontario, Canada), according to the manufacturer’s instructions.
Each ear tissue sample was placed in 50 ul of DNA extraction solution, which was
composed of 40 pl Extraction Solution and 10 ul Tissue Preparation Solution. Then
samples were manually triturated using a sterile pipette tip. After incubation for 10
minutes at room temperature, samples were heated to 95°C in a heating bath. Then, 10
ul of Neutralization Buffer was added to each sample and samples were mixed briefly by
vortexing for a few seconds. Samples were then centrifuged to pellet undigested tissue

and the supernatant was used as a template for polymerase chain reaction (PCR).

2.3 Genotyping by Polymerase Chain Reaction (PCR)

PCR was performed using REDExtract N-AMP kit (Sigma) with a total reaction
volume of 10 pl. All primers were obtained from Invitrogen (Burlington, Ontario,
Canada) and primer sequences are found in Table 2.1. Each PCR reaction mixture

contained 5 pl REDExtract-N-AMP PCR mix, 0.5 pul of each primer (50 ng each) and 2 pl of
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tissue extract. Water was added to reach a final volume of 10 ul. For Nkx2.5-Cre (NC)
genotyping, PCR reactions were performed for 30 cycles as follows: 30 sec at 94°C, 20
sec at 60°C, and 60 sec at 72°C. Expected PCR products were 583 bp for the knock-in
allele and 264 bp for the wildtype allele (Figure 2.1 A). No template controls were
routinely performed in PCR reactions to rule out false positive results. For Rosa-LacZ
(RL) genotyping, PCR reactions were performed for 30 cycles as follows: 30 sec at 94°C,
30 sec at 60°C, and 60 sec at 72°C. Expected PCR product sizes were 650 bp for the
wildtype and 320 bp for the knock-in allele (Figure 2.1 B).

To ensure phenotype integrity of NCRL mice embryos, the atria of E11.5
ventricular cells were stained with X-gal (Goldbio, Missouri, USA). The atria of hearts
(whose ventricles were to be used for cell cultures) were placed in X-Gal solution for 1
hour and incubated at 37°C. X-Gal solution was prepared by adding 0.01 g of X-Gal
powder to 2.5 mL of N, N-Dimethyl Formamide (DMF, Sigma), and added drop-wise to
an 80 mL PBS solution containing 200 uL of 1M MgCl,, 0.164g potassium ferricyanide,
and 0.212g potassium ferrocyanide. Only ventricles whose corresponding atria stained
blue for the presence of B-gal protein were utilized in further experiments.

For Npr1'/' genotyping, PCR reactions were performed for 34 cycles: 30 sec at
94°C, 60 sec at 55°C, and 60 sec at 72°C. Expected PCR product sizes were 339 bp for the
wildtype and 500 bp for the knockout allele (Figure 2.1 C). For Cx40°%™ genotyping, PCR
reactions were performed for 34 cycles as follows: 30 sec at 94°C, 60 sec at 55°C, and 60
sec at 72°C. Expected PCR product sizes were 380 bp for the WT and 450 bp for the

knock-in allele (Figure 2.1 D).
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Name of Primer Sequence (5’ 3’) Expected band sizes (bp)

Primer
WT allele Knock-in/knockout allele
Nkx2.5-S GCCCTGTCCCTCGGATTTCACACC
Nkx2.5-AS ACGCACTCACTTTAATGGGAAGAG
264 583
Cre-S GATGACTCTGGTCAGAGATACCTG
Rosa 1 AAAGTCGCTCTGAGTTGTTAT
Rosa 2 GCGAAGAGTTTGTCCTCAACC
650 320
Rosa 3 GGAGCGGGAGAAATGGATATG
Nprl-S GCATGGTTCAGCTCTAAGA
Nprl1-AS CTAACCCTGTGAACTGTAAGC
339 500
Neo-AS CCTTCAGTTATCTACATCTGC
Cx40-S CTCCAATTAACTCCTTGTGAGCC
Cx40-AS AGGCTGAATGGTATCGCACC
380 450
Neo-AS CTTGCCGAATATCATGGTGG

Table 2.1. List of primers utilized for genotyping and their expected band sizes.
Genotyping by PCR was performed utilizing these primers and primer sequences.
Expected band sizes (bp) for WT and transgenic alleles are listed.
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Nkx2.5-Cre (NC)

583 —>

284 —»

500 —> KO
339 —> wT

Rosa-LacZ (RL)

650 — R T

320-)—._}0

Cx40c9f

450 —>

-
WT

380 —>»

Figure 2.1. Expected band sizes (bp) from the genotyping of various mouse strains. A)
Nkx2.5-Cre (NC) B) Rosa-LacZ (RL), C) Npr1 D) Cx40°%™. KI = knockin allele, KO = knockout

allele, WT = wild-type allele.
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24 Timed Pregnancies for Female Mice

Breeding pairs were placed in the same cage overnight, and the following
morning, females were examined for the presence of a vaginal plug. Male ejaculate
formed a white/yellow fibrous plug in the female vagina and the presence of a vaginal
plug was indicative of successful copulation. The morning where the plug was detected
was considered to be embryonic day E0.5. Timed pregnant females were anesthetized
using 4% isoflurane and were sacrificed by cervical dislocation. Embryos from various
developmental stages (E11.5, E14.5 and E17.5) were isolated from the uterine horns and
embryonic hearts were dissected using a Leica MZ16SF stereomicroscope (Leica
Microsystems, Richmond Hill, Ontario, Canada). In some experiments, 1 day old new
born pups (neonates, ND1s) were sacrificed using 4% isoflurane and cervical dislocation

and hearts were collected.

2.5  Ventricular Cell Cultures

Mouse embryos were removed from the uterus, followed by removal of the
placenta, and the embryos were placed in dishes containing warm PBS (0.138 M NaCl,
0.0027 M KCl, pH 7.4) supplemented with 1x antibiotic/antimyotic (Ab/Am, Gibco,
Burlington, Ontario, Canada). Whole hearts were dissected out of embryos and the atria
and outflow tracts were removed. Right and left ventricles from each embryo were
placed in 0.2% v/v type | Collagenase (Worthington Biochemical Corp., Lakewood, New
Jersey, USA) in 1x PBS and incubated for 30 minutes at 37°C to digest ventricular

tissues. Following the 30-minute incubation period, tissue was triturated using a 200 pl
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pipette tip to mechanically dissociate cells from remaining tissue pieces. Cells were
centrifuged at 4,000 rpm for 4 minutes, collagenase was discarded, and the pellet was
neutralized with two washes of 10% DMEM (Dulbecco’s Modified Eagles Medium;
Wisent, Saint Bruno, Quebec, Canada) containing 10% fetal bovine serum (FBS; Wisent,
Saint Bruno, Quebec, Canada). Unless otherwise noted, all cell cultures were treated
with 10% DMEM (FBS + Ab/Am). The number of cells was determined using a
hemocytometer and cells were re-suspended in 10% DMEM to achieve the required cell
numbers. Cells were plated at various densities on either fibronectin (Sigma) coated 2-
or 4-well chamber slides (250,000 cells/well, Nunc, Rochester, New York, USA), 35 mm
dishes (500,000 cells/well, Corning, Corning, New York, USA), or black-walled clear
bottom 96-well plates (4000-100,000 cells/well) Greiner Bio-One, North Carolina, USA
(Cat#: 655809).

Human embryonic kidney epithelial cells (HEK293) cells were purchased from
American Type Culture Collection (ATCC, Virginia). HEK293 cells were trypsinized and re-
suspended in culture plates at a density of 300,000 cells per 35 mm dish, and were

incubated with DMEM supplemented with 10% FBS and 1x Ab/Am.

2.6 Drug Treatments and Dosage Protocols

ANP (Bachem, King of Prussia, Pennsylvania, USA Cat#: H-2100.0.500) was
prepared as a stock solution by dissolving 0.5 mg ANP in 0.5 mg sterile H,0 (Ambion,
USA), which was aliquoted and stored at -80°C. Working solutions were prepared at

either 1000 ng/ul, 100 ng/ul, 10 ng/ul or 1 ng/ul by serial dilution using sterile H,O
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(Ambion) immediately prior to use on the day of the experiment. For ventricular cell
cultures receiving 1000 ng/ml ANP treatment, 1 pl of 1000 ng/ul ANP was added per 1
ml culture medium. Similarly, either 1 pl of 1 ng/ul, 1 pl of 10 ng/pl, or 1 pl of 100 ng/pl
ANP working solution was added per 1 ml culture medium to achieve final
concentrations of 1, 10, or 100 ng/ml. NPR-A antagonist A71915 stock solution (Bachem,
Cat#: H-3048.0500) was prepared by dissolving 0.5 mg A71915 in 0.5 ml H,O (Ambion)
and was then aliquoted and stored at -20°C. For ventricular cultures receiving A71915
treatment, a final concentration of 1 uM was achieved by adding 2.42 ul of A71915
stock per 1 ml culture medium. Other concentrations of A71915 were prepared either
by serial dilution (0.1 to 0.5 uM) or by adding the required volume of A71915 stock
solution in 1 ml culture media to reach the desired final concentration (2 uM to 10 uM).
For the addition of combination treatments (ANP + A71915) in all described experiments
of this thesis, ANP was added to a 15 or 50 mL Falcon™ conical centrifuge tube
containing 10% DMEM (FBS + Ab/Am) first, and then A71915 was added to the tube
after 5 minutes. Then, the contents of the tube were distributed to whole
embryos/tissue/cells.

The exogenous cGMP compound, 8-Bromoguanosine 3’,5’-cyclic
monophosphate sodium salt (8-Br-cGMP; Sigma, Cat#: B1381) was prepared as a 100
mM stock solution by dissolving 0.0446g in 1 ml H,O (Ambion, USA). This compound was
added to embryonic ventricular cell cultures at a final concentration of either 100 uM or
10 uM. To prepare 100 uM working solution, 1 pl of 8-Br-cGMP stock solution was

added per 1 ml culture medium. 10 uM working solution was prepared by dilution of the
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100 mM stock solution (1 pl of 100 mM working solution added to 9 pl H,0) and 1 pl of
this working solution was added per 1 ml culture medium.

Isoproterenol (ISO; Sigma, Cat#: 16504) was prepared as a 50 mM stock solution
by dissolving 0.0124g in 1 ml H,O (Ambion, USA)., From this 50mM stock, 2 ul of stock
solution was diluted in 98 pl culture media to prepare a 1mM working solution. From
this, 1 ul of working solution was added per 1 ml culture media to achieve a final
concentration of 1 uM.

ET-1 (Sigma, Cat#: E7764) was prepared as a stock solution by dissolving 10 pg in
100 pl of H,0 (Ambion, USA). Aliquots were prepared and stored at -20°C. To achieve a
final working concentration of 1.5 nM, 1 ul of stock solution was added per 20 ml
culture media.

NRG-1 (NRG-1B, R&D systems, Cat#: 396-HB) was prepared by first preparing a
solution containing 0.002g BSA dissolved in 2 ml of 1x PBS (the solution was then
filtered using a 0.2-micron filter), and then adding 500 pl of this solution to the 50 pg
powder. Aliquots were prepared and stored at -80°C. To achieve a final concentration of
2.5 nM, 40 pl of working solution was added per 1 ml culture media.

The PKG inhibitor compound, Rp-8-pCPT-cGMPS (Tocris Bioscience, Cat#: 5524),
was prepared as a 1 mM stock solution by dissolving the powder in 1.9 ml H,O (Ambion,
USA). Aliguots were prepared and stored at -20°C. A final concentration of 100 uM was
achieved by adding 100 pl of stock solution per 1 ml culture media.

The ET-1 non-selective receptor antagonist PD145065 (Sigma, Cat#: SCP0143)

was prepared as a 1 mM stock solution by dissolving 1 mgin 1 ml H,0 (Ambion, USA).
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Aliquots were prepared and stored at -20°C. To achieve a final concentration of 10 nM,
10 pl of stock solution was added per 1 ml culture media.

The ErbB receptor antagonist, AG1478 (Calbiochem, Cat#: 658552) was prepared
as a 16 mM stock solution by dissolving 5mg into 1 ml DMSO. Aliquots were prepared
and stored at -20°C. To achieve a final concentration of 10 uM, 1.25 ul of stock solution
was added per 2 ml culture media.

Acutely isolated ventricular cells were maintained in 10% FBS-DMEM for
approximately 20 hours prior to starting any treatments. For experiments involving CD1
embryonic ventricular cell cultures treated with ANP and/or A71915, cells were treated

every 12 hours over a 48-hour period. Cx40°%€™*

whole embryos were cultured and
immediately given a single dose of ANP and/or A71915 for 24 hours. For measurement
of intracellular cGMP and cAMP, cells were treated with ANP and/or A71915, ISO, or 8-
Br-cGMP for a total period of 2 hours prior to performing the competitive
immunoassays.

The exogenous cGMP compound 8-Br-cGMP, and the PKG inhibitor compound
Rp-8-pCPT-cGMPS, were added to embryonic cell cultures, every 12 hours over a 24-
hour period.

Exogenous ET-1, PD145065, exogenous NRG-1 and AG1478 were added to
primary cell cultures, every 12 hours over a 48-hour period.

Exogenous ANP and/or A71915 were added to cell cultures every 12 hours over a

48-hour period (Figure 2.2).
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Control cultures in all experiments received appropriate vehicle treatment

(water, media or DMSO) to match with the conditions used in treatment groups.
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‘ 20h ‘ 12 h ‘ 12h ‘ 12 h ‘ 12 h \

Day 1: Dose 1: Dose 2: Dose 3: Dose 4: Immunofluorescence
or RT-gPCR

Cells are ANP/A71915  ANP/A71915 ANP/A71915 ANP/A71915

cultured and

plated

Figure 2.2. Dosing protocol for addition of exogenous ANP and/or A71915 in primary
and embryonic cell cultures. ANP and/or A71915 were first added to separate tubes
containing 10% DMEM (FBS + Ab/Am), and were then added to cells at appropriate
concentrations. Approximately 20 hours following primary cell culture, ANP and/or
A71915 were added to cell cultures every 12 hours for a 48-hour period.
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2.7 Fluorescence Activated Cell Sorting and Tetramethylrhodamine Methyl Ester
Perchlorate Staining

Ventricles from E11.5 CD1 embryos were isolated, pooled, and digested in 0.2%
Type | collagenase (Worthington) for 30 min at 37°C. Cell pellets were obtained and
neutralized with 10% DMEM as described in Section 2.5. To ensure that a single-cell
suspension was obtained, the cells were passed through a 40 uM mesh filter, and
centrifuged at 4000 rpm for 4 min. To obtain an adequate number of E11.5 ventricular
cells for fluorescence activated cell sorting (FACS), we sacrificed 3-5 pregnant mice and
obtained approximately 10 embryonic hearts per pregnancy, resulting in ~4.5x10° cells
prior to preparations for FACS analysis.

To stain with tetramethylrhodamine methyl ester perchlorate (TMRM), cells
were incubated in 50 nM of TMRM solution (Molecular Probes Inc., 29851 Willow Creek
Road, Eugene, OR USA, Cat#: T668) diluted in PBS at 37°C for 30 min, were washed in
PBS, and then centrifuged at 4000 rpm for 4 min and reconstituted in FACS Buffer (4%
BSA in PBS). Cells were then placed on ice and used for flow cytometry analysis
(FACSAria, BD Biosciences). The sorted cells were centrifuged at 4000 rpm for 4 minutes
and cultured for further analysis. TMRM fractions contained approximately 1.0x10°
TMRM-high and 2.5x10° TMRM-low cells. Cells sorted based on TMRM staining were
processed for measurement of intracellular cGMP using the cGMP HTRF assay kit as

described in Section 2.14.

2.8 Immune Cytochemistry
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Following drug treatment, embryonic CD1 ventricular cell cultures or primary
NCRL cultures were fixed with 4% w/v paraformaldehyde (4g paraformaldehyde in 100
ml PBS, pH adjusted to 7.4, using NaOH) for 5 min at room temperature, and were then
permeabilized in 0.1% v/v Triton X-100 (Sigma) for 4 min. Following this, cultures were
covered in blocking buffer solution [10% v/v goat serum (Gibo), and 1% w/v bovine
serum albumin (BSA; Thermo Fisher Scientific) in PBS] for 1 hour at room temperature.
After 1 hour, blocking buffer solution was removed and replaced with blocking buffer
containing primary antibodies of choice, whose concentrations are listed in Table 2.2,
for 1 hour at room temperature. Slides were then washed with PBS three times for 3
min each, and were then incubated with secondary goat anti-mouse antibody
conjugated to Alexa Fluor 488 (1:200, Invitrogen) and goat anti-rabbit antibody
conjugated to Alexa Fluor 555 (1:200, Invitrogen) in blocking buffer for 1 hour. Cells
were then washed three times for 3 min each. Cell nuclei were counterstained by
immersion of a solution containing 1 pg/ml Hoechst 33258 (Sigma) in PBS. The walls of
the chamber slides were removed. The final processing step for immune cytochemistry
experiments involved having the slides washed in PBS and mounted with 0.1% propyl
gallate (Sigma) solution [0.1% w/v propyl gallate, 50% v/v glycerol (Thermo Fisher
Scientific), 50% v/v PBS]. Slides were then examined using the Leica DM2500
fluorescence microscope and images were then captured using a Leica DFC 500 digital

acquisition system.
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Primary Antibody Dilution Source/Catalogue #

B-galactosidase 1:50 Chappel ICN
Catalogue #: 55976
Connexin40 (Cx40) 1:100 Alpha Diagnostics
Catalogue #: Cx40-A
HCN4 1:100 Alamone Laboratories
Catalogue #: APC-052
Sarcomeric myosin (MF20) 1:100 Developmental Studies Hybridoma

Catalogue #: MF-20

Table 2.2. List of primary antibodies and corresponding dilutions used for immune
cytochemistry experiments.
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2.9  Total RNA Extraction from Cells and Tissues

Cultured embryonic ventricular cells (E11.5, E14.5, E17.5) were lysed directly in
35 mm culture dishes by adding 1 ml TRIzol reagent (Invitrogen) to the dish and
pipetting the cell lysates through a pipette tip multiple times. For tissue, approximately
20 ventricles (left and right) from E11.5 embryos were collected and pooled from
multiple time-pregnant females to obtain sufficient quantity of tissue and then were
subjected to RNA extraction using the TRIzol method. Ventricles from embryos at later
developmental stages (E14.5 and E17.5) or postnatal stages (neonatal) were minced into
smaller pieces (collected from 1-3 ventricles, left and right) and RNA extraction was
performed using the TRIzol method. Tissue samples were homogenized in 1 ml TRIzol
for approximately 1 min using a power homogenizer. After homogenization/lysis of
tissues or cells, all samples were incubated at room temperature for 5 min to allow for
dissociation of nucleoprotein complexes. Next, 0.2 ml chloroform was added to the
samples and shaken vigorously by hand for 15 seconds. After incubation at room
temperature for 3 min, samples were centrifuged at 13,300 rpm for 15 min at 4°C.
Following centrifugation, the colourless aqueous phase containing RNA was carefully
removed and transferred to fresh tubes. Precipitation of RNA was done by adding 0.5 ml
isopropyl alcohol, after which samples were incubated for 10 min at room temperature.
Samples were centrifuged at 13,300 rpm for 10 min at 4°C. The resulting pellet was
washed with 75% ethanol in nuclease free H,O (Ambion), air dried and then solubilized
in nuclease free H,O (Ambion). RNA content was quantified by measuring absorbance at

260 nm and 280 nm using a spectrometer (SmartSpec'™ Plus, Bio-Rad, Mississauga,
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Ontario, Canada). Optimal RNA ratios (A260/A280 values) between 1.8 and 2 indicate
ideal and valid assays, therefore, only the samples which had optimal RNA ratios
between these values were utilized. Any samples exceeding or were less than this range

of ratios were not used for gene expression analysis.

2.10 RNA Quality Control

To ensure a high level of RNA purity, only samples with a 260:280 ratio > 1.8
were used in subsequent gene expression experiments. Also, to ensure a high level of
RNA integrity, 2 ug of RNA was electrophoresed on an agarose gel and stained with
ethidium bromide, and only samples which displayed two bands corresponding to
predominant ribosomal RNAs at ~2kb (18S) and ~5kb (28S) were used. Samples meeting
these standards of quality control were then immediately converted into more stable
cDNA sequences and stored at -20°C until its use for real time quantitative PCR (RT-

gPCR) gene expression analysis experiments.

2.11 Real Time Quantitative Polymerase Chain Reaction (RT-qPCR)

Following RNA extractions, RNA was reverse transcribed into cDNA using
SuperScript VILO MasterMix reverse transcriptase kit (Invitrogen). To generate
complementary DNA (cDNA) sequences from RNA samples, a reaction mixture was
made by combining 1 pg of RNA with 2 L of SuperScript VILO MasterMix, and

RNAse/DNAase-free H,O (Ambion, USA) to a total of 20ul. Reaction mixture samples

were gently mixed by tapping Eppendorf tubes and were centrifuged briefly for 30
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seconds. All tubes were then incubated at 25°C for 10 min, 42°C for 90 min, and then
heat inactivated at 85°C for 5 min.

The cDNA templates were amplified by real time quantitative polymerase chain
reaction (qPCR) using the primers listed in Table 2.3. The primers for GAPDH, HCN4,
Cx40, Tbx5, MEF2C, GATA4, and HAND2 were generated using the NIH primer design

tool ( https://mouseprimerdepot.nci.nih.gov/).

Each of the qPCR reaction mixtures consisted of: 1.0ul of cDNA product, 1.0 pl of
the forward and reverse primers (2.5uM), 1.0ul of 5X EVOlution EvaGreen® gPCR mix

(Montreal Biotech Inc., Quebec City, Canada) and 2.0ul of RNAse/DNAse-free H,O

(Ambion, USA). All qPCR reactions were performed using an ECO thermocycler (lllumina,
San Diego, California, USA) for 40 cycles: 15 sec at 95°C, 60 sec at 60°C. Once the
amplification cycles were complete, melt curves were generated to confirm the
amplification of a single primer product, with an extra cycle using the following
conditions: 15 sec at 95°C, 15 sec at 60°C and 15 sec at 95 °C. To confirm the expected
amplicon sizes, the qPCR amplification products were resolved by electrophoresis on a
1.5% agarose gel.

QPCR analysis was performed on a minimum of 3-6 independent RNA extractions
(biological replicates) for each treatment group or as specified in the figure legends.
QPCR reactions were performed in duplicate wells for each biological replicate. All gene
expression findings were normalized to the control housekeeping gene glyceraldehyde

3-phosphate dehydrogenase (GAPDH) using the AACT method (Livak and Schmittgen,

2001). The threshold cycle (Ct) value was determined by setting the threshold of
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fluorescence (dRN) to 0.1. The Cy value represents the number of cycles at which the

amplification plot for a particular gene intersects the dRn threshold. All treatment

conditions did not change the Cyvalues of GAPDH amplifications, hence GAPDH was

used as a reliable housekeeping gene for normalizization. In addition, GAPDH transcript
levels were shown to be consistent across multiple embryonic ventricular stages

(Hotchkiss et al., 2014). To compare the relative expression of a gene of interest
between groups, the following calculations were performed and the Z_AACTvaIue was
determined for each group. First, to determine the ACt value for each biological
replicate or sample, the Cy value of the control (GAPDH) gene was subtracted from the
Cr value of the corresponding experimental gene. Next, the ACy values of all samples

were averaged. This average was then subtracted from the ACy values for each sample
-AACT )
to create —AACy values. The 2 values were then determined for each sample and

-AACT
the relative expression for each gene was determined by dividing the 2 obtained

for each sample by the average Z_AACTvaIue of the control group. This allowed for data
to be expressed as the relative expression of each group compared to the control group,
which was set to a value of 1.0. Thus, the QPCR data graphs presented in this thesis
represent fold changes in gene expression normalized to GAPDH gene expression and

relative to controls.
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Table 2.3. List of primers and corresponding primer sequences for real time quantitative
PCR (RT-qPCR) experiments and expected amplicon sizes.

Name of Primer Primer Sequence (5’_’3') Expected Amplicon Sizes

(bp)
Cx40-F CAGAGCCTGAAGAAGCCAAC

137
Cx40-R GACTGTGGAGTGCTTGTGGA
HCN4-F CCTCCTGCGCCTCTTGAGGCTTT

119
HCN4-R TGCCAATGAGGTTCACGATGCGT
GAPDH-F TCGTCCCGTAGACAAAATGG

132
GAPDH-R TTGAGGTCAATGAAGGGGTC
GATA4-F CTGGAAGACACCCCAATCTC

100
GATA4-R CCATCTCGCCTCCAGAGT
HAND2-F CGGAGATCAAGAAGACCGAC

96
HAND2-R TGGTTTTCTTGTCGTTGCTG
MEF2C-F TGGAGAGATGAAGTGAAGCG

93
MEF2C-R GCACAGCTCAGTTCCCAAAT
TBX5-F TGGTTGGAGGTGACTTTGTG

101
TBX5-R GGCAGTGATGACCTGGAGTT
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2.12 MicroRNA Analysis

Following cell culture of embryonic CD1 ventricular cells, dishes were incubated
with 1 ml RNAzoIRT. Lysate was passed through a pipette several times to ensure lysis,
after which samples were incubated in Eppendorf tubes for 5 min at room temperature.
To remove protein and DNA, 400 pl of ddH,0 was added to each sample, and tubes
were shaken vigorously by hand for 15 seconds, followed by incubation for 15 min at
room temperature. Cells were centrifuged at 12,000 x g for 15 minutes at 4°C and
supernatant was transferred to fresh tubes. To remove total RNA, 0.4 ml of 75% ethanol
was added to the supernatant and incubated for 10 min at room temperature, and cells
were centrifuged at 12,000 x g for 8 minutes at 4°C. Supernatant was transferred to
new tubes. To precipitate the miRNA, 100% isopropanol (0.8 ml x total volume per vial)
was added to the supernatant, and tubes were incubated at 4°C for 30 min. The tubes
were centrifuged at 12,000 x g for 15 minutes at 4°C and decanted. The miRNA, now
found in the pellet, was washed and solubilized with 70% isopropanol, and vortexed
briefly. Tubes were centrifuged at 8,500 x g for 5 min at 4°C and decanted, and
repeated again. The concentration of the miRNA was determined using a spectrometer
(SmartSpecT'VI Plus, Bio-Rad, Mississauga, Ontario, Canada). The miRNA was reverse
transcribed using the All-in-One RT-qPCR kit, with miRNAs 1a, 133, 27b, or 208a
(GeneCopoeia™, Cat#: QP016). The miRNA was diluted to 100 ng in 18 pl ddH,0. A
reaction mixture was prepared combining: 1 ul of 2.5 U/ul PolyA polymerase, 1 pl of RT
Enzyme, and 5 pl of PAP/RT Buffer, per sample. This mix was added to each of the tubes

with miRNA from the miRNA extraction step. Samples were gently vortexed and briefly
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centrifuged, and were then heated to 37°C for 60 min, 85°C for 5 min. Complementary
DNA (cDNA) was processed through quantitative RT-qPCR as described previously, to
determine miRNA expression. MiRNA expression for RT-qPCR analysis was normalized to
a reference primer (U6) using the AAC; method. A thermal profile was utilized as
follows: 50°C for 2 min, 95°C for 10 min, 95°C for 10 sec, 63°C for 20 sec, 72°C for 10
sec; 40 cycles; then 95°C, 60°C and 95°C for 15 sec each, using an ECO thermocycler
(lumina, San Diego, CA).

MiRNA extraction was also performed on ventricular tissue of NPRA-KO mice at
E14.5 and neonates using the RNAzolRT method for extraction of miRNA from tissue.
Ventricles obtained from embryos at E14.5 or in neonates were weighed, and 1 ml of
RNAzoIRT was added per 100 mg of tissue. Ventricular tissue was homogenized on ice,
and then transferred to Eppendorf tubes and incubated for 5 min at room temperature.
To remove protein, DNA, and other undesired substances, 400 ul of ddH,0 was added to
each 1 ml sample, after which tubes were shaken vigorously by hand for 15 sec and
incubated for 15 min at room temperature. Samples were centrifuged at 12,000 x g for
15 min at 4°C and the supernatant was removed and transferred to new tubes. To
remove total RNA, 0.4 ml of 75% ethanol was added to the supernatant, and samples
were incubated for 10 min at room temperature. Samples were centrifuged at 12,000 x
g for 8 min at 4°C, and supernatant was transferred to new tubes. The pellets were
stored at -80°C for potential mRNA recovery. To precipitate the miRNA from tissue
samples, 100% isopropanol was added to each sample at a volume of 0.8 x the total

volume of the tube. Samples were then incubated at 4°C for 30 min. Samples were
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centrifuged at 12,000 x g for 15 min at 4°C and decanted. The miRNA was now found in
the pellet. To wash and solubilize the miRNA, 0.4 ml of 70% isopropanol was added to
the pellet, after which samples were vortexed briefly and centrifuged at 8500 rcf for 5
min at 4°C. Samples were then decanted, and then samples were once again washed
and solubilized with 70% isopropanol, vortexed briefly, and centrifuged as before. A
volume of 30 pl ddH,0 was added to the pellet, and the samples were gently pipette-
mixed. From these samples, 2 pl of the mix was utilized to assay miRNA concentrations
using the spectrometer (SmartSpec'™ Plus, Bio-Rad, Mississauga, Ontario, Canada) while
the remainder of the mixes were stored at -20°C for synthesis of cDNA. The miRNA was
reverse transcribed using the All-In-One RT-qPCR kit as described above for cells, and
the complementary cDNA was then processed through RT-gPCR using the AAC; method

as described previously.

2.13  Cx40°" Whole Embryo Culture and Imaging

egfo*/* and female BL6 mice to

Timed pregnancies were set up between male Cx40
generate Cx40%€™* heterozygote whole embryos at E10.5, which were then cultured in
10% DMEM + FBS without Ab/Am. Immediately upon culture, ANP (1000 ng/ml) and/or
A71915 (1 uM) were added to culture media for 24 hours. After 24 hours, now at E11.5,
whole embryos were imaged for detection of green fluorescence, and then hearts were
removed and imaged for detection of green fluorescence using a Leica MZ16SF

stereomicroscope fitted with a Leica DFC500 digital camera and corresponding Leica

Application Suite software (Leica Microsystems, Richmond Hill, Ontario, Canada). Digital
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images were acquired as 1360 x 1024 pixel uncompressed Tiff files at a color depth of
24-bit RGB. Area occupied by green pixels was quantified using a previously described
color subtractive image analysis method (Gaspard and Pasumarthi, 2008). Areas
occupied by green pixels (Cx40egfp reporter gene expression) and black pixels (non-
fluorescence) for each whole embryo and heart were assessed with Image Processing
Tool Kit 5.0 software, purchased from Reindeer Graphics (Asheville, NC, USA). The
software was installed onto a personal computer in the plug-in folder of Adobe
Photoshop 7.0. Upon installation, the software tools appear under the filter window of
Adobe Photoshop. First, images taken using the Leica Application Suite were saved as
TIFF files and opened in Adobe Photoshop 7.0. To calculate the area of green pixels that

°e' reporter gene expression, a new layer labelled “green” was
y

corresponds to Cx40
created from the background image. Then, the area occupied by green pixels alone was
selected in Photoshop by choosing the SELECT-COLOUR RANGE command. The
eyedropper selection tool was used to select the brightest green colour fluorescence in
the image, and the command was completed; this step selects the majority of green-
stained regions in the image. The area that was selected was filled with white by using
the EDIT-FILL command. Bilevel thresholding was performed such that the layer “green”
was converted into a binary image, as described in (Gaspard and Pasumarthi, 2008). To
measure the area occupied by green pixels, the IP*MEASURE FEATURES-MEASURE
REGIONS command was performed under the Filter window in Adobe Photoshop. The

MEASURE REGIONS command calculates the filled area, measured in umz, for all green

pixels in the binary image. The text file output from Adobe Photoshop was exported into
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Microsoft Excel to calculate the area occupied by green pixels. The area occupied by
black pixels was also determined by creating a new layer labelled “black” from the
background image, filling the black regions with white, converting to binary image and
following the same steps as described for green pixels above. The percentage (%) of
green pixels was determined for the combined ventricles of each heart using the
following formula: % green pixels = [area of green pixels/(area of green pixels + black

pixels)] x 100.

Male and female mice double heterozygous for both NPR-A knockout allele and
Cx40°%™ knock-in allele (NPRA-KO™"/ Cx40%€™*") were crossed to generate neonates in
order to visualize arborisation of the Purkinje fiber network. Genotypes of 1 day old new
born pups (ND1s) were determined using tail biopsies as described under Section 2.2.
Whole hearts were removed from neonates and imaged for visualization of green

fluorescence. Green pixels were quantified as described earlier.

2.14 Second Messenger Assays: cGMP and cAMP

To measure cGMP, competitive immunoassays were performed on embryonic
ventricular cells using the two-step protocol of the cGMP HTRF assay kit (Cisbio; Cat#:
62GM2PEB). Ventricles from embryos were isolated and digested in Type | collagenase
(Worthington) for 30 min at 37°C. Cell pellets were then obtained by centrifugation and
neutralized with 10% DMEM + FBS as described earlier (Section 2.5). The competitive

immunoassay was based on the competition between endogenous cGMP and a d2-dye
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labelled cGMP analogue (d2-cGMP) for binding sites on anti-cGMP monoclonal
antibodies that have been labelled with Cryptate (mAb-Cryptate). The specific signal
(designated as Delta F) that occurs was a result of the energy transfer between d2-
cGMP and Cryptate and was inversely proportional to the concentration of endogenous
cGMP contained within the experimental sample (Figure 2.3).

In the first step of the protocol for the competitive immunoassay, a volume of 5
ul cells containing 100,000 cells in 10% DMEM-FBS was added to wells of 96-well plates
with 5 pl of dilution buffer consisting of drug compounds (ex: ANP, ET-1, NRG-1, etc.)
diluted in 10% DMEM-FBS; this totaled a volume of 10 pl/well. Then, the broad
substrate PDE inhibitor 3-isobutyl-1-methylxanthine (IBMX, 500 uM; Sigma) was added
to wells in order to prevent the degradation of cGMP. The plate was then sealed and
incubated for 1 hour at room temperature. Following incubation, 5 pl of d2-GMP
analogue diluted in lysis buffer was added to each experimental well; d2-cGMP was
omitted from the negative control wells in order to determine the presence of any non-
specific signal. A volume of 5 pl of anti-cGMP Cryptate was added to all wells and the
plate was incubated for 1 hour at room temperature. The final total volume in each well
was 20 pl. A volume of 20 ul of media from each well of the 96-well plate was
transferred over to a 384-well low volume plate (Greiner Bio-One; Cat#: 784075) just
before measurement of cGMP. The d2-cGMP fluorophore was excited at a wavelength
of 337 nm and emission was detected at 665 and 620 nm using a POLARstar Omega
plate reader (BMG Labtech). The fluorescent ratio 665 nm/620 nm was calculated to

minimize photophysical interference due to medium conditions such as the presence of
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serum. Results were expressed as delta F values and calculated using the 665 nm to 620
nm ratios, according to the supplier’s instructions as described below. First, the 665/620
ratio for each well was multiplied by 10%, and then the average values from replicate
wells were determined. Next, delta F values were obtained by subtracting the negative
control 665/620 ratio value from the experimental sample 665/620 ratio value, then
dividing that by the negative control 665/620 ratio value and multiplying by 100. A
cGMP standard curve was generated by plotting the delta F values from standards with
known cGMP concentrations, using this method, covering a range of 0.49-500 nM final
concentration of cGMP per well. Then, cGMP concentrations in experimental samples
were determined by extrapolating their corresponding delta F values from the standard
curve. A 8-Br-cGMP standard curve was also generated by making up 8-Br-cGMP stock
solutions in the range of 0.49-500 nM utilizing a similar protocol as described above. For
measuring 8-Br-cGMP uptake, cells were incubated with 8-Br-cGMP for a total period of
2 hours before cGMP levels were measured.

To determine the amount of endogenous cAMP in embryonic ventricular cells, a
cAMP competitive immunoassay was performed using a two-step protocol of the cAMP
dynamic 2 HTRF assay kit (Cisbio, Cat#: 62AM4PEB) according to the manufacturer’s
instructions. This kit is supplied with d2-dye labelled cAMP analogue (d2-cAMP) and
anti-cAMP monoclonal antibodies that have been labelled with Cryptate (mAb-
Cryptate). The idea behind how the cAMP immunoassay works is similar to that of the
cGMP competitive immunoassay (Figure 2.3). The methods for performing the cAMP

immunoassay were identical to that of the cGMP immunoassay with one difference:
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instead of plating 100,000 cells per well in media, 4,000 cells were added to each well at
a volume of 5 pl, diluted in 10% DMEM. A standard curve for cAMP was generated by
plotting calculated delta F values obtained from multiple standards covering known
concentrations with an average range of 0.17-712 nM final concentration of cCAMP per
well.

Therefore, by following these outlined procedures for measurement of cGMP
and cAMP levels, all drug compounds tested in this thesis for measurement of
cGMP/cAMP levels (ANP, NRG-1, ET-1, etc.) were added to isolated cells for a total

period of 2 hours before levels were assayed.
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NPR-A NPR-C

Figure 2.3. Schematic diagram depicting the principle behind the second messenger
competitive immunoassays for cGMP and cAMP. Second messenger immunoassays for
cGMP and cAMP were performed and rely on the same principle. For simplicity, only the
cGMP assay is described here. In the first step, dispersed cells were incubated with drug
compounds of choice (ANP, ET-1, NRG-1, etc.). In the second step, competition was
initiated between endogenous cGMP and a d2-dye labelled cGMP analogue (d2-cGMP)
for binding sites on anti-cGMP monoclonal antibodies labelled with the energy acceptor
Cryptate. The specific signal, which is designated as delta F, occurred due to the energy
transfer between d2-cGMP and Cryptate. If the drug compound induced stimulation of
cGMP, endogenous cGMP would outcompete d2-cGMP for binding sites on antibodies
and the energy transfer would decrease. If the drug compound inhibited cGMP
production, d2-cGMP would outcompete endogenous cGMP for binding sites on
antibodies and the energy transfer would increase. Thus, delta F values were inversely
proportional to the concentration of endogenous cGMP measured within the sample.
Delta F values could then be extrapolated from a cGMP standard curve to determine
cGMP concentrations for each experimental sample.
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2.15 Measurement of Cell Size

To determine the cell size/area of CMs at E11.5, cells were cultured as previously
described, then after 20 hours, cultures were incubated with various paracrine factors
and/or receptor antagonists (ex. ANP, ET-1, NRG-1, etc.) for 48 hours, with a dose
provided every 12 hours. Cells were subjected to immune cytochemistry as described in
Section 2.8, and were stained with sarcomeric myosin (MF20) primary antibody for
detection of CMs, followed by staining with secondary goat anti-mouse antibody
conjugated to Alexa Fluor 488 (1:200, Invitrogen) in blocking buffer for 1 hour. Cell
nuclei were counterstained by immersion of a solution containing 1 pg/ml Hoechst
33258 (Sigma) in PBS. Slides were then examined using the Leica DM2500 fluorescence
microscope and images were then captured using a Leica DFC 500 digital acquisition
system. Cell size was determined using the Image Processing Tool Kit 5.0 (Reindeer
Graphics, Ashville, NC) and Adobe Photoshop 7.0 software as described earlier with
minor modifications (Gaspard and Pasumarthi, 2008). Contours for the cell periphery
were marked using the lasso tool and IP* measure feature was used to assess filled

areas in 40X magnification images.

2.16 Generation of Cx40 Promoter Construct

The mouse Cx40 5’flanking sequence (1250 bp) subcloned in Bgl Il and Hind Il
sites in pEZX-PG04.1 vector transformed in E. Coli JM109 strain was obtained from
GeneCopoeiaT'\’I (Rockville, MD, USA). This construct harbors a coding sequence for

Gaussia luciferase under the transcriptional control of mouse Cx40 promoter and a
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secreted alkaline phosphatase coding sequence under the control of CMV promoter.
The plasmid DNA was amplified using Qiagen midi plasmid kit according to
manufacturer’s instructions. The purified plasmid is designated as Cx40p-GLuc-CMV-
SeAP. To ensure the purity of plasmid DNA, only samples with 260:280 ratios ~ 1.8 were
used in subsequent transfection experiments. The fidelity of the purified plasmid DNA
was verified by restriction enzyme digestion with Bgl Il and Hind Il enzymes

(GeneCopoeia'", Figure 2.4).
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Cx40p-GLuc-CMV-SeAP
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Figure 2.4. Schematic depicting sequence of mouse Cx40 promoter construct.
Modified from GeneCopoeia ™, with permission.
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2.17 Transfections

CD1 E11.5 ventricular cells were cultured in 10% DMEM-FBS + Ab/Am as
described in Section 2.5, with 400,000 cells per 35 mm dish.

For CD1 E11.5 ventricular cells, 20 hours following initial plating of cells, the
medium was aspirated and 3 ml of 10% DMEM-FBS (with Ab/Am) was added per 35 mm
dish and incubated for 30 min. Then, the transfection cocktail was prepared using
Lipofectamine™ 3000 (Invitrogen) as follows. 1) 125 pl of Opti-MEM © was added to
each of two 1.5 ml microfuge tubes. One tube received 2.5 pg of plasmid DNA and 5 ul
of P3000 reagent, a necessary component for the cocktail, and was mixed well. The
second tube received 7.5 pl of Lipofectamine™ 3000. 2) The contents of the first tube
were transferred to the second tube, and the final tube was mixed well and stood at
room temperature for 15 min. 3) The lipofectamine-DNA cocktail was added slowly in a
drop-wise fashion to 35 mm culture dishes with 3 ml 10% DMEM-FBS (with Ab/Am). The
dishes were then incubated at 37°C for 24 hours. 4) Media was aspirated and drug
treatment occurred now, with either ANP (1000 ng/ml), ET-1 (1.5 nM), or NRG-1 (2.5
nM) diluted in 10% DMEM-FBS (with Ab/Am) being added to dishes for 24 hours, with
dosing every 12 hours. 5) After 24 hours, the medium was collected at this time point
and processed with the Secrete-Pair™ dual luminescence assay kit (GeneCopoeiaTM,
Rockville, MD, USA) as described below. 6) After collecting medium for the 24-hour time
point, 2 ml of fresh medium (10% DMEM-FBS + Ab/Am) was added to the dishes and

cells were maintained for an additional 24 hours to collect medium for the 48-hour time
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point luciferase assay as described in Section 2.18. Transfection efficiency in E11.5 cells

was found to be 10-15%.

2.18 Secrete-Pair Dual Luminescence Luciferase Assay

Following transfection and drug treatment as described in Section 2.17, 0.2 ml|
media was collected 24 hours and 48 hours post-treatment to assay using the Secrete-
Pair™ Luminescence Assay (GeneCopoeiaTM, Rockville, MD, USA), and was placed into
1.5 ml Eppendorf tubes per sample at room temperature. The Buffer GL-S solution (10x)
was thawed thoroughly at room temperature, and diluted 1:10 in distilled water to
make 1x Buffer GL-S solution. Next, the GLuc Assay Working Solution was prepared by
adding 10 pl of Substrate GL per 1 ml of 1x Buffer GL-S. This solution was mixed well and
incubated at room temperature for 25 min, capped and protected from light. The
luciferase assay was performed as follows: 1) 10 pl of culture media was obtained from
sample tubes and pipetted into each well, in triplicate, of a 96-well black plate. 2) The
GLuc Assay Working Solution prepared previously was now added to each well (100 pl
per well) and the plate was gently tapped several times to ensure that the sample and
substrate were mixed. 3) The 96-well plate was incubated at room temperature for 1
minute and then measurement of chemiluminescence was determined immediately
within 5 minutes after incubation, using the luminescence optics of the POLARstar
Omega plate reader (BMG Labtech). This generated GLuc activity values.

To determine secreted alkaline phosphatase (SEAP) activity per sample, a SEAP

assay procedure was followed using the Secrete-Pair™ Luminescence Assay Kit. 50 pl of
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culture media from samples were aliquoted into 1.5 ml Eppendorf tubes. Then, the SEAP
assay procedure was performed as follows. 1) Collected media samples were heated at
65°C for 10 min, and then were placed on ice. 2) Buffer AP (10x) was thawed thoroughly
at room temperature and diluted 1:10 in distilled water to make 1x Buffer AP. 3) The
SEAP Assay Working Solution was prepared by adding 10 ul of Substrate AP per 1 ml of
1x Buffer AP and the resulting solution was mixed well by inverting the tube several
times. 4) The mix was incubated at room temperature for 5 min, capped and protected
from light. 5) The collected media samples that had been previously heated were now
pipetted into the wells of the 96-well plate (10 pl per well, run in triplicate). 6) The SEAP
Assay Working Solution from step 4 was distributed, 100 pl per well, to the samples
from step 6. The plate was gently tapped to ensure the sample and substrate were
mixed. 7) The plate was incubated at room temperature for 5 min and then SEAP
activity was determined using the luminescence optics of the POLARstar Omega plate
reader (BMG Labtech).

The GLuc activity measured in relative light units (RLU) and the SEAP activity
measured in RLU were recorded, and the GLuc to SEAP activity ratio (RLU) was
determined per each sample. This entire procedure was repeated after another 24

hours (48 hours post-treatment).

2.19 Statistical Analysis
Data are presented as mean * standard error of the mean (SEM). A two-tailed

unpaired t-test was utilized to compare means between two groups. Multiple group
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comparisons were analyzed by ANOVA and Tukey multiple comparison post hoc tests.
Significance for all analyses was assigned at p<0.05. For each experiment, the number of
experiments/replicates is displayed in the corresponding figure legends. Dose response
data were analyzed by nonlinear regression with a four-parameter logistic sigmoidal
dose-response (variable slope) curve fit method. All statistical analysis was performed

using GraphPad Prism software.
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CHAPTER 3: CHARACTERIZING THE AUTOCRINE/PARACRINE ROLE OF
ATRIAL NATRIURETIC PEPTIDE IN THE DEVELOPMENT OF THE
VENTRICULAR CONDUCTION SYSTEM

3.1 Background and Hypothesis

The cardiac conduction system (CCS) is a complex network of cells within the
heart that generates and conducts electrical impulses to enable rhythmic, coordinated
contraction of the heart (Gourdie et al., 1998). The main components of the CCS are the
SA node, AV node, Bundle of His, bundle branches and Purkinje fibers. The Bundle of
His, bundle branches and Purkinje fibers are frequently referred to as the ventricular
conduction system (VCS). Lineage-tracing studies within the chick heart have shown that
Purkinje fibers, as well as ventricular myocytes are derived from a common CPC lineage
(Gourdie et al. 1995). Additional studies have shown that paracrine factors including ET-
1 and NRG-1 are involved in the formation of CCS cells (Gourdie et al., 1998, Rentschler
et al., 2002). It has been documented that paracrine signals originating from arterial
vascular tissues can induce contractile cells in the periarterial sites to form Purkinje
fibers in developing chick myocardium (Gourdie et al., 1998). ET-1 is a paracrine factor
abundant in the arterial system of the heart and is secreted by endothelial cells in a
shear stress-dependent manner. Previous studies reported that ET-1 induces embryonic
chick CMs to express several CCS markers both in vitro and in vivo (Gourdie et al., 1998).
NRG-1, a growth and differentiation factor essential for ventricular trabeculation, has
been implicated as a key paracrine factor in promoting formation of the mouse CCS.

Studies have demonstrated that NRG-1 induces embryonic mouse CMs to differentiate
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into cells of the conduction system (Rentschler et al., 2002). However, the inability of
NRG-1 or ET-1 to increase CCS reporter gene expression in E10.5-E11.5 CCS-/acZ hearts
suggests that additional factors may be involved in the development and/or maturation
of CCS network in later stages of embryonic heart development.

ANP is a paracrine factor and a member of the natriuretic peptide family,
involved in regulating cardiovascular homeostasis (McGrath et al., 2005). Past studies
have revealed that although ANP is expressed transmurally in the embryonic ventricular
myocardium, its expression is gradually restricted to the VCS (Christoffels and Moorman,
2009). These observations suggest that ANP may be involved in the induction and/or
maturation of VCS cells. Trabecular myocardium serves as the preferential route for the
conduction of electrical impulses before the mature VCS is formed (Sankova et al.,
2012), and has been shown to contain myogenic precursors of the mature Purkinje fiber
network (Christoffels, 2009). It was recently shown that exogenous addition of ANP was
associated with reduced rates of proliferation in undifferentiated CPCs, and that ANP-
rich regions of the trabecular myocardium were characterized by a lower index of
proliferation compared to the adjacent compact layer (Hotchkiss et al., 2015). Since
trabeculae are known to house cellular progenitors of the VCS, it was speculated that
reduced CPC proliferation mediated by ANP/NPR-A signalling could be coupled to
recruitment of these cells into the conduction system lineage (Hotchkiss et al., 2015).
Currently, it is not known whether ANP plays any inductive role in the formation of the
VCS network either directly by acting on CPCs and/or CMs, or in synergy with ET-1

and/or NRG-1. We hypothesized that ANP secreted from myocardial cells, can act on
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the NPR-A receptors of nearby cells in the embryonic trabecular myocardium and
induce expression of conduction system cell markers in an autocrine/paracrine

manner.

3.2 Specific Aims

1. To determine the role of ANP/NPR-A/cGMP signalling pathway in inducing VCS
marker gene expression using E11.5 mouse embryonic ventricular cell cultures.

2. To determine the effects of genetic ablation of NPR-A on development and
maturation of VCS.

3. To utilize a Cx40°8™ knock-in embryonic mouse model for visualization of VCS
development in the presence or absence of ANP and/or a NPR-A receptor
antagonist.

4. To determine the molecular mechanisms underlying ANP/NPR-A mediated
changes in VCS marker gene expression in the embryonic ventricles.

3.3 Results

3.3.1 Effects of ANP on Percent Distribution of Cells Expressing HCN4 and Cx40 in
E11.5 Mouse Ventricular Cells

Cx40 and HCN4 are expressed in the developing VCS (Delorme et al., 1995;
Sankova et al., 2012; Garcia-Frigola et al., 2003). E11.5 ventricles harbor a partially
developed Bundle of His and bundle branches with no Purkinje fiber arborisation (Viragh
and Challice, 1977; Weerd and Christoffels, 2016). To determine the effects of ANP on
the percent distribution of cells expressing Cx40 and HCN4, exogenous ANP was added
at varying concentrations to primary ventricular cell cultures prepared from E11.5 stage
CD1 embryos. The effects of ANP on VCS marker protein expression were characterized

based on co-immunolabelling with antibodies specific for sarcomeric myosin (MF20)
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which identified CMs, and with antibodies specific for HCN4 or Cx40 to identify the
protein of interest (Figures 3.1 and 3.5). MF20+ cells that were HCN4 or Cx40 “positive”
were identified as either HCN4+/MF20+ or Cx40+/MF20+ and designated as putative
VCS cells. CMs that stained negatively for HCN4 or Cx40 (HCN4-/MF20+ or Cx40-
/MF20+) were excluded from cell counts because they are not VCS cells. The percentage
of HCN4+/MF20+ cells out of the total number of cells counted per field was determined
upon addition of varying concentrations of exogenous ANP (0, 10, 100, or 1000 ng/ml),
A71915 alone (1 uM), or a combination of A71915 (1 uM) and ANP (1000 ng/ml) (Figure
3.2 A). Compounds were added approximately 20 hours after the initial primary culture,
every 12 hours over a period of 48 hours, and cells were then processed for
immunofluorescence staining. The addition of ANP at concentrations of 10 ng/ml and
100 ng/ml to E11.5 ventricular cells increased the percentage of HCN4+/MF20+ cells,
however this increase was statistically not significant vs. control (p=NS). The addition of
ANP at 1000 ng/ml resulted in a significant increase in the percentage of HCN4+/MF20+
cells vs. control (86 + 1.2 % vs. 63 + 4.6 %, p<0.005). Since endogenous ANP is actively
secreted from embryonic ventricular cells (Hotchkiss et al., 2015), we next examined
whether blockade of NPR-A receptor was sufficient for changing the percentage of the
HCN4+/MF20+ cell population. The addition of A71915 (1 uM) significantly reduced the
percentage of HCN4+/MF20+ cells (21 + 1.9 % vs. 63 + 4.6 %, p<0.005, Figure 3.2 A). To
determine if ANP could rescue this effect, a combination of ANP (1000 ng/ml) and
A71915 (1 uM) were both added to ventricular cells. This combination treatment also

led to a significant decrease in the percentage of HCN4+/MF20+ cells when compared to
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that of control cultures (36 + 6.4 % vs. 63 + 4.6 %, p<0.005, Figure 3.2 A) and this
reduction was not statistically significant when compared to the percentage of
HCN4+/MF20+ cells in cultures treated with A71915 alone (p=NS).

We also determined if the addition of exogenous ANP and/or A71915 had any
effect on HCN4+/MF20- cells, that is, cells that stain positive for the VCS marker of
interest, but were putative VCS progenitor/non-CM cells at the E11.5 stage. Compared
to control, the addition of ANP resulted in a dose-dependent decline in the percent of
HCN4+/MF20- cells (Control: 70 £ 4 %; 10 ng/ml ANP: 45 + 3 %; 100 ng/ml ANP: 35+ 5
%; 1000 ng/ml ANP: 28 + 4 %, p<0.005; Figure 3.2 B). The addition of 1 uM of A71915
increased the percent of HCN4+/MF20- cells vs control (94 + 1 %, p<0.005). The
combination of ANP (1000 ng/ml) and A71915 (1 uM) also resulted in a significant
increase in the percent of HCN4+/MF20- cells vs. control (83 + 3 %, p<0.05). Next, we
calculated the ratio of HCN4+/MF20+ cells to HCN4+/MF20- cells to determine the
potential impact of ANP and/or A71915 on converting VCS progenitor/non-CM cells
(HCN4+/MF20- cells) to differentiated VCS cells (HCN4+/MF20+ cells). Interestingly, we
found that the addition of 1000 ng/ml ANP resulted in a cell ratio of 5.0 + 1.9 vs. control
(0.9 £0.1) (p<0.005; Figure 3.3). Thus, the exogenous addition of ANP at this
concentration resulted in a cell distribution where there were 5 times more
differentiated VCS cells than VCS progenitor/non-CM cells compared to the control
group. The addition of A71915 (1 uM) to cell culture resulted in a significant decrease in
this ratio to 0.3 £ 0.02 (p<0.05) vs. 1000 ng/ml ANP treatment (~22-fold reduction). The

combination of ANP and A71915 added to cell culture resulted in a decrease in the cell
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ratio to 0.4 £ 0.1 (p<0.05) vs. 1000 ng/ml ANP treatment (~11-fold reduction).
Therefore, the addition of the NPR-A antagonist A71915 had the effect of decreasing the
percent of VCS cells (HCN4+/MF20+) and increasing the percent of VCS progenitor/non-
CM cells (HCN4+/MF20- cells).

We also counted the total number of nuclei present per field upon addition of
ANP and/or A71915 to determine if either of these compounds could alter the relative
numbers of E11.5 ventricular cells, in slides immunostained with anti-HCN4 antibody.
The number of nuclei per field was similar among all treatment groups (p=NS, Figure 3.4
A). In order to determine whether ANP and/or A71915 had an effect on the number of
CMs, MF20+ cells were counted per field, in slides immunostained with anti-HCN4
antibody. The addition of ANP resulted in a significant increase in the number of MF20+
cells/field vs. control (10 ng/ml ANP: 51 % 5 cells; 100 ng/ml ANP: 53 * 2 cells; 1000
ng/ml ANP: 53 * 3 cells; control: 24 + 1 cells, p<0.00005, Figure 3.4 B). Compared to
1000 ng/ml ANP treatment, the addition of A71915 significantly reduced the number of
MF20+ cells (15 £ 1 cells, p<0.00005). Similarly, the combination of ANP and A71915 also
reduced the number of MF20+ cells vs. 1000 ng/ml ANP treatment (22 + 1 cells,
p<0.00005).

The percentage of Cx40+/MF20+ cells was determined upon addition of varying
concentrations of exogenous ANP, A71915 alone (1 uM), or a combination of A71915 (1
M) and ANP (1000 ng/ml) (Figure 3.5). There was no significant increase in the
percentage of Cx40+/MF20+ cells upon addition of varying concentrations of ANP

(Figure 3.6 A). In contrast, A71915 (1 uM) significantly decreased the percentage of
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Cx40+/MF20+ cells compared to that of control cultures (21 £ 2.3 % vs. 65 + 1.5 %,
p<0.005; Figure 3.6 A). Addition of ANP (1000 ng/ml) in combination with A71915 (1
M) also reduced the percentage of Cx40+/MF20+ cells (32 +3 % vs. 65 + 1.5 %,
p<0.005, Figure 3.6 A).

The potential impact of ANP and/or A71915 on Cx40+/MF20- cells was also
examined. The addition of ANP to cell culture resulted in a dose-dependent decline in
the percentage of Cx40+/MF20- cells vs. control, in a similar manner as with
HCN4+/MF20- cells (10 ng/ml ANP: 39 + 5 %; 100 ng/ml ANP: 35 = 6 %; 1000 ng/ml| ANP:
31+ 5 %; Control: 68 + 5 %, p<0.005, Figure 3.6 B). The addition of A71915 (1 uM)
increased the percent of Cx40+/MF20- cells vs. control, to 91 + 1.7 % (p<0.05). The
combination of ANP plus A71915 also resulted in an increase in the percent of
Cx40+/MF20- cells vs. control, to 79 £ 3.4 % (p<0.05). The ratio of Cx40+/MF20+ cells to
Cx40+/MF20- cells was also calculated in a similar manner as described above with
HCNA4. The cell ratio of the control group was 1.1 £ 0.1 cells. Compared to the control
group, the addition of both 100 and 1000 ng/ml ANP significantly increased this ratio to
2.5+ 0.4 and 2.8 + 0.3 respectively (p<0.005, Figure 3.7). The addition of A71915 (1 uM)
significantly reduced the ratio to 0.2 + 0.02 (p<0.05) and the combination of ANP and
A71915 also reduced this ratio (0.4 + 0.03, p<0.05).

The total number of nuclei counted per field was similar among all treatment
groups in slides immunostained with anti-Cx40 antibody (p=NS, Figure 3.8 A). We also
counted the number of MF20+ cells present per field in slides immunostained with anti-

Cx40 antibody, and found that the number of MF20+ cells increased upon addition of
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10, 100 or 1000 ng/ml ANP vs. control (10 ng/ml ANP: 51 = 5 cells; 100 ng/ml ANP: 51 +
5 cells; 1000 ng/ml ANP: 53 + 5 cells; Control: 28 + 2 cells, p<0.05, Figure 3.8 B). The
addition of A71915 significantly reduced the number of MF20+ cells vs. 1000 ng/ml ANP
(16 + 1 cells, p<0.05). The combination of ANP plus A71915 significantly reduced the
number of MF20+ cells vs. 1000 ng/ml ANP (20 + 2 cells, p<0.05).

Although the murine ventricular conduction system (VCS) appears to be present
by E9.5 using the CCS-lacZ reporter model, endogenous VCS specific markers are
expressed only after E11.5 and a fully functional VCS appears after E17.5 (Christoffels
and Moorman, 2009). In order to determine if there were any differences in the effects
of ANP and/or A71915 on HCN4+/MF20+ cells or Cx40+/MF20+ cells across later
embryonic stages of development, we also cultured embryonic ventricular cells from
embryonic stages E14.5 and E17.5, which represent various stages of VCS development,
and treated cells with control, ANP (1000 ng/ml), A71915 (1 uM), or ANP (1000 ng/ml) +
A71915 (1 uM). Subsequently, we stained cells with either anti-HCN4 or anti-Cx40
antibody for detection of VCS protein expression. The results were compared to the
results we found with E11.5 percent distribution of cells. Within each embryonic stage,
the percentage of HCN4+/MF20+ cells resulting from the treatment groups were all
significantly different from each other, except at E17.5 between A71915 and A71915 +
ANP, which were similar (Figure 3.9). When comparing potential differences in
treatments across embryonic stages, there were no significant differences for any of the
treatment groups. Within each embryonic stage, the percentage of Cx40+/MF20+ cells

resulting from the treatment groups were all significantly different from each other,
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except at E17.5 between A71915 and A71915 + ANP, which were similar (Figure 3.10).
Interestingly, when comparing potential differences in treatments across embryonic
stages, the percentage of Cx40+/MF20+ cells resulting from ANP treatment was
significantly greater in E14.5 vs. E11.5 cells and significantly lower in E17.5 cells vs. E14.5
cells (E11.5: 77 + 5 %, E14.5: 84 + 3 %, E17.5: 77 + 5%, p<0.005). The percentage of
Cx40+/MF20+ cells resulting from A71915 treatment was significantly lower in E14.5 vs.
E11.5 cells (E11.5: 21 + 2 %, E14.5: 16 + 2 %, p<0.005). The percentage of Cx40+/MF20+
cells resulting from the ANP + A71915 combination treatment was significantly higher at

E11.5vs. E14.5 and vs. E17.5 (E11.5: 32 + 3 %, E14.5: 27 + 1 %, E17.5: 28 £ 2 %, p<0.05).
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Figure 3.1. Expression of HCN4 protein in E11.5 mouse ventricular cells following
addition of exogenous ANP treatment (1000 ng/ml) over 48 hours. A-D: E11.5
ventricular cells were immunolabelled for detection of hyperpolarization-activated cyclic
nucleotide-gated channel (HCN4) protein. The same field of cells are labelled with
Hoechst nuclear stain (A), sarcomeric myosin antibodies MF20 (B), HCN4 protein (C) and
an image overlay (D). CMs were identified as MF20+. Ventricular cardiac conduction
system (VCS) cells were labelled as those that identified as both HCN4+ and MF20+
(HCN4+/MF20+). Arrows indicate HCN4+/MF20+ cells, arrow-heads indicate
HCN4+/MF20- cells. N=5 experiments per group. Scale bar = 100 pM.
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Figure 3.2. Percentage (%) of HCN4+/MF20+ and HCN4+/MF20- cells in E11.5 mouse
ventricular cells following addition of exogenous ANP. E11.5 ventricular cells were
cultured and ANP was added at varying concentrations every 12 hours over a 48-hour
period. Cells were immunolabelled for detection of HCN4 protein. CMs were identified as
MF20+. A) Bar graph represents the percentage (%) of HCN4+/MF20+ cells per field upon
exposure to exogenous ANP at varying concentrations (0, 10, 100 and 1000 ng/ml) and
NPR-A inhibitor A71915 (1 uM) over 48 hours. HCN4+/MF20+ cells were identified as
ventricular cardiac conduction system (VCS) cells. ANP (1000 ng/ml) significantly
increased the % of HCN4+/MF20+ cells per field vs. control and A71915 (1 uM)
significantly reduced the % of HCN4+/MF20+ cells per field vs. control. B) Bar graph
represents the percentage (%) of HCN4+/MF20- cells per field upon exposure to
exogenous ANP at varying concentrations (0, 10, 100 and 1000 ng/ml) and NPR-A inhibitor
A71915 (1 uM) over 48 hours. HCN4+/MF20- cells were identified as non-CMs expressing
HCN4 protein. ANP (10, 100, 1000 ng/ml) significantly decreased the percentage of
HCN4+/MF20- cells per field; A71915 (1 uM) significantly increased the percentage of
HCN4+/MF20- cells per field. N=5 experiments per group; ~700-900 cells were counted
from 13 fields for each group. Each bar represents mean + SEM. *p<0.05 vs. control (no
treatment), #p<0.05 vs. ANP (1000 ng/ml), One-way ANOVA with Tukey’s multiple
comparisons post hoc test.
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Figure 3.3. Calculated ratios of HCN4+/MF20+ cells to HCN4+/MF20- cells in E11.5
mouse ventricular cells following addition of exogenous ANP treatment. E11.5
ventricular cells were cultured and ANP was added at varying concentrations every 12
hours over a 48-hour period. Cells were immunolabelled for detection of HCN4 protein.
CMs were identified as MF20+. Bar graph represents the ratio of VCS cells
(HCN4+/MF20+) to VCS progenitor/non-CMs (HCN4+/MF20-) that stained positively for
HCN4 upon exposure to exogenous ANP at varying concentrations (0, 10, 100 and 1000
ng/ml) and NPR-A inhibitor A71915 (1 uM) over 48 hours. ANP (1000 ng/ml) significantly
increased the cell ratio, favouring differentiation of VCS cells; A71915 (1 uM) significantly
decreased the cell ratio, favouring a VCS progenitor/non-CM cell phenotype. N=5
experiments per group; ~700-900 cells were counted from 13 fields for each group. Each
bar represents mean + SEM. *p<0.05 vs. control (no treatment), #p<0.05 vs. ANP (1000
ng/ml), One-way ANOVA with Tukey’s multiple comparisons post hoc test.
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Figure 3.4. Number of Hoechst stained nuclei per field (A) and number of MF20+ cells
(B) per field in E11.5 cells immunolabelled with anti-HCN4 antibody following addition
of exogenous ANP. E11.5 ventricular cells were cultured and ANP was added at varying
concentrations every 12 hours over a 48-hour period. Cells were immunolabelled for
detection of HCN4 protein. CMs were identified as MF20+. A) The number of Hoechst
stained nuclei per field were counted per treatment group; there were no significant
differences between groups. B) The number of MF20+ cells (CMs) per field were counted.
ANP (10, 100, 1000 ng/ml) significantly increased the number of MF20+ cells whereas
A71915 significantly decreased the number of MF20+ cells. N=5 experiments per group;
~700-900 cells were counted from 13 fields for each group. Each bar represents mean %
SEM. *p<0.05 vs. control (no treatment), #p<0.05 vs. ANP (1000 ng/ml) One-way ANOVA
with Tukey’s multiple comparisons post hoc test.
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Figure 3.5. Expression of Cx40 protein in E11.5 mouse ventricular cells following
addition of exogenous ANP (0, 10, 100 and 1000 ng/ml). A-D: E11.5 ventricular cells were
cultured, and ANP at various concentrations were added to cells, every 12 hours over a
48-hour period. The same field of cells were labelled with Hoechst nuclear stain (A),
sarcomeric myosin antibodies MF20 (B), Cx40 protein (C) and an image overlay (D). CMs
were identified as MF20+. Ventricular cardiac conduction system (VCS) cells were labelled
as those that identified as both Cx40+ and MF20+ (Cx40+/MF20+). Arrows indicate
Cx40+/MF20+ cells, arrow-heads indicate Cx40+/MF20- cells. N=5 experiments per group.
Scale bar =50 puM.
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Figure 3.6. Percentage (%) of Cx40+/MF20+ and Cx40+/MF20- cells in E11.5 mouse
ventricular cells following addition of exogenous ANP. E11.5 ventricular cells were
cultured and ANP was added at varying concentrations every 12 hours over a 48-hour
period. Cells were immunolabelled for detection of Cx40 protein. CMs were identified as
MF20+. A) Bar graph represents the percent (%) of Cx40+/MF20+ cells per field upon
exposure to exogenous ANP at varying concentrations (0, 10, 100 and 1000 ng/ml) and
NPR-A inhibitor A71915 (1 uM) over 48 hours. Cx40+/MF20+ cells were not significantly
increased by the addition of ANP. A71915 (1 uM) significantly reduced the % of
Cx40+/MF20+ cells per field vs. control. B) Bar graph represents the percentage of
Cx40+/MF20- cells per field upon exposure to exogenous ANP at varying concentrations
(0, 10, 100 and 1000 ng/ml) and NPR-A inhibitor A71915 (1 uM) over 48 hours.
Cx40+/MF20- cells were identified as VCS progenitors/non-CMs expressing Cx40 protein.
ANP (10, 100, 1000 ng/ml) significantly decreased the percentage of Cx40+/MF20- cells
per field; A71915 (1 uM) significantly increased the percentage of Cx40+/MF20- cells per
field. N=5 experiments per group, ~600-900 cells were counted from 13 fields for each
group. Each bar represents mean + SEM. *p<0.05 vs. control (no treatment), #p<0.05 vs.
ANP (1000 ng/ml), One-way ANOVA with Tukey’s multiple comparisons post hoc test.
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Figure 3.7. Calculated ratio of Cx40+/MF20+ cells to Cx40+/MF20- cells in E11.5 mouse
ventricular cells following addition of exogenous ANP. E11.5 ventricular cells were
cultured and ANP was added at varying concentrations every 12 hours over a 48-hour
period. Cells were immunolabelled for detection of Cx40 protein. Bar graph represents
the ratio of VCS cells (Cx40+/MF20+) to VCS progenitor/non-CMs (Cx40+/MF20-) that
stained positively for Cx40 upon exposure to exogenous ANP at varying concentrations
(0, 10, 100 and 1000 ng/ml) and NPR-A inhibitor A71915 (1 uM) over 48 hours. ANP (100,
1000 ng/ml) significantly increased the cell ratio, favouring differentiation of VCS cells;
A71915 (1 uM) significantly decreased the cell ratio, favouring a VCS progenitor/ non-CM
cell phenotype. N=5 experiments per group; ~600-900 cells were counted from 13 fields
for each group. Each bar represents mean + SEM. *p<0.05 vs. control (no treatment),
#p<0.05 vs. ANP (1000 ng/ml), One-way ANOVA with Tukey’s multiple comparisons post
hoc test.
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Figure 3.8. Number of Hoechst stained nuclei per field (A) and number of MF20+ cells
(B) per field in E11.5 cells immunolabelled with anti-Cx40 antibody following addition
of exogenous ANP. E11.5 ventricular cells were cultured and ANP was added at varying
concentrations every 12 hours over a 48-hour period. Cells were immunolabelled for
detection of Cx40 protein. A) The number of Hoechst stained nuclei per field were
counted per treatment group; there were no significant differences between groups. B)
The number of MF20+ cells (CMs) per field were counted. ANP (10, 100, 1000 ng/ml)
significantly increased the number of MF20+ cells whereas A71915 significantly
decreased the number of MF20+ cells. N=5 experiments per group; ~600-900 cells were
counted from 13 fields for each group. Each bar represents mean + SEM. *p<0.05 vs.
control (no treatment), #p<0.05 vs. ANP (1000 ng/ml), One-way ANOVA with Tukey’s
multiple comparisons post hoc test.
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Figure 3.9. Comparison of HCN4+/MF20+ cell percentages in ventricular cell cultures
from various developmental stages following addition of exogenous ANP. Ventricular
cellsatE11.5, E14.5 or E17.5 were cultured and incubated with ANP (1000 ng/ml), A71915
(1 uM), or ANP (1000 ng/ml) + A71915 (1 uM) for 48 hours. Cells were immunolabelled
for detection of HCN4 protein. CMs were identified as MF20+. Bar graph represents the
percentage (%) of HCN4+/MF20+ cells per field upon exposure to the indicated
compounds. Within each embryonic stage, the % of HCN4+/MF20+ cells resulting from
the treatment groups were all significantly different from each other, except at E17.5
where there was no significant difference between A71915 and A71915 + ANP. When
comparing potential differences in treatments across embryonic stages, there were no
significant differences for any of the treatment groups. N=10 experiments per group;
~600-1100 cells were counted from 13 fields for each group. Each bar represents mean +
SEM. #p<0.05 (vs. respective controls per developmental stage), *p<0.05 (between
groups as indicated) Two-way ANOVA with Tukey’s multiple comparisons post hoc test.
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Figure 3.10. Comparison of Cx40+/MF20+ cell percentages in ventricular cell cultures
from various developmental stages following addition of exogenous ANP. Ventricular
cellsatE11.5, E14.5 or E17.5 were cultured and incubated with ANP (1000 ng/ml), A71915
(1 uM), or ANP (1000 ng/ml) + A71915 (1 uM) for 48 hours. Cells were immunolabelled
for detection of Cx40 protein. CMs were identified as MF20+. Bar graph represents the
percentage (%) of Cx40+/MF20+ cells per field) upon exposure to indicated compounds.
Within each embryonic stage, the percentage of Cx40+/MF20+ cells resulting from the
treatment groups were all significantly different from each other, except at E11.5 where
there was no significant difference between control and ANP, and at E17.5 where there
was no significant difference between A71915 and A71915 + ANP. N=10 experiments per
group; ~600-1100 cells were counted from 13 fields for each group. Each bar represents
mean = SEM. #p<0.05 (vs. respective controls per developmental stage), *p<0.05
(between groups as indicated) Two-way ANOVA with Tukey’s multiple comparisons post
hoc test.
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3.3.2 Effects of ANP on Gene Expression of HCN4 and Cx40 in E11.5 Mouse
Ventricular Cells

The potential effects of exogenous ANP on HCN4 and Cx40 mRNA expression
were determined by quantifying the relative abundance of mRNA transcripts at E11.5 by
real time quantitative polymerase chain reaction (RT-qPCR). GAPDH was utilized as the
housekeeping gene to normalize data because its expression remained unchanged
across all treatment groups tested. E11.5 ventricular cell cultures were treated with or
without ANP in the presence or absence of A71915, every 12 hours for a total period of
48 hours, and were then processed for extraction of RNA and synthesis of cDNA,
followed by RT-gPCR analysis of the genes of interest. The addition of exogenous ANP
(1000 ng/ml) to E11.5 ventricular cells resulted in a 1.7-fold + 0.1 increase in the gene
expression of HCN4 vs. vehicle treated control (Control = 1.0 gene expression) (p<0.05,
Figure 3.11 A). The addition of A71915 (1 uM) had the opposite effect in reducing gene
expression of HCN4 by 5-fold (0.2 + 0.04, p<0.005). The combination of ANP (1000
ng/ml) and A71915 (1 uM) resulted in a reduction in the gene expression of HCN4 by
2.5-fold (0.4 £ 0.04) (p<0.05).

The effect of exogenous ANP and/or A71915 on Cx40 gene expression was also
determined using E11.5 ventricular cells. The addition of ANP (1000 ng/ml) to E11.5
ventricular cell culture resulted in a 1.8-fold £ 0.1 increase in gene expression of Cx40 vs.
control (p<0.05, Figure 3.11 B). The addition of A71915 (1 uM) significantly decreased
gene expression of Cx40 by ~3-fold (0.3 £ 0.2) (p<0.05). The combination of ANP (1000
ng/ml) and A71915 (1 uM) resulted in a reduction in the gene expression of Cx40 by ~3-

fold (0.3 + 0.04) (p<0.005).
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We determined if ANP and/or A71915 could significantly impact HCN4 or Cx40
gene expression across several embryonic developmental stages as the heart continues
to mature. Ventricular cells from E11.5, E14.5 or E17.5 hearts were cultured and either
ANP (1000 ng/ml), A71915 (1 uM), or ANP (1000 ng/ml) + A71915 (1 uM) were added to
cells for 48 hours. For HCN4 gene expression, within each embryonic stage group, all
treatment groups revealed significant differences from one another, except A71915
alone vs. ANP + A71915, which were similar for all stages (Figure 3.12). Across
embryonic stages, the induction caused by ANP resulted in significantly higher HCN4
gene expression at E14.5 vs. at E11.5 and higher at E17.5 vs. E11.5 (E11.5: 1.7-fold
0.06, E14.5: 3.4-fold £ 0.3; E17.5: 3.4-fold + 0.3, p<0.005). For Cx40 gene expression,
within each embryonic stage group, all treatment groups revealed significant differences
from one another, except A71915 alone vs. ANP + A71915, which were similar for all
stages (Figure 3.13). Across embryonic stages, the induction caused by ANP resulted in
significantly higher Cx40 gene expression at E14.5 vs. at E11.5, and higher at E17.5 vs.
E11.5 (E11.5: 1.8-fold £ 0.1, E14.5: 3.8-fold + 0.2, E17.5: 3.5 + 0.2, p<0.005)

We also determined whether gene expression of important cardiac transcription
factors involved in the development of the embryonic heart were affected by the
addition of exogenous ANP (1000 ng/ml). The cardiac transcription factors we chose to
examine were: GATA4, HAND2, Tbx5, and MEF2C. Tbx5 has been shown to regulate
development of the SA node (Mori et al., 2006); MEF2C is essential for formation of the
primitive heart tube (Meganathan et al., 2015); GATA4 and HAND2 are essential for

normal cardiac morphogenesis in vivo (Meganathan et al., 2015). The addition of
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exogenous ANP did not significantly alter gene expression of these transcription factors

at E11.5 in mouse ventricular cells (p=NS) (Figure 3.14).
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Figure 3.11. RT-qPCR analysis of HCN4 and Cx40 gene expression in E11.5 mouse
ventricular cells following addition of exogenous ANP (1000 ng/ml), and in the presence
of an NPR-A inhibitor (A71915) over 48 hours. Compared to control, addition of ANP to
cell culture resulted in a significant increase in gene expression of HCN4 and Cx40.
Addition of A71915 significantly reduced gene expression of HCN4 and Cx40. GAPDH was
used as the housekeeping gene. N=6 experiments per group. Each bar represents mean t
SEM. *p<0.05 vs. H20 (control), ¥p<0.05 vs. 1000 ng/ml ANP, One-way ANOVA with
Tukey’s multiple comparisons post hoc test.
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Figure 3.12. Comparison of HCN4 gene expression changes across embryonic stages of
heart development upon addition of exogenous ANP and/or A71915 over 48 hours.
Ventricular cells at E11.5, E14.5 and E17.5 were cultured and incubated with control, ANP
(1000 ng/ml), A71915 (1 uM), or ANP (1000 ng/ml) + A71915 (1 uM). Within each
developmental stage, HCN4 gene expression resulting from all treatment groups were
significantly different from each other, except between A71915 vs. ANP + A71915. Across
developmental stages, ANP significantly increased HCN4 gene expression in E14.5 and
E17.5 vs. E11.5 cells. N=6 experiments per group. Each bar represents mean + SEM.
#p<0.05 (within groups), *p<0.05 (across groups), Two-way ANOVA with Tukey’s multiple
comparisons post hoc test.

131



5m # I '
C
O 4+ T
% # T
5 H FH—
X
)
£ 7
©
QO 1+
m i
0 s=m =
E11.5 E14.5 E17.5
Il Control

3 ANP (1000 ng/ml)
B A71915 (1 uM)
[ ANP (1000 ng/ml) + A71915 (1 uM)

Figure 3.13. Comparison of Cx40 gene expression changes across embryonic stages of
heart development upon addition of exogenous ANP and/or A71915 over 48 hours.
Ventricular cells at E11.5, E14.5 and E17.5 were cultured and incubated with control, ANP
(1000 ng/ml), A71915 (1 uM), or ANP (1000 ng/ml) + A71915 (1 uM). Within each
developmental stage, Cx40 gene expression resulting from all treatment groups were
significantly different from each other, except between A71915 vs. ANP + A71915. Across
developmental stages, ANP significantly increased Cx40 gene expression in E14.5 and
E17.5 vs. E11.5 cells. N=6 experiments per group. Each bar represents mean + SEM.
#p<0.05 (within groups), *p<0.05 (across groups) Two-way ANOVA with Tukey’s multiple
comparisons post hoc test.
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Figure 3.14. RT-qPCR analysis of various cardiac transcription factors in E11.5 mouse
ventricular cells following addition of exogenous ANP (1000 ng/ml) over 48 hours.
Compared to control, addition of ANP to cell culture had no significant effects on gene
expression of GATA4, HAND2, Tbx5, or MEF2C. GAPDH was used as the housekeeping
gene. N=6 experiments per group. Each bar represents mean + SEM. No significant
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differences were found between groups. Students unpaired t-test.
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3.3.3 Effects of ANP and/or A71915 on Intracellular Production of cGMP in Mouse
E11.5 Ventricular Cells

It has been well established in the literature that the binding of ANP to its high
affinity guanylyl cyclase receptor (NPR-A) leads to the production of a second messenger
molecule known as cGMP, in several cell types, including CMs (O’Tierney et al., 2010).
The potential involvement and biological activity of the ANP/NPR-A/cGMP signalling
pathway in the developing embryonic heart has not been well characterized in the
literature. Furthermore, significant decreases in gene expression of HCN4 and Cx40 with
NPR-A blocker alone warranted further assessment of A71915 effects on intracellular
cGMP levels in embryonic ventricular cells. To determine the effects of ANP and A71915
on cGMP levels in E11.5 ventricular, a competitive HTRF based immunoassay was
performed as described in Section 2.14.

In the first step of this assay, acutely isolated E11.5 ventricular cells were
incubated with ANP and/or A71915 to stimulate the production of intracellular cGMP. In
the second step, competition was initiated between endogenous cGMP and d2 dye
labeled cGMP for binding sites on anti-cGMP monoclonal antibodies labelled with the
energy acceptor Cryptate. The specific signal is recorded as Delta F which occurs due to
the energy transfer between the d2-cGMP and Cryptate. Delta F values are inversely
proportional to the concentration of endogenous cGMP measured in the sample. Delta F
values for known concentrations of cGMP were used to generate a cGMP standard
curve, and then, Delta F values from samples were extrapolated using this standard

curve (Figure 3.15).
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To determine the effects of exogenous ANP on intracellular production of
cGMP in E11.5 ventricular cells, these cells were stimulated with either no treatment,
1000 ng/ml ANP, 1 uM A71915, or a combination of ANP (1000 ng/ml) plus A71915 (1
UM). The basal level of cGMP was measured to be 28.1 £ 0.2 nM per 100,000 cells. The
addition of exogenous ANP (1000 ng/ml) significantly increased intracellular cGMP vs
control (37 £ 0.2 nM vs. 28 + 0.2 nM, p<0.005, Figure 3.16). Compared to control, there
was a significant decrease in cGMP production upon addition of A71915 (1 uM) to 23 +
0.4 nM (p<0.005). There was a significant decrease in cGMP production with the
addition of the combination of A71915 (1 uM) and ANP (1000 ng/ml) to 24 + 0.1 nM
(p<0.005). Although cGMP levels in combination treatment were significantly higher
compared to A71915 treatment alone (p<0.005), these levels were still significantly
lower compared to the levels observed in ANP treatment alone (~1.5 fold, Figure 3.16).

Taken together, these results suggest that the ANP/NPR-A/cGMP signalling
pathway is biologically active at E11.5 in the embryonic mouse ventricular cells and

A71915 can decrease both basal and exogenous ANP induced cGMP levels.
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Figure 3.15. Generation of the standard curve for cGMP. A) The standard curve for cGMP
was generated by plotting Delta F values obtained from standards with known cGMP
concentrations. These concentrations covered an average range between 0.49-500 nM
(concentration of cGMP per well). The experimentally determined Delta F values were
obtained utilizing the given standards from the competitive immunoassay kit. B) Table
displaying the concentration of each of the standards provided in the kit along with their
experimentally determined Delta F values. Single point in standard curve represents the
mean of three independent experiments.
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Figure 3.16. The effects of exogenous ANP and A71915 on cGMP production in E11.5
ventricular cells. The effects of exogenous ANP and/or A71915 treatment on intracellular
cGMP production was determined by stimulating isolated E11.5 cells with ANP and/or
A71915, then measuring cGMP using a competitive immunoassay. The baseline level of
cGMP was measured to be 28.1 + 0.2 nM/ 100,000 cells. Addition of exogenous ANP
resulted in a significant increase in cGMP. In contrast, addition of A71915 resulted in a
significant decrease in cGMP. N=3 independent experiments, performed in duplicate
wells. Each bar represents mean + SEM. *p<0.0005, One-way ANOVA with Tukey post hoc
test.
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3.3.4 Determination of the Bioactivity of Exogenously Added ANP in E11.5
Ventricular Cell Cultures

Secreted ANP is known to be internalized via an NPR-C mediated clearance
mechanism as well as subjected for protein degradation by neutral endopeptidases
(Potter et al., 2006). Hence, we sought to measure the bioactivity of exogenously added
ANP in culture media of E11.5 ventricular cells over a 12-hour period. Media
supplemented with ANP (1000 ng/ml) was collected from ventricular cell cultures at 1, 4
or 12 hour durations and transferred to wells containing HEK293 cells which are known
to express NPR-A receptors (Airhart et al., 2003). Subsequently, HEK293 cells were
incubated at 37°C for 1 hour and intracellular cGMP levels were measured using a
competitive HTRF immunoassay. As additional controls, HEK293 cells treated with or
without ANP (1000ng/ml) in fresh medium were also included for comparisons (Figure
3.17). The baseline level of cGMP in untreated HEK293 cultures was measured to be 29
+ 0.9 nM per 100,000 E11.5 cells (Figure 3.17). Addition of exogenous ANP (1000 ng/ml)
significantly increased intracellular cGMP compared to untreated cells (37.3 £ 0.2 nM vs.
29 + 0.9 nM, p<0.005). Furthermore, ventricular cell culture media supplemented with
ANP retained significantly higher bioactivity compared to untreated cells at all time
points tested (Figure 3.17). Although there was a slight but significant decrease in the
ability of media at the 12 hour time point to induced cGMP levels compared to that
from 1 hour time point (34.1 £ 0.4 nM vs. 36.8 £ 0.3 nM, p<0.05), exogenous ANP was
still bioactive at 12 hours since it significantly increased cGMP levels compared to

untreated cells (34.1 £ 0.4 nM vs. 29 + 0.9 nM, p<0.005).
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Figure 3.17. Determination of the bioactivity of exogenous ANP (1000 ng/ml) upon
addition to E11.5 ventricular cells. To determine if ANP was active in cells 12 hours after
the first dose, E11.5 ventricular cells were cultured from CD1 female mice, then ANP was
added to cell culture (1000ng/mi). Media was then collected at 1, 4 and 12-hour time
points and transferred to HEK293 cells, and intracellular cGMP was immediately
measured. As a negative control, intracellular cGMP production was measured in HEK293
cells that were not treated with ANP. As a positive control, intracellular cGMP was
measured in HEK293 treated directly with fresh ANP. Over 12 hours, there is a minimal
decline in intracellular cGMP. N=4 independent experiments, performed in duplicate
wells. Each bar represents mean + SEM. *p<0.005 vs. HEK293 control, #p<0.05 between
groups as indicated, One-way ANOVA with Tukey post hoc test.
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3.3.5 Gene Expression of HCN4 and Cx40 in NPRA-KO mice at E14.5

As an alternative approach to study the effects of the ANP/NPR-A signalling
system on the gene expression of HCN4 and Cx40, we utilized NPR-A-KO mice at E14.5
and studied gene expression of whole hearts at this stage (Figure 3.18). This
developmental stage was selected for gene expression studies due to difficulties with
obtaining sufficient number of ventricles for each genotype from early developmental
stages such as E11.5. To study the effects of the ANP/NPR-A signalling system on VCS
marker gene expression, we extracted total RNA from the ventricles of homozygous and
heterozygous NPRA-KO mice as well as WT littermates at E14.5 stage and conducted
QPCR analysis for HCN4 and Cx40 gene expression levels. While the gene expression of
HCN4 in NPR-A heterozygous ventricles (+/-) revealed a decreasing trend compared to
that in WT ventricles (+/+), HCN4 expression levels significantly decreased in
homozygous ventricles (-/-) when compared to those in WT samples (2.6-fold reduction
vs. WT, p<0.005, Figure 3.18 A). Gene expression of Cx40 in heterozygous ventricles was
similar to that in WT samples, however the homozygotes had significantly less gene
expression of Cx40 compared to WT or heterozygous ventricles (2.5-fold reduction,
p<0.05, Figure 3.18 B). This data provides further evidence that the ANP/NPR-A
signalling axis may be important in the development of the VCS, through expression of

HCN4 and Cx40.
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Figure 3.18. Gene expression of HCN4 and Cx40 in NPR-A-KO mice in E14.5 stage
ventricles. Gene expression of A) HCN4 and B) Cx40 decreased in homozygous (-/-) NPR-
A-KO mice vs. WT mice. HCN4: N=8 (WT group), N= 12 (heterozygous group), N=9 (KO
group); Cx40: N=8 (WT), N=13 (heterozygous), N = 10 (KO) independent RNA
extractions/genotype, with each extraction analyzed in duplicate. GAPDH was used as the
housekeeping gene. Each bar represents mean + SEM. *p<0.05 vs. WT, One-way ANOVA
with Tukey post hoc test.
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3.3.6 Effects of ANP on Cx40 Reporter Gene Expression in E11.5 Cx40°™ Ventricles

In the early embryonic heart, Cx40 is expressed transmurally in the ventricular
trabeculae. As the heart matures, Cx40 expression becomes gradually restricted to the
atria and His-Purkinje network while being excluded from working CMs that surround
them in the ventricular myocardium (Miquerol et al., 2004). To further evaluate the role

of ANP in Cx40 gene expression at early stages of heart development, we have

egfp egfp

employed a Cx40™°" reporter mouse model. The Cx40™°" mouse model utilizes the
enhanced green fluorescent protein (EGFP) sequence, which is knocked into the 3’
untranslated region of the Cx40 gene (Miquerol et al., 2004). This mouse model permits
visualization of the His-Purkinje system and has been widely used to monitor
development and maturation of the CCS (Tamaddon et al., 2000; Van Rijen et al., 2001;
Meysen et al., 2007).

Cx40%™ homozygous knock-in (+/+) mice (designated as Cx40%€™*"*) were bred to
WT BL6 mice to generate Cx40%™ heterozygous embryos (designated as Cx40%™*) at
E10.5. Whole embryos were cultured with 10% DMEM (no AB/AM) and treated with
ANP (1000 ng/ml) and/or A71915 (1 uM) for 24 hours. Whole embryos and hearts were
examined after this 24-hour time point, (now E11.5) for EGFP fluorescence (surrogate
marker for Cx40) using stereofluorescence illumination microscopy. Visually, whole
embryos incubated with ANP demonstrated greater EGFP fluorescence compared to the
fluorescence levels in control embryos (Figure 3.19). WT embryos negative for the EGFP

knock-in allele do not show any fluorescence under the imaging conditions used. Whole

hearts from embryos were imaged under whole mount microscopy to visualize
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fluorescence at E11.5. In all groups, the EGFP signal could be detected from the exterior
surface in regions of the ventricles, but remained absent from the interventricular
septum (Figure 3.20). Compared to the controls samples, the hearts treated with ANP
(1000 ng/ml) revealed strong EGFP signals in both the atrial chambers and both
ventricles, with the left ventricle having the strongest signal of the four chambers (N=5
hearts per group, Figure 3.20). A71915 (1 uM) treated hearts had very weak EGFP
signals in both atria and ventricles and in 2 out of 5 hearts the atrial fluorescence was
barely visible. In hearts treated with the combination of ANP (1000 ng/ml) + A71915 (1
UM), both atria and ventricles had very weak EGFP signals as well. In addition, in 3 out of
5 hearts treated with the combination, the atrial fluorescence was barely visible (Figure
3.20). We quantified the percentage (%) of green pixels in both left and right ventricles
of each heart, either treated with control, ANP, and/or A71915 (Figure 21). Compared to
control (20 £ 3 % green pixels), ventricles of ANP treated hearts had 42 + 5 % green
pixels, more than double that of control (p<0.05). This was also significantly greater than
the green pixel (%) for ventricles of A71915 and ANP + A71915 combination treated
hearts (p<0.05). The addition of A71915 to embryos resulted in ventricles having a
reduced % of green pixels which was not statistically significant vs. control (13 £ 4 %,
p=NS). Similarly, the combination of ANP plus A71915 resulted in ventricles having a
reduced % of green pixels although this was not statistically significant vs. control (10 =

1 %, p=NS) (Figure 3.21). Therefore, these results suggest that the addition of ANP can

significantly increase reporter gene fluorescence signal in Cx40%™ hearts at E11.5 stage.
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Control whole embryo

ANP whole embryo

Figure 3.19. Visualization of EGFP fluorescence in Cx40%™*/ (heterozygous) whole
embryos cultured in the presence or absence of ANP. At E10.5, Cx40egfp+/' whole
embryos were cultured and incubated with ANP (1000 ng/ml) and/or A71915 (1 uM), or
no treatment (control) for 24 hours. After 24 hours, now at E11.5, whole embryos were
visualized for qualitative determination of Cx40 expression. A) E11.5 whole embryo with
no treatment. B) E11.5 whole embryo with ANP (1000 ng/ml) treatment. Visually, ANP-
treated whole embryos had stronger green fluorescence throughout, indicating stronger
expression of Cx40 vs. control. Arrow indicates labelling of heart. N=5 embryos per group.
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Figure 3.20. Visualization of EGFP fluorescence in Cx40%™*/" (heterozygous) whole
hearts treated with ANP and/or A71915 for 24 hours, at E11.5. At E10.5, Cx40egfp+/'
whole embryos were cultured and incubated with ANP (1000 ng/ml) and/or A71915 (1
1UM), or no treatment (control) for 24 hours. After 24 hours, now at E11.5, whole hearts
were isolated in order to visualize reporter gene expression. A) E11.5 whole heart with
no treatment. B) E11.5 whole heart with ANP (1000 ng/ml) treatment. C) E11.5 whole
heart with A71915 (1 uM) treatment. D) E11.5 whole heart with ANP (1000 ng/ml) +
A71915 (1 pM) combination treatment. ANP-treated whole hearts had strong EGFP
signals in both atria and ventricles, with the strongest signal coming from the left
ventricle. A71915-treated hearts and combination-treatment hearts showed weaker
EGFP signals in all four chambers of the heart and were not significant vs. control. RA:
right atrium, RV: right ventricle, LA: left atrium, LV: left ventricle and OFT: outflow tract.
N=5 hearts per group.
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Figure 3.21. Quantification of green pixels (%) to determine reporter gene expression in
Cx40°™*/" yentricles at E11.5 treated with ANP and/or A71915. Green pixels were
quantified and the percent (%) of green pixels (number of green pixels/(number of green
pixels + number of black pixels) x 100%) for both the left and right ventricle (together) of
each heart, was calculated. Hearts treated with ANP showed the strongest EGFP signals
in the ventricles, whereas hearts treated with A71915 or the combination of A71915 +
ANP showed weak EGFP signals in the ventricles (not significantly different vs. control,
but significantly less vs. ANP-treated hearts). ANP-treated hearts had significantly higher
% green pixels vs. control. N=5 hearts per group. Each bar represents mean + SEM.
*p<0.05 vs. control, #p<0.05 vs. ANP, One-way ANOVA with Tukey post hoc test.
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3.3.7 \Visualization and Quantification of Ventricular Cardiac Conduction System
Development in Newborn Mice Lacking NPR-A Using the Cx40°¢" Mouse Model

The Cx40°™ mouse model was used to visualize mice that were haploinsufficient
for the cardiac transcription factor Nkx2.5, which generated hearts that had hypoplastic
Purkinje fiber networks (Jay et al., 2004; Meysen et al., 2007). We initiated compound
breeding schemes between double heterozygote male and females with a genotype of
Cx40%™*" and NPR-A"" to generate 1 day old neonatal pups (ND1) harboring a single

egfp+

copy of Cx40 and lacking one or two copies of NPR-A allele. ND1 pups with a single

egfp+

copy of Cx40 and intact NPR-A alleles (+/+) were used as controls for comparison.

Thus far, these crosses have not yielded Cx40%®*/"

pups that were also homozygous
knockouts for NPR-A (0 pups from 14 litters).

Crossing the Cx40%™ knock-in line with NPRA-KO mice as described earlier was
done to delineate areas of the neonatal heart that express Cx40 and allowed for us to
track the reporter gene expression in WT vs. NPRA-KO heterozygotes. We analyzed 7
pups with the Cx40%™*" / NPR-A"* genotype, designated as “wild-type (WT)” and 7 pups
with the Cx40%™*"/NPR-A"" genotype, designated as “heterozygous NPRA-KO or NPR-
A" Incisions along the ventricular free wall were made to enable visualization of the
inner septal surface as well as the inner free wall of each ventricle (Figure 3.22 A). WT
hearts revealed extensive arborisation of the Purkinje fiber network. In 5 of the 7 pups
in the NPR-A"" group, these hearts demonstrated significantly less arborisation of the
Purkinje fiber network when compared to WT hearts. In several of the NPR-A"" hearts,

the individual fibers appeared thinner and less dense compared to WT hearts (Figure

3.22 A, B). Green pixels were quantified in all hearts from both groups to determine if
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differences in reporter gene expression existed, and the percentage of green pixels was
calculated. Heterozygote NPRA-KO ND1 mice showed a significant decrease in the

percentage of green pixels vs. WT mice (29 £ 4 % vs. 57 £ 5 %, p<0.05). (Figure 3.22 C).
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Figure 3.22. Quantification of ventricular conduction system development in neonate
day 1 (ND1) hearts of WT and NPRA-KO*/~ mice using Cx40°¢™* approach. Green pixels
were quantified and the percentage (%) of green pixels (number of green pixels/(number
of green pixels + number of black pixels) x 100%) was calculated. Heterozygous NPRA-KO
mice had significantly less arborisation of the Purkinje fiber network, and less % percent
green pixels vs. WT mice. Each bar represents mean + SEM. *p<0.05, unpaired t-test.
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3.3.8 Determining the Effects of ANP on Intracellular cGMP Production in Cardiac
Progenitor Cells and Ventricular Cells at E11.5

The effects of exogenous ANP were determined on intracellular cGMP
production in two different cell populations that exist in the embryonic heart — CPCs and
ventricular CMs at E11.5. Earlier findings from our laboratory demonstrated that E11.5
CMs contain a large number of mitochondria compared to the undifferentiated cell
population in E11.5 mouse ventricles using transmission electron microscopy (Zhang
and Pasumarthi, 2007). A separate study showed that CMs have high mitochondrial
content compared to other cell types and can be purified using a fluorescent dye that
labels mitochondria (Hattori et al., 2010). In this study, cells were stained with the
fluorescent mitochondrial dye tetramethylrhodamine, methyl ester (TMRM) and were
sorted by FACS based on their mitochondrial content. ANP was added to cells (1000
ng/ml) and intracellular cGMP was measured immediately. Since CMs possess higher
number of mitochondria than CPCs, the group designated “TMRM high” corresponds to
the cell population consisting of a majority of CMs, while the “TMRM low” group
corresponds to the cell population consisting of a majority of CPCs (Feridooni, 2014;
unpublished). The baseline value of cGMP was measured to be 55 + 0.3 nM in the
TMRM high group, and 100 £ 0.5 nM in the TMRM low group. Interestingly, there was a
significant difference between these two baseline values (p<0.05). Results were
expressed as fold changes over baseline measurement of cGMP for each group. In the
TMRM low group (CPCs), the addition of ANP resulted in significant increases in cGMP
production at 100 and 1000 ng/ml, 1.6-fold + 0.1 and 1.7-fold £ 0.1, respectively, vs.

baseline cGMP (p<0.05) (Figure 3.23). In the TMRM high group, only the addition of ANP
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at 1000 ng/ml resulted in a 1.2-fold £ 0.03 increase in cGMP (p<0.05). From these
findings, it is possible that CPCs may be more sensitive to ANP-induced increases in

cGMP production vs. CMs at E11.5.
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Figure 3.23. The effects of exogenous ANP on intracellular cGMP production in cardiac
progenitor cells and ventricular cardiomyocytes at E11.5. Cells were sorted based on
mitochondrial content using  fluorescent  mitochondrial dye  staining,
(tetramethylrhodamine methyl ester: TMRM), followed by FACS. ANP was added to both
cell populations and intracellular cGMP was measured immediately. Results are
expressed as the fold change over baseline cGMP measured (given a value of 1). The
baseline value of cGMP was measured to be 55 + 0.3 nM in the TMRM high group, and
100 £ 0.5 nM in the TMRM low group. In the TMRM low group (predominantly CPCs),
addition of ANP resulted in significant increases in cGMP production at 100 and 1000
ng/ml. In the TMRM high group, addition of ANP resulted in a significant increase in cGMP
production at 1000 ng/ml. N=3 independent experiments, performed in duplicate wells.
Each bar represents mean + SEM. *p<0.05 vs. control in TMRM low group; #p<0.05 vs.
control in TMRM high group, One-way ANOVA with Tukey post hoc test.
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3.3.9 Effects of Exogenous cGMP (8-Br-cGMP) on Gene Expression of HCN4 and Cx40
in Mouse E11.5 Ventricular Cells

To determine if the classical NPR-A/cGMP dependent pathway is critical for the
regulation of HCN4 and Cx40 gene expression, an exogenous cell permeable cGMP
compound (8-Br-cGMP) was added at 10 or 100 uM concentrations to E11.5 ventricular
cells and gene expression levels were determined (Figure 3.24). Dosage of 8-Br-cGMP
was based on previous reports which showed that only a small fraction of exogenously
added 8-Br-cGMP is detectable in the cytoplasm (Li et al., 2012; Yasoda et al., 1998). The
addition of 8-Br-cGMP at 10 uM and 100 uM significantly increased the gene expression
of HCN4 (3.4-fold £ 0.3 and 5.3-fold + 0.3, respectively) vs. control (p<0.005, Figure 3.24
A). Similarly, the addition of 8-Br-cGMP at 10 uM and 100 uM also significantly
increased the gene expression of Cx40 (2.9-fold + 0.2 and 5.7-fold + 0.8, respectively) vs.
control (p<0.05, Figure 3.24 B). These results suggest that HCN4 and Cx40 gene
expression is regulated by ANP/NPR-A signalling via cGMP.

Since antibodies specific for cGMP also cross-react with 8-Br-cGMP (Li et al.,
2012; Yasoda et al., 1998), we employed the competitive HTRF immunoassay to
determine the levels of intracellular cGMP after exogenous addition of various
concentrations of 8-Br-cGMP to E11.5 ventricular cells. A standard curve for 8-Br-cGMP
was generated using the competitive immunoassay, by plotting Delta F values obtained
from known concentrations of 8-Br-cGMP (Figure 3.25). The baseline level of
intracellular cGMP was measured at 27.4 £ 0.6 nM per 100,000 E11.5 ventricular cells
which were not treated with 8-Br-cGMP (Figure 3.26). The addition of 1 uM 8-Br-cGMP

did not significantly alter cGMP levels vs. control (p=NS). The addition of 10 uM 8-Br-
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cGMP resulted in a measured cGMP level of 77.1 £ 4.2 nM, which corresponds to an
approximate 3-fold increase in intracellular cGMP vs. baseline (p<0.00005). Compared
to the baseline cGMP level, the addition of 25 pM 8-Br-cGMP resulted in a measured
cGMP level of 88.5 + 2.5 nM, which corresponds to an approximate 3-fold increase in
intracellular cGMP vs. baseline (p<0.005). The addition of 100 uM 8-Br-cGMP resulted in
measured cGMP level of 138.0 = 3.9 nM, corresponding to a 5-fold increase in
intracellular cGMP vs. baseline (p<0.005) (Figure 3.26). The addition of 100 uM 8-Br-
cGMP resulted in significant elevation of cGMP levels compared to doses of 10 or 25 uM
8-Br-cGMP (p<0.005). To compare, the addition of 100 or 1000 ng/ml ANP to cell
culture, in separate experiments, resulted in elevations in cGMP levels to 34.5 £ 0.7 nM
and 37.9 £ 0.1 nM, respectively, vs. baseline (p<0.05). Collectively, these results suggest
that intracellular cGMP levels can be elevated by 3-5-fold when large doses of 8-Br-

cGMPs are added to E11.5 ventricular cell cultures compared to untreated cells.
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Figure 3.24. Effects of exogenous addition of 8-Br-cGMP on gene expression of Cx40 and
HCN4 in E11.5 ventricular cells. Addition of the exogenous compound 8-Br-cGMP at
concentrations of 10 uM and 100 uM significantly increased gene expression of both
HCN4 and Cx40 in a dose-dependent manner. N=9 independent experiments. GAPDH was
used as the housekeeping gene. Each bar represents mean + SEM. *p<0.05 vs. control,
One-way ANOVA with Tukey post hoc test.
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Figure 3.25. Generation of standard curve using 8-Br-cGMP. A) The standard curve for 8-
Br-cGMP was generated by plotting Delta F values obtained from known concentrations
of 8-Br-cGMP. These concentrations covered an average range between 0-100 pM
(concentration of added 8-Br-cGMP per well). The experimentally determined Delta F
values were obtained utilizing known concentrations of 8-Br-cGMP and the competitive
immunoassay kit. B) Table displaying the concentrations of 8-Br-cGMP tested, which were
equivalent to the standard concentrations provided in the kit, along with their
experimentally determined Delta F values. Single point in standard curve represents the
mean of three independent experiments.
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Figure 3.26. Intracellular permeability of 8-Br-cGMP in E11.5 ventricular cells. To
determine the intracellular permeability of 8-Br-cGMP in E11.5 ventricular cells,
exogenous 8-Br-cGMP (1, 10, 25, or 100 uM) was added to cell culture and intracellular
cGMP (nM) was measured. Compared to control, addition of 10 uM and 25 uM 8-Br-cGMP
doses resulted in a 3-fold increase in intracellular cGMP; addition of 100 uM 8-Br-cGMP
resulted in a 5-fold increase in intracellular cGMP. Dashed arrows are used for a
comparison of intracellular cGMP levels between exogenous addition of 8-Br-cGMP vs.
ANP. To compare, addition of 100 or 1000 ng/ml ANP (over 48 hours) in separate
experiments resulted in cGMP levels of 34.5 £ 0.7 nM and 37.9 £ 0.1 nM, respectively.
N=3 independent experiments, performed in duplicate wells. Each bar represents mean
+ SEM. *p<0.05 vs. control, #p<0.05 vs. 1 uM 8-Br-cGMP, $p<0.05 vs. 100 uM 8-Br-cGMP,
One-way ANOVA with Tukey post hoc test.
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3.3.10 Cardiomyogenic Differentiation is Enhanced in Embryonic Ventricular Cells
Treated with 8-Br-cGMP

To examine the effects on ventricular cell differentiation, 8-Br-cGMP was added
to E11.5 ventricular cells generated by crossing two knock-in mouse strains (Nkx2.5-Cre
and Rosa-LacZ) as described in our previous studies (Zhang and Pasumarthi, 2007;
Feridooni et al., 2017). The crossing of Nkx2.5-Cre homozygotes with Rosa-LacZ
homozygotes resulted in the generation of double knock-in Nkx2.5 Cre-Rosa LacZ
embryos in which the Cre-protein excised a floxed stop cassette (transcriptional
terminator) with an activated LacZ gene in cells of Nkx2.5+ cell lineage (Figure 3.27).
The Nkx2.5 lineage was tracked through expression of B-gal protein identified in
immunofluorescence staining. Using this approach, embryonic CPCs can be identified as
cells positive for B-Gal but not MF20 (B-Gal*/MF20’) since Nkx2.5"/MF20" cells were
shown to differentiate into CMs (McMullen et al., 2009; Zhang and Pasumarthi, 2007).
Additionally, cells positive for both B-Gal and MF20 represent the CM population (B-
Gal’/MF20%). With the addition of 8-Br-cGMP to E11.5 cell culture, the percentage of
CPCs (expressed as a percent of the total number of cells viewed per field) significantly
decreased with 10 uM and 100 uM doses compared to that of control cultures (28 + 0.5
% and 14 + 0.7 % respectively vs. 38 + 2.2 %, p<0.005, Figure 3.28). In contrast, addition
of 8-Br-cGMP at 10 uM and 100 pM doses resulted in a significant increase in the
percentage of CMs, vs. control (28 + 0.6 % and 38 + 0.7 % respectively, vs. 20 + 0.9 %,
p<0.005, Figure 3.29).

It is possible that cGMP may play a role in promoting differentiation of CPCs into

VCS cells, as evidenced by the decrease in percentage of CPCs upon addition of 8-Br-
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cGMP coupled to the results from Section 3.3.9 where gene expression of the VCS
markers increased significantly upon addition of the same compound. The second
messenger molecule cGMP may also play a role in promoting differentiation of CMs, as

evidenced by the increase in the percentage of CMs upon addition of 8-Br-cGMP.
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Figure 3.27. Conditional activation of the LacZ reporter gene allowing for cells of the
Nkx2.5 cell lineage to be genetically labelled. (A) Schematic diagram showing the cross
between Nkx2.5-Cre (NC) mice with an internal ribosomal entry sequence (IRES) and Cre-
recombinase (Cre) coding sequence inserted into the 3’ untranslated region of the Nkx2.5
gene, and Rosa-LacZ (RL) mice with a transcriptional terminator stop cassette proximal to
the B-galactosidase (LacZ) gene flanked LoxP sites. The genetic crossing of NC and RL mice
results in the generation of double knock-in NCRL embryos with a Cre-protein excised a
floxed stop cassette with an activated LacZ gene in cells of Nkx2.5" cell lineage.
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Figure 3.28. Cellular differentiation of cardiac progenitor cells (CPCs) is influenced by
addition of exogenous cGMP (8-Br-cGMP) in E11.5 Nkx2.5 Cre-Rosa LacZ (NCRL) mouse
ventricular cells, as denoted by changes in protein expression obtained via
immunofluorescence. Representation of a single CPC from E11.5 NCRL ventricular cell
culture with staining for A) Hoechst (nuclei) B) B-gal protein C) sarcomeric myosin (MF20)
and D) an image overlay. E) The percentage of CPCs (expressed as a percent of the total
number of cells counted per field), identified by NKX+/MF20- staining, decreased
following addition of 8-Br-cGMP to cell culture (10, 100 uM). CPCs do not express B-gal.
N=6 independent experiments. Each bar represents mean + SEM. *p<0.05 vs Control,
One-way ANOVA with Tukey post hoc test.
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Figure 3.29. Cellular differentiation of cardiomyocytes is influenced by addition of
exogenous cGMP (8-Br-cGMP) in E11.5 Nkx2.5 Cre-Rosa LacZ (NCRL) mouse ventricular
cells, as denoted by changes in protein expression obtained via immunofluorescence.
Representation of a single CM from E11.5 NCRL ventricular cell culture with staining for
A) Hoechst (nuclei) B) B-gal protein C) sarcomeric myosin (MF20) and D) an image overlay.
E) The percentage of CMs (expressed as a percent of the total number of cells counted
per field), identified by NKX+/MF20+ staining, increased following addition of 8-Br-cGMP
to cell culture (10, 100 uM). CMs express B-gal. N=6 independent experiments. Each bar
represents mean + SEM. *p<0.05 vs. control, One-way ANOVA with Tukey post hoc test.
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3.3.11 Effects of Rp-8-pCPT-cGMPS, a Protein Kinase G Inhibitor, on Gene Expression
of HCN4 and Cx40 in E11.5 Ventricular Cells in The Presence and Absence of

ANP

To determine if ANP/NPR-A signaling-mediated changes in VCS marker gene
expression involved the stimulation of protein kinase G (PKG), we tested the effects of a
PKG inhibitor in E11.5 ventricular cells. A 100 uM dose of Rp-8-pCPT-cGMPS was added
to E11.5 ventricular cell culture every 12 hours for a period of 24 hours in the presence
or absence of ANP (1000 ng/ml) (Figure 3.30). HCN4 expression was significantly
reduced upon addition of this compound alone by ~4.2-fold (0.24 + 0.02, p<0.00005) vs.
control (Figure 3.30 A). This reduction in HCN4 gene expression by Rp-8-pCPT-cGMPS
alone was significantly less than the combination of ANP plus Rp-8-pCPT-cGMPS by ~1.4-
fold (0.73 £ 0.09, p<0.00005). To test whether there could be synergistic effects on
downregulated HCN4 expression by the combined blockade of NPR-A receptor with
blockade of PKG, the combination of A71915 + Rp-8-pCPT-cGMPS was tested. This
combination resulted in a significant reduction in the gene expression of HCN4 by ~10-
fold (0.10 + 0.03, p<0.00005) vs. control.

The addition of RP-8-pCPT-cGMPS significantly reduced Cx40 gene expression by
~3.8-fold (0.26 £ 0.005) vs. control and was significantly less than the combination of
ANP plus Rp-8-pCPT-cGMPS which was reduced by ~1.3-fold (0.79 £ 0.03) (p<0.00005,
Figure 3.30 B). The combination of A71915 + Rp-8-pCPT-cGMPS resulted in a significant
reduction in gene expression of Cx40 by ~11-fold (0.09 + 0.02, p<0.00005). Overall, this
seems to imply that 1) ANP may be rescuing the decline in gene expression caused by

Rp-8-pCPT-cGMPS, and 2) cGMP signalling may be linked to ANP/NPR-A activation, and
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PKG may be a downstream target of this signalling, resulting in induction of Cx40 and
HCN4, in order to promote formation of the Purkinje fiber network of the developing

embryonic mouse heart.
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Figure 3.30. Effects of protein kinase G inhibitor — Rp-8-pCPT-cGMPS on gene expression
of HCN4 and Cx40 in the presence or absence of ANP, in E11.5 ventricular cells. E11.5
ventricular cells were incubated with Rp-8-pCPT-cGMPS (100 uM) in the presence and
absence of ANP, for 24 hours, with dosing every 12 hours. The addition of Rp-8-pCPT-
cGMPS alone significantly reduced HCN4 and Cx40 gene expression. In combination with
ANP, it appears that ANP may be rescuing the decline in gene expression provided by Rp-
8-pCPT-cGMPS. N=8 independent experiments. Each bar represents mean + SEM. *p<0.05
vs. control, #p<0.05 between groups as indicated, One-way ANOVA with Tukey post hoc
test.

165



3.3.12 Effects of ANP on MicroRNA Regulation of HCN4 and Cx40 in E11.5 and E14.5
Mouse Ventricular Cells

Gene expression is regulated by transcriptional, post-transcriptional,
translational and post-translational mechanisms. MicroRNAs (miRNA) are short non-
coding RNAs which can bind to 3" UTR sequences in one or more target mRNAs and
subsequently decrease protein levels by destabilizing mMRNAs and/or suppressing
translation (Cannell et al., 2008). ANP has been shown to regulate the expression of a
number miRNAs in human vascular smooth muscle cells via the cGMP/PKG pathway
(Kotlo et al., 2011). Recent studies have identified regulatory roles for miRNAs in
controlling the levels of HCN4 (miRNA 1a and miRNA 133, Fu et al., 2011; D’Souza et al.,
2014; Li et al., 2015) and Cx40 (miRNA 27b, Takahashi et al., 2016) in cardiac tissue.
However, it is not known whether ANP plays any role in the regulation of HCN4 and
Cx40 gene expression via miRNA regulation in embryonic ventricular cells. Thus,
expression analysis of the miRNA 1a, 133 and 27b was performed by gPCR upon
administration of ANP (1000 ng/ml), or A71915 (1 uM), or combination of both, to E11.5
cell cultures (Figure 3.31). The addition of ANP significantly reduced the expression of
1a, 133, and 27b vs. control by ~5-fold, ~3.3-fold, and ~1.6-fold, respectively (0.2 + 0.02,
0.3 +0.03, 0.6 + 0.03, respectively, p<0.05). In contrast, the addition of A71915
significantly increased expression of all three miRNAs tested (5.0-fold £ 0.7, 4.3-fold
0.7, 3.1-fold £ 0.3, respectively, p<0.05). The combination of ANP and A71915 treatment
significantly increased miRNA expression of 1a, 133 and 27b vs. control (3.2-fold £ 0.1,
3.8-fold £ 0.4 and 2.2-fold £ 0.2 respectively, p<0.05); this was significantly greater than

vs. ANP alone, but not different compared to A71915 alone (Figure 3.31). Similar
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regulation of all three miRNAs was observed in E14.5 ventricular cultures treated with or
without ANP and/or A71915 (Figure 3.32). Collectively, these results suggest that
increases in HCN4 and Cx40 mRNAs levels in ANP treated embryonic ventricular cells
could be mediated in part via significant decreases in miRNA species that are known to
destabilize the respective target mRNAs (Fu et al., 2011; D’Souza et al., 2014; Takahashi

et al,, 2016).
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Figure 3.31. Effects of exogenous ANP (1000 ng/ml) and/or A71915 (1 uM) on microRNA
levels in E11.5 mouse ventricular cells. Analysis of the miRNA expression of A) miRNA 1a
and B) miRNA 133, which have been shown to regulate HCN4 mRNA expression, and C)
miRNA 27b, which has been shown to regulate Cx40 mRNA expression, was performed by
RT-gPCR upon administration of ANP and/or A71915 to E11.5 cell culture. MiRNA
expression was normalized using U6 levels via AACt method. For all three miRNAs
analyzed, addition of ANP significantly reduced expression of miRNAs, whereas addition
of A71915 increased expression of miRNAs. N=7 independent experiments. Each bar
represents mean + SEM. *p<0.05 vs control, #p<0.05 between groups as indicated, One-
way ANOVA with Tukey post hoc test.
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Figure 3.32. Effects of exogenous ANP (1000 ng/ml) and/or A71915 (1 uM) on microRNA
levels in E14.5 mouse ventricular cells. Analysis of the miRNA expression of A) miRNA 1a
and B) miRNA 133, which have been shown to regulate HCN4 mRNA expression, and C)
miRNA 27b, which has been shown to regulate Cx40 mRNA expression, was performed by
RT-gPCR upon administration of ANP and/or A71915 to E14.5 cell culture. MiRNA
expression was normalized using U6 levels via AACt method. For all three miRNAs
analyzed, addition of ANP significantly reduced expression of miRNAs, whereas addition
of A71915 increased expression of miRNAs. N=7 independent experiments. Each bar
represents mean £ SEM. *p<0.05, #p<0.05 between groups as indicated, One-way ANOVA
with Tukey post hoc test.
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3.3.13 Effects of the NPRA-KO Genotype on MicroRNA Regulation of HCN4 and Cx40 in
E14.5 and Neonatal Mouse Heart Tissue

We next wanted to determine whether ablation of the NPR-A receptor could
have an effect on miRNA expression of 1a, 133, and 27b in E14.5 heart tissue (Figure
3.33 A-C). Compared to WT ventricles, homozygous NPRA-KO ventricles demonstrated
upregulation of miRNAs 1a and 133 (4.8-fold £ 0.7 and 11.2-fold % 3.8, p<0.05) vs.
control. For both miRNAs 1a and 133, heterozygotes expressed miRNAs at a similar level
vs. control (p=NS). For 27b miRNA expression, there were no statistical differences
between any of the three genotypes (p=NS). Expression of miRNA 208a was also
analyzed, as it has been found to be required for Cx40 expression by another group
(Callis et al., 2009). Mice with the miRNA 208a -/- phenotype were shown to
demonstrate insufficient Cx40 expression leading to the development of cardiac
conduction abnormalities (Callis et al., 2009). At E14.5, we found that in NPRA-KO mice,
homozygotes had significant downregulation of miRNA 208a by ~4-fold (0.25 + 0.05,
p<0.0005, Figure 3.33 D).

The effect of genetic ablation of NPR-A on miRNA expression of 1a, 133, and 27b
was also examined in ND1 heart tissue. In ND1s, compared to WT, miRNA 1a expression
was significantly upregulated in heterozygotes and homozygotes vs. WT mice (4.6-fold +
0.9 and 12.6-fold + 0.8, p<0.05); miRNA 1a expression was significantly upregulated in
homozygotes vs. heterozygotes (p<0.05, Figure 3.34 A). MiRNA 133 expression was
significantly upregulated in homozygotes vs. WT mice (12.6-fold £ 0.8, p<0.0005);
miRNA 133 expression was significantly upregulated in homozygotes vs. heterozygotes

(12.6-fold £ 0.8 vs. 2.8-fold + 0.6, p<0.005, Figure 3.34 B). Expression of miRNA 133 was
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similar between heterozygotes and WT mice (p=NS). The expression of miRNA 27b was

similar across all three genotypes (p=NS, Figure 3.34 C).
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Figure 3.33. Effects of the NPRA-KO genotype on microRNA levels in E14.5 ventricles of
NPRA-KO mice. At E14.5, analysis of miRNAs reveals that in NPRA-KO mice, compared to
WT mice, homozygous NPRA-KO mice demonstrated upregulation of miRNAs A) 1a and
B) 133. C) There were no significant differences in miRNA 27b expression between
genotypes. D) Homozygous NPRA-KO mice demonstrated significant downregulation of
miRNA 208a vs. WT. MiRNA expression was normalized using U6 levels via AA Cr method.
N=4 independent experiments. Each bar represents mean + SEM. *p<0.05 vs. control,
#p<0.05 between other groups as indicated, One-way ANOVA with Tukey post hoc test.
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Figure 3.34. Effects of the NPRA-KO genotype on microRNA levels in neonate (ND1)
hearts of NPRA-KO mice. A) Heterozygous and homozygous NPRA-KO mice demonstrated
significant upregulation of miRNA 1a vs. WT. B) Homozygous NPRA-KO mice
demonstrated significant upregulation of miRNA 133 vs. WT. C) There were no significant
differences in miRNA 27b expression between genotypes. MiRNA expression was
normalized using U6 levels via AA C;r method. N=4 independent experiments. Each bar
represents mean + SEM. *p<0.05 vs. control, #p<0.05 between groups as indicated, One-
way ANOVA with Tukey post hoc test.
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CHAPTER 4: CHARACTERIZATION OF PHARMACOLOGICAL
PROPERTIES OF THE NPR-A ANTAGONIST A71915 IN EMBRYONIC
MOUSE VENTRICULAR CELLS

4.1 Background and Hypothesis

The NPR-A antagonist A71915 (see Figure 1.8), was initially discovered in a study
comparing several ANP receptor antagonists with one another in cultured bovine
transformed aortic endothelial cells (BTAEC) which contain 90% NPR-C and 10% NPR-
A/NPR-B receptors (Von Geldern et al., 1990). This study showed for the first time that
A71915 was a potent inhibitor of ANP-induced cGMP production in BTAEC cells.
Subsequently, this inhibitor was shown to block ANP induced cellular effects in human
neuroblastoma NB-OK-1 cells expressing NPR-A but not NPR-C receptors and thus it was
designated as an NPR-A specific inhibitor (Delporte et al., 1992). Their study determined
the capacity of A71915 to limit ANP binding, and to suppress ANP-stimulated cGMP
elevation (Delporte et al., 1992). A71915 was shown to displace [***I] ANP with an
inhibition constant (K;) value of 0.65 nM, the lowest K; of the seven compounds tested.
Thus, A71915 was deemed the most potent antagonist of the NPR-A receptor (Delporte
et al., 1992). ANP dose-response curves measuring cGMP production in NB-OK-1 cells
showed that A71915 shifted the dose-response curve to the right for all doses tested
(Delporte et al., 1992). However, there is scant information in the literature about the
ability of A71915 to exert any pharmacological effects via NPR-C.

Previous experiments conducted with A71915 in E11.5 ventricular cell cultures

(see Chapter 3) have uncovered some unique features for this inhibitor such as: A) the
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inhibitor alone at a concentration of 1 uM decreased gene expression below the
baseline (see Section 3.3.2) and B) when combined with 1000ng/ml of ANP, ANP did not
rescue the inhibitory effects of A71915. Based on these results, it is not clear whether
A71915 acts as a competitive or non-competitive inhibitor in E11.5 ventricular cells. It is
also not clear if A71915 could act on NPR-C receptors since we have shown that E11.5
ventricular cells express both NPR-A and NPR-C receptors (Hotchkiss et al., 2015). We
were particularly curious about the antagonistic nature of A71915 in embryonic
ventricular cells, since this compound was tested in numerous experiments in this
thesis. Hence, we pursued further characterization of pharmacological properties of
A71915 using E11.5 ventricular cells. We hypothesized that binding of A71915 to NPR-A
receptors prevents endogenous ANP from binding to its cognate receptors, thus

behaving as a competitive antagonist in embryonic mouse ventricular cells.

4.2 Specific Aims

1. To generate dose-response curves for ANP, using a fixed concentration of ANP
(1000 ng/ml) and varying concentrations of A71915. This was done by measuring
endogenous cGMP in E11.5 ventricular mouse cells post-treatment.

2. To generate dose-response curves for A71915, using a fixed concentration of
A71915 (1 uM) and varying concentrations of ANP. This was done by measuring
endogenous cGMP in E11.5 ventricular mouse cells post-treatment.

3. To determine the type of antagonistic behaviour of A71915 in E11.5 ventricular
mouse cells.

4.3 Results

4.3.1 Generation of Dose-Response Plots for ANP in E11.5 Ventricular Cells
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In Section 3.3.3, we demonstrated that the binding of ANP to NPR-A receptors
led to a significant increase in cGMP signalling, and that this cGMP signalling was
correlated with significant induction in the gene expression of HCN4 and Cx40. We
wanted to generate dose-response plots for ANP, by testing the effects of adding 1, 10,
100 or 1000 ng/ml ANP to E11.5 ventricular cell cultures and acutely measuring the
changes in intracellular cGMP production. This would allow us to see the effects of
exogenous ANP at lower concentrations, on cGMP production. The competitive
immunoassay for measurement of cGMP was performed, as previously described in
Section 3.3.3. The baseline level of cGMP in untreated cultures was measured as 29.7 +
0.1 nM per 100,000 cells. Compared to control, only doses of 100 ng/ml and 1000 ng/ml
ANP resulted in a significant increase in intracellular cGMP production (100 ng/ml ANP:

34.5 + 0.7 nM; 1000 ng/ml ANP: 37.9 + 0.09 nM, p<0.05) (Figure 4.1).
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Figure 4.1. Dose-response for ANP on cGMP production in E11.5 ventricular cells. The
effects of exogenous ANP on intracellular cGMP production was determined by
stimulating isolated E11.5 cells with ANP, then measuring cGMP using a competitive
immunoassay. This was done at varying concentrations (1, 10, 100, and 1000 ng/ml) to
establish a dose-response for ANP. The baseline level of cGMP in control cultures was
measured to be 29.7 £ 0.1 nM per 100,000 cells. Addition of exogenous ANP resulted in a
significant increase in cGMP at concentrations of 100 and 1000 ng/ml. N=6 independent
experiments, performed in duplicate wells. Each bar represents mean + SEM. *p<0.05,
One-way ANOVA with Tukey post hoc test.
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4.3.2 Generation of Dose-Response Plots for A71915 in E11.5 Ventricular Cells in the
Absence of Exogenous ANP

We previously demonstrated in Section 3.3.3 that the addition of A71915 (1 uM)
alone to cell culture resulted in a significant decrease in cGMP production vs. control,
and that a decrease in cGMP (8-Br-cGMP) was correlated with a decrease in gene
expression of Cx40 and HCN4 (Section 3.3.9). Next, we wanted to generate dose-
response plots for A71915, determining the effect of this antagonist at varying
concentrations (0.1, 0.25, 0.5, 1, 2, 5, or 10 uM) on intracellular cGMP production in
E11.5 ventricular cells. The baseline level of cGMP measured was 29.3 £ 0.1 nM, per
100,000 cells. Compared to control, there was a dose-dependent decline in intracellular
cGMP production using concentrations from 0.25 to 10 uM A71915, with a 0.25 uM
dose of A71915 producing 25.3 + 0.6 nM cGMP, and with a 10 uM dose of A71915
producing 9.9 + 0.09 nM cGMP (p<0.05, Figure 4.2). These results suggest that A71915

acts as an inverse agonist in the absence of exogenous ANP in E11.5 ventricular cells.
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Figure 4.2. Dose-response for A71915 on cGMP production in E11.5 ventricular cells. The
effects of exogenous A71915 on intracellular cGMP production was determined by
incubating isolated E11.5 cells with A71915, then measuring cGMP using a competitive
immunoassay. This was done at varying concentrations (0.1 to 10 uM) to establish a dose-
response for A71915. The baseline level of cGMP was measured to be 29.3 + 0.1 nM per
100,000 cells. Addition of A71915 resulted in a significant decrease in cGMP at
concentrations between 0.25 and 10 uM. N=6 independent experiments, performed in
duplicate wells. Each bar represents mean = SEM. *p<0.05 vs. Control; #p<0.05 vs. all
groups, One-way ANOVA with Tukey post hoc test.
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4.3.3 Effects of A71915 on ANP-Induced cGMP Production in E11.5 Ventricular Cells
We wanted to determine the potential effects of A71915 on the ability of ANP to
induce cGMP production in E11.5 ventricular cells at varying inhibitor concentrations
(0.5, 1, 2 and 5 uM). In Figure 4.3, values that were significantly different from control
are noted (p<0.05). Cells treated with A71915 alone at all concentrations, revealed
significant reductions in cGMP levels compared to control values and these data are
consistent with the data shown in Figure 4.2. Among each treatment group consisting of
a fixed concentration of A71915 (0.5, 1, 2 uM) combined with variable concentrations of
ANP (1-1000 ng/ml), there appears to be an upward trend of gradually increasing cGMP
production with increasing concentrations of ANP. At 5 uM A71915, it appears that even
with the addition of increasing concentrations of ANP, cGMP levels remained similar to
one another (p=NS). These results suggest that higher concentrations of ANP (1000
ng/ml) can partially overcome inhibitory effects of A71915 to a certain extent under the

experimental conditions described here.
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Figure 4.3. Dose-response for ANP on cGMP production in E11.5 ventricular cells, using
fixed concentrations of A71915 (0.1, 0.5, 1, 2, 5 uM). The effects of exogenous ANP on
intracellular cGMP production was determined by stimulating isolated E11.5 cells with
ANP, then measuring cGMP using a competitive immunoassay, in combination with fixed
concentrations of A71915 (0.5, 1,2, or 5 uM). This was done at varying concentrations (1,
10, 100, and 1000 ng/ml) to establish a dose-response for ANP. The baseline level of cGMP
was measured to be 29.7 £ 0.1 nM per 100,000 cells. Addition of exogenous ANP resulted
in a significant increase in cGMP at vs. control as noted. N=6 independent experiments,
performed in duplicate wells. Each bar represents mean + SEM. *p<0.05, One-way ANOVA
with Tukey post hoc test.
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4.3.4 Determining the Type of Antagonism of A71915

We next wanted to determine whether the NPR-A inhibitor, A71915 when used
at a concentration of 1 UM, was acting in a competitive or non-competitive manner in
the presence of exogenous ANP. Specifically, we wanted to determine whether the ANP
dose-response curve for cGMP production could be shifted to the right in the presence
of 1 uM A71915. From the results presented in Sections 4.3.1 and 4.3.3, we first
compared dose-response curves generated using second messenger responses to
varying concentrations of ANP (1, 10, 100 and 1000 ng/ml) in the presence or absence of
1 uM A71915 (Figure 4.4). Comparison with ANP + 1 uM A71915 was done since this
combination was used extensively for studies conducted in Chapter 3. The X-axis
consists of the range of concentrations of ANP whereas the Y-axis consists of the
percent maximum response of cGMP levels. Although the maximal responses and
shapes of the curves were similar, the presence of the inhibitor caused a shift in the ANP
dose response curve to the right. These results indicate that A71915 at 1 uM
concentration can act as a competitive inhibitor for ANP concentrations ranging from
10-100 ng/ml, but not at 1000 ng/ml. Subsequently, we compared the LogEC50 of the
ANP + 1 uM A71915 curve to that of the ANP curve (-7.541 vs. -7.861) using a four-
parameter logistic sigmoidal dose response analysis and found that these values were
significantly different from each other (p<0.05, Figure 4.4). In addition, the Hillslopes for
both curves were found to be close to 1 (0.91 for ANP vs. 1.34 for ANP + 1 uM A71915)

which indicates the presence of a single binding site for these agents in E11.5 ventricular
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cells. Therefore, these results suggest that A71915 acts as a competitive inhibitor for
ANP binding (10-100 ng/ml) in E11.5 ventricular cells.

Although A71915-mediated decreases in cGMP levels at other fixed antagonist
concentrations (e.g. 0.5, 2 and 5 uM) were overcome by increasing concentrations of
ANP, there were no significant differences between the logeC50 values of the dose
response curves for ANP and ANP+A71915 at those other concentrations (data not
shown). Based on these results, A71915 may not be acting as a competitive antagonist
at those other concentrations in E11.5 ventricular cells. Taking into account the results

from Section 4.3.2, A71915 can behave as an inverse agonist in the absence of ANP.
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Figure 4.4. Determining the type of antagonism of A71915 through dose-response
curves with varying concentrations of ANP (1, 10, 100, 1000 ng/ml) in the absence or
presence of A71915 (1 uM). In order to determine whether A71915 was a competitive
antagonist or not, dose response curves were generated plotting ANP alone (0, 1, 10, 100,
1000 ng/ml, white squares) vs. ANP (0, 1, 10, 100, 1000 ng/ml) + A71915 (1 uM, black
circles). N=6 independent experiments. Each bar represents mean + SEM. *p<0.05, Four-
parameter logistic sigmoidal dose response analysis.
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4.3.5 Effects of A71915 Dosage on ANP-Induced Changes in Ventricular Conduction
System Gene Expression

We wanted to determine how various doses of A71915 (0.1 to 5 uM) in the
presence or absence of ANP treatment affected Cx40 and HCN4 gene expression in
E11.5 ventricular cells. Compared to ANP treatment (1000 ng/ml), the combination of
ANP (1000 ng/ml) + A71915 (0.1 uM) resulted in similar levels of HCN4 and Cx40 gene
expression (p=NS) (Figure 4.5 A, 4.6 A). However, compared to ANP treatment, the
combination of ANP + A71915 (0.5 uM) resulted in a significantly lower level of both
HCN4 and Cx40 gene expression (Figures 4.5 B and 4.6 B; 1.2-fold + 0.007 and 1.1-fold
0.003 respectively, p<0.00005). This result was similar for the subsequent doses of ANP
+1 uM A71915, ANP + 2 uM A71915, and ANP + 5 uM A71915 (p<0.05, Figures 4.5 and
4.6, panels C-E). Therefore, when A71915 was used at 0.5 uM or higher concentrations
in combination with 1000 ng/ml ANP, this significantly lowers gene expression of both

genes vs. ANP treatment alone.
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Figure 4.5. RT-qPCR analysis of HCN4 gene expression in E11.5 mouse ventricular cells
following addition of exogenous ANP (1000 ng/ml) in combination with varying
concentrations of A71915 (0.1, 0.5, 1, 2 and 5 uM) over 48 hours. Cells were incubated
with ANP + various doses of A71915 to determine changes in gene expression vs. ANP
alone. A) ANP + 0.1 uM A71915; B) ANP + 0.5 uM A71915; C) ANP + 1 uM A71915; D) ANP
+ 2 UM A71915; E) ANP + 5 uM A71915. Compared to ANP alone, the combinations of
ANP + 0.5 uM, ANP + 1 uM, ANP + 2 uM and ANP + 5 uM resulted in significant reductions
in HCN4 gene expression, whereas combinations with A71915 doses less than 0.5 pM
were similar to ANP alone. As the dose of A71915 increased in combination with ANP,
there was a trend toward decreased HCN4 expression. GAPDH was used as the
housekeeping gene. N=3 experiments per group. Each bar represents mean + SEM.
*p<0.05 control, #p<0.05 between groups as indicated, One-way ANOVA with Tukey’s
multiple comparisons post hoc test.

186



B 2 [ 1
=
= 5
21 @201
k=4 @
g o
& £
©
= 2
= o = o
& &

o o

= ) 3 > =
cPé,s. ‘\‘f ™ u“:* & © ‘.é‘éa eﬁ;";p\ o
= o <F e &
& & & =
Q\__\@-.P s S o ._-&"Q’ &®
& A = LS R
Eaé“ =
< &
& <

.
i
O
i

Relative expression
Relative expression
o & s = N

o. r &
> s =~ = & .
S &8 S W & & (\-§ a”

s> s~ < & Ry Y
= = = o 8 S
=~ i & 3 ¥ -
= s A S
a &
-~ S
2™ e
= =
#
! # 1
2 »

=

=

]
5

=1
2

= o
&

° S & &
= &
=S < & o
© & & &°
-5 &3
N LS R
« &
&
2%
=

Figure 4.6. RT-qPCR analysis of Cx40 gene expression in E11.5 mouse ventricular cells
following addition of exogenous ANP (1000 ng/ml) in combination with varying
concentrations of A71915 (0.1, 0.5, 1, 2 and 5 uM) over 48 hours. Cells were incubated
with ANP + various doses of A71915 to determine changes in gene expression vs. ANP
alone. A) ANP + 0.1 uM A71915; B) ANP + 0.5 uM A71915; C) ANP + 1 uM A71915; D) ANP
+ 2 UM A71915; E) ANP + 5 uM A71915. Compared to ANP alone, the combinations of
ANP + 0.5 uM, ANP + 1 uM, ANP + 2 uM and ANP + 5 uM resulted in significant reductions
in Cx40 gene expression, whereas combinations with A71915 doses less than 0.5 uM were
similar to ANP alone. As the dose of A71915 increased in combination with ANP, there
was a trend toward decreased Cx40 expression. GAPDH was used as the housekeeping
gene. N=3 experiments per group. Each bar represents mean + SEM. *p<0.05 vs. Control,
#p<0.05 between groups as indicated, One-way ANOVA with Tukey’s multiple
comparisons post hoc test.
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4.3.6 Determining the Natriuretic Peptide Receptor Selectivity for A71915

ANP is known to bind to not only NPR-A, but also NPR-B, and NPR-C receptors.
Since A71915 shares some structural similarities with ANP, we wanted to determine if
A71915 was selective for NPR-A blockade, or non-selective. It has been shown that
stimulation of NPR-C leads to decreases in cCAMP signalling, (Pagano and Anand-
Srivstava, 2001). We also questioned whether A71915-mediated reduction of cGMP
levels in embryonic ventricular cells relies solely on its actions on the NPR-A receptor
(Section 4.3.2) or could be via its actions on NPR-C triggering a potential crosstalk with
the NPR-A/cGMP signalling system.

First, we designed an experiment to test the selectivity of A71915 for NPR-A. We
generated timed pregnancies crossing NPRA-KO homozygous (-/-) male mice with BL6
female mice to generate E11.5 embryos that were heterozygous for NPRA-KO (+/-).
E11.5 NPR-A" ventricular cells were cultured and dose-response plots for varying
concentrations of A71915 (0 to 10 uM) were generated (Figure 4.7). Partial ablation of
the receptor (50% blockade) removed the inhibitory effects of A71915 on cGMP as seen
in Section 4.3.2. At all concentrations of A71915 tested, there were no longer any
reductions in cGMP levels vs. control (p=NS). Therefore, with this experiment, we were
able to rule out any off-target effects of A71915. Interestingly, baseline cGMP was
measured at 21.7 + 0.6 nM in E11.5 NPR-A" ventricular cells. This appears to be much
lower than the baseline cGMP we have recorded for experiments done with fully

functional NPR-A receptors (~28-30 nM range). These differences in baseline cGMP
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could be due to strain variance (BL6/NPRA-KO transgenic line vs. CD1 mice) or may also
be due to the loss of a single copy of the Npr1 gene.

To test if A71915 could be also acting via NPR-C, we performed a competitive
immunoassay to measure changes in cAMP with increasing concentrations of A71915.
Since, it was shown that NPR-C signalling leads to a downregulation of cAMP (Pagano
and Anand-Srivstava, 2001), we wanted to determine if A71915 treatment could
modulate the intracellular levels of cAMP in embryonic ventricular cells. We used a
competitive immunoassay for cAMP and followed a similar protocol as with
measurement of cGMP. However, one major change using this immunoassay is that we
plated 4,000 E11.5 ventricular cells per well, as opposed to 100,000 cells per well, as this
had previously been determined to be the optimal cell density for measurement of
cAMP in E11.5 cells (Hotchkiss 2013, unpublished). E11.5 ventricular cells were
incubated with either control, ANP (1000 ng/ml), A71915 (range of concentrations from
0.1 to 10 uM), and to serve as a positive control, we added isoproterenol (ISO) (100 nM)
alone, or in combination with either 1000 ng/ml ANP or 1 uM A71915 (Figure 4.8).
Under basal conditions, baseline cAMP was measured at 7.0 £ 0.3 nM, per 4,000 cells.
ANP alone (1000 ng/ml) and various concentrations of A71915 (0.1 to 5 uM) did not
have a significant effect on levels of cAMP production (p=NS). Treatment with ISO (100
nM) alone significantly elevated cAMP levels which were measured at 28.9 + 0.1 nM, vs.
control (p<0.05). ISO in combination with ANP (1000 ng/ml) and with A71915 (1 uM)
also resulted in significant increases in cAMP levels (p<0.05), however there were no

significant differences between all three groups containing ISO (p=NS). Since A71915
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does not appear to affect cAMP levels, it is unlikely that A71915 is selective for NPR-C. In
conclusion, A71915 is an antagonist that is highly selective for NPR-A, but not NPR-C in

embryonic ventricular cells.
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Figure 4.7. Determining selectivity of A71915 for NPR-A by measuring changes in cGMP
production that occur with partial genetic ablation of the NPR-A receptor (NPR-A*"). To
determine whether A71915 was a selective inhibitor for NPR-A, E11.5 ventricular cells
from NPR-A" hearts were cultured and incubated with various concentrations of A71915
(ranging from 0.1 to 10 uM) and cGMP production was measured. Partial ablation of the
NPR-A receptor prevented changes in cGMP levels from occurring with increasing doses
of A71915, vs. control. Therefore, A71915 may be highly selective for NPR-A. Baseline
cGMP was measured at 21.7 + 0.6 nM per 100,000 cells, which was much lower than
baseline cGMP recorded in other experiments with fully functional NPR-A receptors (~28-
30 nM range). N=6 independent experiments, performed in duplicate wells. Each bar
represents mean + SEM. *p<0.05, One-way ANOVA with Tukey post hoc test.
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Figure 4.8. Determining selectivity of A71915 for NPR-C by measuring changes in cAMP
signalling. To determine if A71915 was non-selective (i.e. could bind to NPR-C receptors
and affect cAMP signalling), E11.5 ventricular cells were incubated with varying
concentrations of A71915 and cAMP production was measured. Increasing doses of
A71915 had no effect on cAMP levels vs. control. Isoproterenol (ISO) was added alone as
a positive control, significantly increasing cAMP levels vs. control. ISO in combination with
either ANP (1000 ng/ml) or A71915 (1 uM) also increased cAMP levels vs. control.
However, there were no significant differences between all 3 groups containing 1SO.
Therefore, it is unlikely that A71915 is acting via NPR-C receptor in E11.5 ventricular cells.
Baseline cAMP was measured at 7.0 £ 0.3 nM per 4,000 cells. N=6 independent
experiments, performed in duplicate wells. Each bar represents mean + SEM. *p<0.05,
One-way ANOVA with Tukey post hoc test.
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CHAPTER 5: CHARACTERIZING THE POTENTIAL FOR SIGNALLING
INTERACTIONS BETWEEN ATRIAL NATRIURETIC PEPTIDE,
ENDOTHELIN-1, AND NEUREGULIN-1 SIGNALLING PATHWAYS IN THE
DEVELOPMENT OF THE VENTRICULAR CONDUCTION SYSTEM

5.1 Background and Hypothesis

The results seen in Chapter 3 convey that the ANP/NPR-A/cGMP signalling
pathway is biologically active in the mouse embryonic heart and through this pathway
gene expression of important VCS markers, Cx40 and HCN4, is regulated. In addition,
these results provide a framework to suggest that ANP may be involved in the formation
of the VCS in the embryonic heart. NRG-1 may play an important role in the formation
of the CCS. It has been shown that overexpression of NRG-1 and its cognate receptors in
the heart, ErbB4 and ErbB2, results in hyper-trabeculation (Parodi & Kuhn, 2014). This
has been shown to lead to ventricular non-compaction and could potentially lead to the
development of CHDs (Parodi & Kuhn, 2014). Using a CCS-lacZ reporter mouse line,
Rentschler et al. (2002) studied the effects of exogenous NRG-1 on cultured embryonic
hearts. NRG-1 was capable of increasing B-gal expression, providing evidence that NRG-
1 is capable of stimulating the differentiation of CMs into CCS cells (Rentschler et al.,
2002). ET-1 has also been studied in the context of the development of the CCS, and ET-
1 may also play a role in its formation. Gourdie et al. (1998) showed that exogenous ET-
1 added to chick ventricular CMs was capable of converting them into Purkinje fiber
cells. Despite a progressive maturation of the CCS in embryonic mouse ventricles from
E8.5 to E17.5 stages, the inductive effects of ET-1 and NRG-1 appear to be limited

beyond E10.5-11.5 stages (Gourdie et al., 1998; Rentschler et al., 2002; Patel and Kos,
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2005; Meyer and Birchmeier, 1995; Gassmann et al., 1995; Takebayashi-Suzuki et al.,
2000; Mikawa and Hurtado, 2007). Given the effects of ANP on induction of VCS marker
gene expression beyond the E11.5 stage of ventricular development (Figures 3.12 and
3.13), it is possible that ANP may act as a stage-specific paracrine factor in VCS
development. Since ANP, ET-1 and NRG-1 have all been shown to be present in the
developing ventricular trabeculae of the embryonic heart (Hotchkiss et al., 2015;
Rentschler et al., 2002; Gourdie et al., 1998), it is possible that there may be signalling
interactions occurring between ANP, NRG-1, ET-1 and their respective cognate receptors
to guide development of the VCS. We hypothesize that the three distinct signalling
systems of ANP, NRG-1 and ET-1, interact in a cooperative manner, to form a cellular

signalling network that guides development of the VCS in the embryonic mouse heart.

5.2 Specific Aims

1. To determine the potential role of ET-1 and NRG-1 in inducing VCS marker gene
expression in E11.5 ventricular cell cultures.

2. To determine if ET-1 and/or NRG-1 signalling systems modulate the levels of
second messenger molecule cGMP in embryonic ventricular cells.

3. To determine if exogenous addition of ANP, ET-1 and/or NRG-1 induce activity of
a Cx40-promoter construct.
5.3 Results

5.3.1 Effects of ET-1 and NRG-1 on Percent Distribution of Cells Expressing HCN4 and
Cx40 in E11.5 Ventricular Cultures

Since ET-1 and NRG-1 have been shown to induce differentiation of CMs into CCS

cells in chick and mouse models (Gourdie et al., 1998; Rentschler et al., 2002), we

194



wanted to determine the effects of ET-1 or NRG-1 alone on protein expression of Cx40
and HCN4 in embryonic ventricular cells (therefore, in the VCS), by adding exogenous
forms of the peptides, and then comparing the effects of ET-1 and NRG-1 with ANP. We
chose to use concentrations of 1.5 nM for ET-1 and 2.5 nM for NRG-1, based on the
results of Patel & Kos’ study (2005), which demonstrated that at E9.5, the addition of
these paracrine factors alone at these concentrations resulted in increases in gene
expression of Cx40 in the mouse embryonic heart. Either ANP (1000 ng/ml), ET-1 (1.5
nM) or NRG-1 (2.5 nM) was added to E11.5 cell cultures every 12 hours over a period of
48 hours, after which cells were immunolabelled with MF20 for detection of CMs and
with anti-HCN4 antibody to identify HCN4 (Figure 5.1). The percentage of cells that
stained positively for MF20+ and HCN4+ were counted per field at 40x magnification (of
the total number of cells counted per field), denoted as HCN4+/MF20+ cells. These cells
are characterized as VCS cells since they are CMs that stain positive for these VCS
markers. The percent of HCN4+/MF20+ cells upon addition of either ET-1 or NRG-1
increased significantly vs. control (ET-1: 87 + 3%; NRG-1: 87 + 4%; Control: 63 + 5%,
p<0.005, Figure 5.2 A). It is important to note from these results that each of the
paracrine factors increased the percent of HCN4+/MF20+ cells to the same degree vs.
control and there were no significant differences between paracrine factor treatment
groups (p=NS).

The effects of these paracrine factors on the percentage of HCN4+/MF20- cells
was also determined. HCN4+/MF20- cells are non-CMs/VCS progenitors present in the

embryonic ventricles that stain positively for HCN4 but are negative for MF20.
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Compared to control, the addition of ET-1 or NRG-1 resulted in a significant decrease in
the percent of HCN4+/MF20- cells (ET-1: 43 + 4%; NRG-1: 44 + 3%, Control: 63 + 4%,
p<0.005, Figure 5.2 B). There were no significant differences in the percent of
HCN4+/MF20- cells between ANP, ET-1, or NRG-1 treatment groups (p=NS). We
calculated the ratio of HCN4+/MF20+ to HCN4+/MF20- cells per treatment group, which
would determine how each of the paracrine factors impacted the conversion of non-
CMs to VCS cells (Figure 5.3). The ratio of cells for the control group was 0.98 + 0.08
cells. Compared to control, the addition of ET-1 (1.5 nM) to E11.5 cell culture resulted in
a cell ratio of 2.2 + 0.3. The addition of NRG-1 (2.5 nM) resulted in a cell ratio of 2.0 +
0.18. The cell ratios for ET-1 and NRG-1 treated groups were each significantly higher vs.
control (p<0.005), suggesting that ET-1 and NRG-1 may be capable of promoting non-
CM cells in the embryonic mouse heart to VCS cells, along with ANP.

The effects of ANP, ET-1, and NRG-1 on protein expression of Cx40 at E11.5 was
determined in mouse ventricular cells, using the same concentrations and dose timing
as with HCN4 protein expression (Figure 5.4). Compared to control, although it appears
that the percentage of Cx40+/MF20+ cells increased with treatment of each of the
paracrine factors, this increase was not statistically significant (p=NS, Figure 5.5 A). The
effect of ET-1 and NRG-1 on protein expression of Cx40 mirrors the
immunofluorescence results of the effects of ANP on Cx40 expression at 1000 ng/ml in
Section 3.3.1. There were no significant differences in the percentages of Cx40+/MF20+

cells between ANP, ET-1, or NRG-1 treatment groups (p=NS).
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The percentage of Cx40+/MF20- cells (non-CM cells) significantly decreased vs.
control with ET-1 or NRG-1 treatment (ET-1: 31 + 4%; NRG-1: 28 + 3%; Control: 63 + 5%,
p<0.005, Figure 5.5 B). The ratio of Cx40+/MF20+ to Cx40+/MF20- cells was calculated
to determine the proportion of non-CM cells that were converted to VCS cells upon
addition of either ET-1 or NRG-1 (Figure 5.6). The cell ratio in the control group was 1.2
+ 0.1. The cell ratio of the ET-1 treated group was 3.2 £ 0.6. The cell ratio of the NRG-1
treated group was 3.4 £ 0.7. Therefore, the addition of ET-1 or NRG-1 resulted in a
significant increase in this cell ratio vs. control (p<0.05), suggesting that these paracrine
factors could also be involved, as with ANP, in inducing differentiation of non-CM cells
into VCS cells.

The total number of nuclei counted per field was determined among all
treatment groups immunostained for anti-HCN4 or anti-Cx40 antibody and there were
no significant differences among groups (p=NS, Figure 5.7 A). To determine the
potential impact of ET-1 or NRG-1 on the proliferation of CMs in cells immunolabelled
with anti-Cx40 antibody, we counted the number of MF20+ cells for both treatment
groups. Compared to control, there was a statistically significant increase in the number
of MF20+ cells with ET-1 treatment (51 + 7 cells) and with NRG-1 treatment (56 + 6 cells)
vs. control (25 £ 2 cells, p<0.005, Figure 5.7 B). There were no statistically significant
differences among ANP, ET-1, or NRG-1 groups for the number of MF20+ cells counted
(p=NS). These immunostaining experiments suggest that ET-1 and NRG-1 increase HCN4
protein expression in E11.5 ventricular cells, but not Cx40 protein expression. Also, both

treatments reduced the percentages of non-CMs with HCN4/Cx40 protein
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(HCN4+/MF20-, Cx40+/MF20- cells) and favoured differentiation of VCS cells vs. non-

CMs cells as seen in the increased cell ratios vs. control.
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Figure 5.1. Expression of HCN4 protein in E11.5 mouse ventricular cells following
addition of ET-1 or NRG-1 over 48 hours. E11.5 ventricular cells were cultured, and ANP
(1000 ng/ml), ET-1 (1.5 nM) or NRG-1 (2.5 nM) treatment was given every 12 hours over
a 48-hour period. Cells were immunolabelled for detection of HCN4 protein. The same
field of cells are labelled with Hoechst nuclear stain, sarcomeric myosin antibodies
(MF20), HCN4 protein and an image overlay. CMs were identified as MF20+. Ventricular
conduction system (VCS) cells were counted as those that identified as both HCN4+ and
MF20+ (HCN4+/MF20+). N=10 experiments per group. Scale bar = 100 pM.
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Figure 5.2. Percentage (%) of HCN4+/MF20+ and HCN4+/MF20- cells in E11.5 mouse
ventricular cells following addition of ET-1 or NRG-1 over 48 hours. E11.5 ventricular
cells were cultured and ANP (1000 ng/ml), ET-1 (1.5 nM), or NRG-1 (2.5 nM) was added
every 12 hours over a 48-hour period. Cells were immunolabelled for detection of HCN4
protein. CMs were identified as MF20+. A) Bar graph represents the percentage (%) of
HCN4+/MF20+ cells per field (quantified through immunolabelling) upon exposure to
each of the 3 paracrine factors over 48 hours. HCN4+/MF20+ cells were identified as
ventricular conduction system (VCS) cells. ANP (1000 ng/ml), ET-1 (1.5 nM) and NRG-1
(2.5 nM) significantly increased the % of HCN4+/MF20+ cells per field vs. control. There
were no significant differences among the three paracrine factors. B) Bar graph
represents the percentage (%) of HCN4+/MF20- cells per field (quantified through
immunolabelling) upon exposure to each of the 3 paracrine factors over 48 hours.
HCN4+/MF20- cells were identified as non-CMs expressing HCN4 protein. ANP (1000
ng/ml), ET-1 (1.5 nM) and NRG-1 (2.5 nM) significantly decreased the % of HCN4+/MF20-
cells per field vs. control. There were no significant differences among the three paracrine
factors. N=10 experiments per group, ~800-950 cells were counted from 10 fields for
each group. Each bar represents mean + SEM. *p<0.05 vs. control, One-way ANOVA with
Tukey’s multiple comparisons post hoc test.

200



Ratio of HCN4+/MF20+
to HCN4+/MF20- cells

Control ANP ET-1 NRG-1

Figure 5.3. Calculated ratio of HCN4+/MF20+ cells to HCN4+/MF20- cells in E11.5 mouse
ventricular cells following addition of ET-1 or NRG-1 over 48 hours. E11.5 ventricular
cells were cultured and ANP (1000 ng/ml), ET-1 (1.5 nM) or NRG-1 (2.5 nM) was added
every 12 hours over a 48-hour period. Cells were immunolabelled for detection of HCN4
protein. CMs were identified as MF20+. Bar graph represents the ratio of VCS cells
(HCN4+/MF20+) to non-CMs that stained positively for HCN4 (HCN4+/MF20-) cells upon
exposure to each of the three paracrine factors over 48 hours. ANP, ET-1, and NRG-1
significantly increased the cell ratio, favouring differentiation of VCS cells. There were no
significant differences between paracrine factor groups. N=10 experiments per group,
~800-950 cells were counted from 10 fields for each group. Each bar represents mean +
SEM. *p<0.05 vs. control (no treatment), One-way ANOVA with Tukey’s multiple
comparisons post hoc test.
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Figure 5.4. Expression of Cx40 protein in E11.5 mouse ventricular cells following
addition of ET-1 or NRG-1 over 48 hours. E11.5 ventricular cells were cultured, and ANP
(1000 ng/ml), ET-1 (1.5 nM) or NRG-1 (2.5 nM) treatment was given every 12 hours over
a 48-hour period. Cells were immunolabelled for detection of Cx40 protein. The same
field of cells are labelled with Hoechst nuclear stain, sarcomeric myosin antibodies
(MF20), Cx40 protein and an image overlay. CMs were identified as MF20+. Ventricular
conduction system (VCS) cells were counted as those that identified as both Cx40+ and
MF20+ (Cx40+/MF20+). N=10 experiments per group. Scale bar = 100 uM.
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Figure 5.5. Percentage (%) of Cx40+/MF20+ and Cx40+/MF20- cells in E11.5 mouse
ventricular cells following addition of ET-1 or NRG-1 over 48 hours. E11.5 ventricular
cells were cultured and ANP (1000 ng/ml), ET-1 (1.5 nM), or NRG-1 (2.5 nM) was added
every 12 hours over a 48-hour period. Cells were immunolabelled for detection of Cx40
protein. CMs were identified as MF20+. A) Bar graph represents the percentage (%) of
Cx40+/MF20+ cells per field (quantified through immunolabelling) upon exposure to each
of the 3 paracrine factors over 48 hours. Cx40+/MF20+ cells were identified as ventricular
conduction system (VCS) cells. None of the paracrine factors had an effect on %
Cx40+/MF20+ cells vs. control. B) Bar graph represents the percentage (%) of
Cx40+/MF20- cells per field (quantified through immunolabelling) upon exposure to each
of the 3 paracrine factors over 48 hours. Cx40+/MF20- cells were identified as non-CMs
expressing HCN4 protein. ANP (1000 ng/ml), ET-1 (1.5 nM) and NRG-1 (2.5 nM)
significantly decreased the % of Cx40+/MF20- cells per field vs. control. There were no
significant differences among the three paracrine factors. N=10 experiments per group,
~800-950 cells were counted from 10 fields for each group. Each bar represents mean +
SEM. *p<0.05 vs. control, One-way ANOVA with Tukey’s multiple comparisons post hoc
test.
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Figure 5.6. Calculated ratio of Cx40+/MF20+ cells to Cx40+/MF20- cells in E11.5 mouse
ventricular cells following addition of ET-1 or NRG-1 over 48 hours. E11.5 ventricular
cells were cultured and ANP (1000 ng/ml), ET-1 (1.5 nM) or NRG-1 (2.5 nM) was added
every 12 hours over a 48-hour period. Cells were immunolabelled for detection of Cx40
protein. CMs were identified as MF20+. Bar graph represents the ratio of VCS cells
(Cx40+/MF20+) to non-CMs that stained positively for Cx40 (Cx40+/MF20-) cells upon
exposure to each of the three paracrine factors over 48 hours. ANP, ET-1, and NRG-1
significantly increased the cell ratio, favouring differentiation of VCS cells. There were no
significant differences between paracrine factor groups. N=10 experiments per group,
~800-950 cells were counted from 10 fields for each group. Each bar represents mean +
SEM. *p<0.05 vs. control (no treatment), One-way ANOVA with Tukey’s multiple
comparisons post hoc test.
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Figure 5.7. Number of nuclei per field (A) and number of MF20+ cells (B) per field in
E11.5 cells immunolabelled with anti-HCN4 or anti-Cx40 antibody following addition of
ANP, ET-1 or NRG-1 over 48 hours. E11.5 ventricular cells were cultured and ANP (1000
ng/ml), ET-1 (1.5 nM), or NRG-1 (2.5 nM) was added every 12 hours over a 48-hour period.
Cells were immunolabelled for detection of HCN4 or Cx40 protein. CMs were identified
as MF20+. A) The number of nuclei per field were counted per treatment group; there
were no significant differences between groups. B) The number of MF20+ cells (CMs) per
field were counted. ANP, ET-1 and NRG-1 each significantly increased the number of
MF20+ cells vs. control. N=20 experiments per group, ~800-950 cells were counted from
10 fields for each group. Each bar represents mean + SEM. *p<0.05 vs. control (no
treatment), One-way ANOVA with Tukey’s multiple comparisons post hoc test.
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5.3.2 Effects of ET-1 and NRG-1 on Gene Expression of HCN4 and Cx40 in E11.5
Ventricular Cells

We wanted to determine the effects of exogenous ET-1 and NRG-1 on HCN4 and
Cx40 gene expression in E11.5 ventricular cells using RT-qPCR as previously described.
GAPDH was used as the housekeeping gene in all experiments. Briefly, E11.5 ventricular
cell cultures were treated with either ET-1 (1.5 nM) or NRG-1 (2.5 nM) for 12 hours over
a period of 48 hours. A control group was used as a negative control, and ANP (1000
ng/ml) treatment was used as a positive control. Cells were then processed for RNA
extraction, followed by synthesis of cDNA and analysis of the genes of interest through
RT-gPCR. The control group was assigned a relative expression value of 1.0. For HCN4
expression analysis, compared to control, the addition of ET-1 was not statistically
significant (p=NS, Figure 5.8). As a positive control group, ANP treatment resulted in a
significant increase in gene expression of HCN4 vs. control (1.7-fold + 0.06), yielding a
similar result as seen in Section 3.3.2 (p<0.005). NRG-1 treatment also increased gene
expression of HCN4 vs. control by 2.4-fold + 0.08 (p<0.005).

Interestingly, the induction of HCN4 gene expression by ANP was significantly
greater than that of ET-1, and the induction of HCN4 gene expression by NRG-1 was
significantly greater than that of ANP (p<0.005). Thus, of the 3 paracrine factors, NRG-1
treatment seemed to induce the greatest amount of gene expression of HCN4. Lastly,
there was a statistically significant difference between gene expression of HCN4 with ET-
1 vs. NRG-1 treatment (p<0.005). Taken together with results from Section 5.3.1, while

the percentage of CMs positive for HCN4 was significantly increased with ET-1
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treatment, gene expression was not; whereas both gene expression levels and
percentage of CMs expressing HCN4 were significantly increased with ANP or NRG-1.
We subsequently tested paired combinations of the 3 paracrine factors and
measured their effects on gene expression of HCN4 in E11.5 ventricular cell culture in
order to determine if there were any additive effects by combining paracrine factors.
The combination of ET-1 + ANP resulted in a statistically significant increase in HCN4
gene expression vs. control by 1.3-fold + 0.05 (p<0.005, Figure 5.9 A). This combination
resulted in significantly greater induction of HCN4 gene expression than ET-1 alone, was
significantly less than the induction that resulted from ANP treatment alone (p<0.05).
The combination of ET-1 + NRG-1 was tested next, also resulting in a significant increase
in gene expression of HCN4 vs. control (1.8-fold £ 0.1, p<0.005, Figure 5.9 B). This
combination resulted an increase in gene expression of HCN4 that was significantly
greater than ET-1 alone, but was significantly less than with NRG-1 alone (p<0.005). The
last combination to be tested was NRG-1 + ANP. Interestingly, this combination resulted
in an additive effect, which may perhaps even be synergistic, in significantly inducing
gene expression of HCN4 by 3.3-fold + 0.3 (p<0.005, Figure 5.9 C). The induction yielded
by this combination was significantly greater than the induction provided by either ANP
or NRG-1 alone (p<0.005). Therefore, while the combinations of ET-1/ANP and ET-
1/NRG-1 resulted in inductive effects on gene expression of HCN4, they were not
additive, whereas the combination of NRG-1 + ANP resulted in an induction that was

additive, and may even be synergistic.
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We wanted to determine if all three paracrine factors together: ANP + ET-1 +
NRG-1, could have an impact on the gene expression of HCN4 vs. control, in order to
determine if there were possible inductive or additive effects. Compared to control, the
3 paracrine factors together significantly increased HCN4 gene expression by 2.7-fold +
0.2 (p<0.005, Figure 5.9 D). This combination was significantly greater in inducing gene
expression vs. ANP or ET-1 alone, but was similar to NRG-1 alone.

To determine if blockade of the NPR-A receptor had an effect on HCN4 gene
expression of ET-1-treated cells at E11.5, ET-1 was combined with A71915 (1 uM) and
gene expression of HCN4 was determined. The combination of ET-1 + A71915 resulted
in a significant reduction in gene expression of HCN4 by ~1.5-fold (0.67 £ 0.02) vs.
control and vs. ET-1 alone (p<0.005, Figure 5.10 A). Interestingly, A71915 alone resulted
in a greater reduction in gene expression of HCN4 vs. this combination, raising the
possibility that the presence of ET-1 in combination with A71915 may be preventing the
reduction of gene expression to some degree. To determine whether blockade of NPR-A
with A71915 had an impact on the induction in gene expression of HCN4 provided by
NRG-1 treatment alone, the combination of NRG-1 + A71915 was tested. Compared to
control, the combination of NRG-1 + A71915 treatment resulted in a significant decrease
in gene expression of HCN4 by ~3.6-fold (0.3 + 0.04, p<0.005, Figure 5.10 B). What is
interesting to note here is that, unlike the combination of ET-1/A71915, the
combination of NRG-1/A71915 reduced gene expression of HCN4 to a similar degree as

that of A71915 alone, suggesting that at these concentrations, NRG-1 may not be
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capable of rescuing the decline in gene expression of HCN4 caused by addition of
A71915.

Changes to the gene expression of Cx40 in E11.5 ventricular cell culture was also
determined by testing each of the three paracrine factors (Figure 5.11). A control group
was utilized as a negative control and ANP treatment was utilized as a positive control
again. Addition of ET-1 did not result in a significant change in gene expression of Cx40
(p=NS). The addition of ANP resulted in an induction in Cx40 gene expression by 1.8-fold
+ 0.07 (p<0.005), similar to what was seen in the results of Section 3.3.2. This was
statistically different vs. control and ET-1 groups (p<0.005). The addition of NRG-1 to cell
culture resulted in significant induction by 2.1-fold + 0.1 (p<0.005) vs. control and ET-1
groups. There were no statistically significant differences between gene expression of
Cx40 provided by ANP treatment vs. NRG-1 treatment alone (p=NS). Of the three
paracrine factors, NRG-1 seemed to provide the greatest induction in Cx40 gene
expression, similar to the results seen with HCN4 gene expression. Taken together,
percent distribution of Cx40+/MF20+ cells and gene expression of Cx40 were not
significantly changed with the addition of ET-1 alone. While the percent distribution of
Cx40+/MF20+ cells was unaffected by ANP or NRG-1, gene expression of Cx40 was
significantly induced by both of these paracrine factors.

Paired combinations of the three paracrine factors was tested to determine their
effects on gene expression of Cx40 in E11.5 cell culture. The combination of ET-1 + ANP
significantly induced gene expression of Cx40 by 1.4-fold + 0.02 (p<0.005, Figure 5.12 A).

As with HCN4 gene expression, this combination resulted in higher induction than ET-1
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alone, but was less than the induction caused by ANP alone (p<0.005). The combination
of ET-1 + NRG-1 resulted in induction of Cx40 gene expression by 1.8-fold + 0.1, and this
was statistically significant vs. control and vs. ET-1 alone (p<0.005, Figure 5.12 B).
However, the induction provided by this combination was similar to expression resulting
from NRG-1 alone (p=NS). The combination of NRG-1 + ANP resulted in an induction that
was additive and may perhaps also be synergistic, similar to what was seen with HCN4
gene expression analysis (Figure 5.12 C). Gene expression of Cx40 was increased by 2.8
+ 0.1 (p<0.005); this was significantly greater than control, NRG-1 and ANP treatment
groups (p<0.005). Therefore, as seen with the effect of the combination of paracrine
factors on HCN4 gene expression analysis, with Cx40 gene expression, ET-1/ANP and ET-
1/NRG-1 resulted in induction but was not additive, but NRG-1/ANP resulted in
induction that was also additive and may also be synergistic.

We wanted to determine if all three paracrine factors together: ANP + ET-1 +
NRG-1, could have an impact on the gene expression of Cx40 vs. control. Compared to
control, the 3 paracrine factors together significantly increased Cx40 gene expression by
2.7-fold £ 0.1 (p<0.005, Figure 5.12 D). This combination was significantly greater in
inducing gene expression vs. ANP, ET-1 or NRG-1 alone. It is possible that adding all
three paracrine factors may have resulted in induction that was additive or synergistic.

We also tested if blockade of the NPR-A receptor with A71915 had an effect on
Cx40 gene expression of ET-1 treated cells. ET-1 was combined with A71915 and Cx40
gene expression was determined. This combination resulted in a significant decrease in

gene expression of Cx40 by ~1.8-fold (0.5 £ 0.03, p<0.005, Figure 5.13 A). Similar to

210



results seen with HCN4 gene expression, A71915 alone resulted in a greater reduction in
gene expression of Cx40 vs. this combination, suggesting that ET-1 in the presence of
A71915 may be playing a role in prevent the reduction of gene expression of not only
HCN4, but also Cx40, to some degree. The combination of NRG-1 + A71915 was also
tested to determine its effect on Cx40 gene expression. This combination resulted also
in a significant reduction in gene expression by ~3.3-fold (0.3 + 0.06, p<0.005, Figure
5.13 B). However, this reduction was similar to that of A71915 alone (p=NS). Similar to
HCN4 gene expression analysis, it appears that the presence of NRG-1 with A71915 at
these concentrations was not sufficient enough to revert the reduction in gene
expression of Cx40 that occurred.
A. Use of ErbB Antagonist AG1478

We studied the effects of the ErbB antagonist (receptor for NRG-1) AG1478 on
gene expression of HCN4 and Cx40. Neuregulins are members of the family of epidermal
growth factors, and signal through receptor tyrosine kinases ErbB2, ErbB3, and ErbB4 in
order to regulate proliferation, differentiation and survival of several cell types that
includes CMs (Zhu et al., 2010). We chose to specifically use AG1478 based on the
results of Zhu et al.’s (2010) study, where it was shown that blockade of NRG-1/ErbB
signalling with AG1478 at a concentration of 10 nM, in human embryonic stem cell-
derived cardiomyocytes (hESC-CMs) resulted in preferential differentiation of cells
toward the working CM cell type while simultaneously reducing the proportion of nodal
cells. This provides evidence that this signalling system is required for proliferation and

differentiation of CMs in the developing heart. However, the use of AG1478 to study
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NRG-1/ErbB signalling in the context of the developing VCS has not yet been studied,
thus we decided to test the effects of this inhibitor compound on gene expression of the
important VCS markers Cx40 and HCN4.
B. Use of Non-Selective ET-1 Receptor Antagonist PD145065

The effects of the ET-1 receptor non-selective antagonist PD145065 on gene
expression of HCN4 and Cx40 was examined to see whether inhibition of the ET-1
receptors in the heart, ET-A and ET-B, could lead to changes in VCS gene expression. ET-
1is known to play an important role in regulating the cell cycle, and can also act on CMs
to induce a premature CM transition toward terminal differentiation in the fetal heart
(Paradis et al., 2014). This paper suggested that hypoxia-induced ET-1 expression can act
as a stressor during fetal development to prematurely guide CMs to terminally
differentiate from a mononucleate to a binucleate phenotype, which can have long-
term consequences on heart development and function (Paradis et al., 2014). The use of
the compound PD145065, at a concentration of 10 nM, was capable of blocking the
changes in binucleation caused by ET-1, as well as attenuating the ET-1 mediated
inhibitory effects on proliferation of fetal CMs (Paradis et al., 2014). However, the use of
this compound in the context of studying the role of ET-1 in the formation of the VCS in
the embryonic mouse heart has not yet been studied, so we chose to examine the
effects of PD145065 on gene expression of HCN4 and Cx40.

E11.5 ventricular cell cultures were treated with either no treatment (negative
control), ANP (1000 ng/ml; positive control), ET-1 (1.5 nM), NRG-1 (2.5 nM), PD145065

(10 nM), or AG1478 (10 uM) and gene expression of HCN4 was determined. Since the
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AG1478 compound was prepared using DMSO (while all other compounds were
prepared with water), we added DMSO positive controls (Control with DMSO, ET-1 with
DMSO, ANP with DMSO, and NRG-1 with DMSQO) as experimental groups. There were no
significant differences in gene expression of HCN4 within each treatment group
prepared with or without DMSO (Control vs. Control DMSO, ANP vs. ANP DMSO, NRG-1
vs. NRG-1 DMSO, p=NS, Figure 5.14). To simplify analysis for the remainder of this
section, we chose to use the paracrine factor treated with DMSO as the positive control
for comparison vs. AG1478, and the paracrine factor without DMSO (water) as the
positive control for comparison vs. PD145065. Compared to control, the addition of
AG1478 (10 uM) to E11.5 ventricular cell culture resulted in a significant reduction in
gene expression of HCN4 by ~3.7-fold (0.27 + 0.03), and this was also significantly
reduced vs. NRG-1 treatment alone (p<0.005). We also tested the effects of combining
ANP + AG1478 on gene expression of HCN4, and found that this combination resulted in
a significant decrease vs. control by ~1.3-fold (0.76 + 0.03); this was also significantly
lower than vs. ANP treatment alone (p<0.005). Interestingly, although the combination
of ANP + AG1478 still resulted in reduced HCN4 gene expression, the gene expression
resulting from this combination was significantly greater than vs. AG1478 alone
(p<0.005). This raises the possibility that the presence of ANP in combination with this
ErbB antagonist may rescue the decline in HCN4 gene expression, opening up the
possibility for potential ANP and ErbB receptor signalling interactions in the context of
the developing VCS. The last combination to be tested was ET-1 + AG1478. This also

resulted in a reduction in gene expression vs. control by ~2.1-fold (0.48 + 0.06,
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p<0.00005). An interesting note is that there was a statistically significant difference
between AG1478 alone vs. ET-1 + AG1478 (p<0.005), indicating that ET-1 may be
capable of rescuing the decline in gene expression, a similar effect to what was
observed with the ANP + AG1478 combination.

We tested the same experimental groups for changes in Cx40 gene expression as
well. Again, there were no significant differences in Cx40 gene expression within groups
comparing DMSO to non-DMSO treated groups (p=NS, Figure 5.15). Compared to
control, the use of AG1478 (10 uM) resulted in a significant decrease in Cx40 gene
expression by ~5.9-fold (0.17 £ 0.007) and this was also significantly lower vs. NRG-1
treatment alone (p<0.00005). The combination of ANP + AG1478 significantly decreased
Cx40 gene expression vs. control, by ~1.6-fold (0.63 £ 0.05, p<0.00005). This
combination led to a lesser decrease in gene expression vs. ANP alone, suggesting as in
the case with HCN4 expression, that the presence of ANP may be rescuing the effects of
this ErbB antagonist in reducing gene expression of Cx40 (p<0.005). The final
combination of ET-1 + AG1478 resulted in a significant decrease in Cx40 gene expression
by ~3.4-fold (0.29 £ 0.06, p<0.005) vs control. For Cx40 gene expression, there was no
statistically significant difference between AG1478 alone vs. ET-1 + AG1478, indicating
that ET-1 may not be rescuing the effects of AG1478 on reducing Cx40 gene expression,
unlike the role of ANP (p=NS). In contrast, as noted above for HCN4 gene expression
analysis, ET-1 may play a role in rescuing the effects of AG1478 in inhibiting HCN4 gene

expression.
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To study the effects of the non-selective ET-1 receptor antagonist PD145065 on
gene expression of HCN4 and Cx40, the same experimental groups were utilized as
previously mentioned. For HCN4 gene expression, again there were statistically no
significant differences between groups when comparing the presence or absence of
DMSO (p=NS, Figure 5.16). The addition of PD145065 (10 nM) to E11.5 ventricular cell
culture resulted in a significant decrease in HCN4 gene expression vs. control ~2.8-fold
(0.36 £ 0.03, p<0.005). This was also significantly lower vs. ET-1 alone (p<0.005). The
combination of ANP + PD145065 resulted in a decrease in gene expression of HCN4 as
well, by ~1.7-fold (0.60 £ 0.04, p<0.005), and this was significantly lower vs. ANP
treatment alone as well (p<0.0005). Although the combination of ANP + PD145065
resulted in a decrease in HCN4 gene expression, this was still greater than vs. PD145065
alone (p<0.005). Thus, it is possible that the presence of ANP, in combination with this
non-selective ET-1 receptor antagonist, ANP may rescue the decrease in HCN4 gene
expression, suggesting the potential for ANP and ET-1 receptor signalling interactions in
helping to form the VCS via induction of HCN4 gene expression. The last combination
that was tested was NRG-1 + PD145065, and this combination resulted in only a modest
decrease in HCN4 expression vs. control by ~1.2-fold (0.85 + 0.06), however, this was
not significantly different vs. control (p=NS). Thus, due to the presence of NRG-1, it
seems that HCN4 gene expression levels were rescued almost to the level of control
expression, which suggests the possibility that NRG-1/ET-1 pathway signalling
interactions could be important in promoting development of the VCS via HCN4

expression. The NRG-1 + PD145065 combination resulted in gene expression that was
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significantly greater vs. PD145065 alone, which further lends credibility to the possibility
for signalling interactions between NRG-1/ET-1 receptor signal transduction pathways
(p<0.005).

The effects of PD145065 on Cx40 gene expression was also determined. Again,
there were no statistically significant differences between groups treated in the
presence or absence of DMSO (p=NS, Figure 5.17). Compared to control, the addition of
PD145065 (10 nM) resulted in a significant decrease in Cx40 gene expression by ~4.6-
fold (0.22 + 0.01, p<0.005). This was also significantly lower than the gene expression of
Cx40 resulting from the addition of ET-1 alone (p<0.0005). The combination of ANP +
PD145065 decreased Cx40 gene expression vs. control, by ~2.1-fold (0.48 + 0.03,
p<0.005); this was also significantly lower than vs. ANP treatment alone (p<0.005).
Again, it seems that ANP may be playing a role in rescuing the decline in gene
expression of Cx40 caused by the addition of PD145065, since gene expression of Cx40
was significantly lowered with PD145065 alone vs. the combination with ANP (p<0.005).
The combination of NRG-1 + PD145065 resulted in a significant decrease in gene
expression of Cx40 vs. control, by ~1.4-fold (0.72 + 0.07, p<0.005), unlike what was seen
with HCN4 gene expression, where expression levels were similar. Thus, perhaps in the
context of HCN4 gene expression, NRG-1 could be interacting with ET-1 receptors to
rescue the decrease in gene expression, while it does not appear to be the case with
Cx40 gene expression. The NRG-1 + PD145065 combination resulted in a greater level

(although still reduced) of Cx40 gene expression vs. PD145065 alone, suggesting that
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NRG-1, to some degree, could be interacting with ET-1 receptors to rescue Cx40

expression, although perhaps not to the same degree as with HCN4 gene expression.
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Figure 5.8. RT-qPCR analysis of HCN4 gene expression in E11.5 mouse ventricular cells
following addition of ET-1 or NRG-1 over 48 hours. Compared to control, addition of ET-
1 to cell culture had no significant effect on HCN4 gene expression. NRG-1 significantly
increased gene expression of HCN4, and this was significantly greater than vs. ET-1 or vs.
ANP alone. GAPDH was used as the housekeeping gene. N=6 experiments per group. Each
bar represents mean + SEM. *p<0.05 vs. control, #p<0.05 between groups as indicated,
One-way ANOVA with Tukey’s multiple comparisons post hoc test.
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Figure 5.9. RT-qPCR analysis of HCN4 gene expression in E11.5 mouse ventricular cells
following addition of combination treatments of ANP, NRG-1 and/or ET-1 over 48 hours.
Cells were incubated with combinations of paracrine factors to determine if induction or
additive/synergistic effects in HCN4 gene expression could occur. Cells were treated with
A) ET-1 + ANP combination, B) ET-1 + NRG-1 combination, C) NRG-1 + ANP combination,
and D) ANP + NRG-1 + ET-1 combination. The combinations of ET-1 + ANP and ET-1 + NRG-
1 resulted in induction that was significant vs. control. The combination of NRG-1 + ANP
significantly induced HCN4 gene expression and may also be additive/synergistic. The
combination of ANP + NRG-1 + ET-1 significantly induced HCN4 gene expression which
may be additive/synergistic. GAPDH was used as the housekeeping gene. N=6
experiments per group. Each bar represents mean + SEM. *p<0.05 vs. control, #p<0.05
between groups as indicated, One-way ANOVA with Tukey’s multiple comparisons post
hoc test.
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Figure 5.10. RT-qPCR analysis of HCN4 gene expression in E11.5 mouse ventricular cells
following addition of ET-1 or NRG-1 in combination with A71915 over 48 hours. Cells
were incubated with either ET-1 or NRG-1, in combination with A71915, to determine the
effects of these paracrine factors on HCN4 gene expression upon blockade of NPR-A
receptors. The combination of ET-1 + A71915 and NRG-1 + A71915 significantly reduced
gene expression; in both cases the combinations were significantly lower than vs. the
paracrine factors alone. Despite the presence of these paracrine factors, the decline in
gene expression was not able to be reversed in combination with A71915. GAPDH was
used as the housekeeping gene. N=6 experiments per group. Each bar represents mean
SEM. *p<0.05 vs. control, #p<0.05 between groups as indicated, One-way ANOVA with
Tukey’s multiple comparisons post hoc test.
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Figure 5.11. RT-qPCR analysis of Cx40 gene expression in E11.5 mouse ventricular cells
following addition of ET-1 or NRG-1 over 48 hours. Compared to control, addition of ET-
1 to cell culture had no significant effect on Cx40 gene expression. NRG-1 significantly
increased gene expression of Cx40, and this was significantly greater than vs. ET-1 alone.
GAPDH was used as the housekeeping gene. N=6 experiments per group. Each bar
represents mean + SEM. *p<0.05 vs. control, #p<0.05 between groups as indicated, One-
way ANOVA with Tukey’s multiple comparisons post hoc test.
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Figure 5.12. RT-qPCR analysis of Cx40 gene expression in E11.5 mouse ventricular cells
following addition of combination treatments of ANP, NRG-1 and/or ET-1 over 48 hours.
Cells were incubated with combinations of paracrine factors to determine if induction or
additive/synergistic effects in Cx40 gene expression could occur. Cells were treated with
A) ET-1 + ANP combination, B) ET-1 + NRG-1 combination, C) NRG-1 + ANP combination,
and D) ANP + NRG-1 + ET-1 combination. The combinations of ET-1 + ANP and ET-1 + NRG-
1 resulted in induction that was significant vs. control. The combination of NRG-1 + ANP
significantly induced Cx40 gene expression and may also be additive/synergistic. The
combination of ANP + NRG-1 + ET-1 significantly induced Cx40 gene expression which may
be additive/synergistic. GAPDH was used as the housekeeping gene. N=6 experiments per
group. Each bar represents mean + SEM. *p<0.05 vs. control, #p<0.05 between groups as
indicated, One-way ANOVA with Tukey’s multiple comparisons post hoc test.
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Figure 5.13. RT-qPCR analysis of Cx40 gene expression in E11.5 mouse ventricular cells
following addition of ET-1 or NRG-1 in combination with A71915 over 48 hours. Cells
were incubated with either ET-1 or NRG-1, in combination with A71915, to determine the
effects of these paracrine factors on Cx40 gene expression upon blockade of NPR-A
receptors. The combination of ET-1 + A71915 and NRG-1 + A71915 significantly reduced
gene expression; in both cases the combinations were significantly lower than vs. the
paracrine factors alone. Despite the presence of these paracrine factors, the decline in
gene expression was not able to be reversed in combination with A71915. GAPDH was
used as the housekeeping gene. N=6 experiments per group. Each bar represents mean
SEM. *p<0.05 vs. control, #p<0.05 between groups as indicated, One-way ANOVA with
Tukey’s multiple comparisons post hoc test.
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Figure 5.14. RT-qPCR analysis of HCN4 gene expression in E11.5 mouse ventricular cells
following addition of ErbB receptor antagonist AG1478, and ANP or ET-1 in combination
with AG1478, over 48 hours. Cells were incubated with AG1478 (10 nM) alone, or in
combination with ET-1 or ANP, to determine the effects of ErbB receptor blockade on
HCN4 gene expression. AG1478 significantly reduced HCN4 gene expression. When
combined with ANP or with ET-1, gene expression was significantly increased vs. AG1478
alone. GAPDH was used as the housekeeping gene. Since AG1478 was prepared in DMSO,
DMSO controls were tested for all experiments. N=6 experiments per group. Each bar
represents mean + SEM. *p<0.05 vs. control, #p<0.05 between groups as indicated, One-
way ANOVA with Tukey’s multiple comparisons post hoc test.
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Figure 5.15. RT-qPCR analysis of Cx40 gene expression in E11.5 mouse ventricular cells
following addition of ErbB receptor antagonist AG1478, and ANP or ET-1 in combination
with AG1478, over 48 hours. Cells were incubated with AG1478 (10 nM) alone, or in
combination with ET-1 or ANP, to determine the effects of ErbB receptor blockade on
Cx40 gene expression. AG1478 significantly reduced Cx40 gene expression. When
combined with ANP, gene expression was significantly increased vs. AG1478 alone.
However, when combined with ET-1, gene expression remained reduced. GAPDH was
used as the housekeeping gene. Since AG1478 was prepared in DMSO, DMSO controls
were tested for all experiments. N=6 experiments per group. Each bar represents mean +
SEM. *p<0.05 vs. control, #p<0.05 between groups as indicated, One-way ANOVA with
Tukey’s multiple comparisons post hoc test.
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Figure 5.16. RT-qPCR analysis of HCN4 gene expression in E11.5 mouse ventricular cells
following addition of non-selective ET-1 receptor antagonist PD145065, and ANP or
NRG-1 in combination with PD145065, over 48 hours. Cells were incubated with
PD145065 (10 uM) alone, or in combination with NRG-1 or ANP, to determine the effects
of ET-1 receptor blockade on HCN4 gene expression. PD145065 significantly reduced
HCN4 gene expression. When combined with ANP or with NRG-1, gene expression was
significantly increased vs. PD145065 alone. The combination of NRG-1 + PD145065
brought gene expression almost to control levels. GAPDH was used as the housekeeping
gene. Since PD145065 was prepared in water, controls (with water) were tested for all
experiments. N=6 experiments per group. Each bar represents mean + SEM. *p<0.05 vs.
control, #p<0.05 between groups as indicated, One-way ANOVA with Tukey’s multiple
comparisons post hoc test.
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Figure 5.17. RT-qPCR analysis of Cx40 gene expression in E11.5 mouse ventricular cells
following addition of non-selective ET-1 receptor antagonist PD145065, and ANP or
NRG-1 in combination with PD145065, over 48 hours. Cells were incubated with
PD145065 (10 uM) alone, or in combination with NRG-1 or ANP, to determine the effects
of ET-1 receptor blockade on Cx40 gene expression. PD145065 significantly reduced Cx40
gene expression. When combined with ANP or with NRG-1, gene expression was
significantly increased vs. PD145065 alone. GAPDH was used as the housekeeping gene.
Since PD145065 was prepared in water, controls (with water) were tested for all
experiments. N=6 experiments per group. Each bar represents mean + SEM. *p<0.05 vs.
control, #p<0.05 between groups as indicated, One-way ANOVA with Tukey’s multiple
comparisons post hoc test.
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5.3.3 Effects of ET-1 and NRG-1 on Intracellular Production of cGMP in E11.5 Mouse
Ventricular Cells

To determine whether there is a potential for signalling interactions between
NPR-A and ET-1 or NRG-1 signalling pathways with respect to HCN4 and Cx40 gene
expression, we chose to measure intracellular cGMP levels in E11.5 ventricular cells
upon addition of either ET-1 or NRG-1, and their respective inhibitors in the presence or
absence of ANP. This was performed using the competitive immunoassay as previously
described (Figure 2.3).

First, we designed a set of experiments to determine if each of the paracrine
factors alone could alter cGMP levels within E11.5 ventricular cells. In this experiment,
we also investigated the impact of adding ANP in combination with either ET-1 or NRG-1
and if that could impact cGMP signalling, and also the combinations of the NPR-A
antagonist A71915 with either ET-1 or NRG-1. To determine the potential impact of ET-1
on cGMP signalling, cells were stimulated with either no treatment, ET-1 (1.5 nM) alone,
ANP (1000 ng/ml) + ET-1 (1.5 nM), A71915 (1 uM) alone, or ET-1 (1.5 nM) + A71915 (1
uM). The basal level of cGMP was measured to be 28.5 + 0.6 nM per 100,000 cells
(Figure 5.18). Compared to control, the addition of ET-1 did not significantly alter cGMP
production (p=NS). The combination of ANP + ET-1 resulted in a significant increase in
cGMP production (35.8 + 0.2 nM, p<0.005). The addition of A71915 alone, which served
as a control, significantly decreased cGMP production (22.7 + 0.4 nM, p<0.005). The
combination of ET-1 + A71915 also resulted in a significant decrease in cGMP production

that was significantly less vs. control and vs. ET-1 treatment alone (26.7 £ 0.1 nM,

228



p<0.05). This suggests that ET-1 may not be playing a role in rescuing the decline in
cGMP production provided by the presence of A71915.

To determine the potential impact of NRG-1 on cGMP signalling, cells were
stimulated with either no treatment, NRG-1 (2.5 nM) alone, ANP (1000 ng/ml) + NRG-1
(2.5 nM), A71915 (1 uM) alone, or NRG-1 (2.5 nM) + A71915 (1 uM). The basal level of
cGMP was measured to be 28.5 + 0.6 nM per 100,000 cells (Figure 5.19). The addition of
NRG-1 significantly increased cGMP production vs. control (40.2 = 1.1 nM, p<0.005). The
combination of ANP + NRG-1 also increased cGMP production vs. control (41.9 + 0.8 nM,
p<0.005) although this was not different vs. NRG-1 treatment alone. The addition of
A71915 alone, which served as a control, significantly decreased cGMP production vs.
control (21.9 £ 1.4 nM, p<0.005). The combination of NRG-1 + A71915 resulted in a
similar level of cGMP production as control (p=NS). This suggests the possibility that the
presence of NRG-1 in combination with the NPR-A antagonist A71915 may be rescuing
the decline in cGMP production provided by the antagonist. This combination (26.5 +
0.7 nM) was significantly lower in cGMP production vs. NRG-1 alone (p<0.05).

We also sought to determine if the NRG-1/ErbB receptor antagonist AG1478
could have an impact on cGMP production in E11.5 ventricular cells. Cells were treated
with either no treatment (negative control), ANP (1000 ng/ml; positive control), ET-1
(1.5 nM), or NRG-1 (2.5 nM), with and without DMSO. Cells were also treated with
AG1478 (10 uM), and the combinations of ANP + AG1478, and ET-1 + AG1478. To
simplify analysis for the remainder of this section, we chose to use the paracrine factor

treated with DMSO as the positive control for comparison vs. AG1478, and the paracrine
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factor without DMSO (water) as the positive control for comparison vs. PD145065.
There were no significant differences in cGMP production within groups treated with or
without DMSO (p=NS, Figure 5.20). The baseline level of cGMP measured was 29.9 £ 0.4
nM per 100,000 cells. Compared to control, the addition of AG1478 (10 uM) to cells
resulted in a significant decrease in cGMP production (20.0 + 0.1 nM, p<0.005) and this
was also significantly less than NRG-1 treatment alone (p<0.005). Interestingly, the
combination of ANP + AG1478 resulted in merely a modest decrease in cGMP
production vs. control (29.4 + 0.6 nM) that was not significantly different (p=NS).
Therefore, due to the presence of ANP, it appears that when added in combination with
AG1478, cGMP production seems to be rescued almost to the control level of cGMP
production, thus it is possible that ANP/ErbB signalling may converge on cGMP signalling
to potentially alter development of the VCS. The ANP + AG1478 combination resulted in
cGMP production that was significantly greater than AG1478 alone, further indicating
that ANP may play an important role in interacting with ErbB receptors to promote
formation of the VCS (p<0.005). The combination of ET-1 + AG1478 was also tested on
production of cGMP. This led to a decrease in cGMP that was significantly less than
control (20.4 £ 0.4 nM, p<0.005). However, compared to AG1478 alone, this
combination was similar in cGMP levels (p=NS), indicating that the presence of ET-1 may
not be sufficient enough to rescue the decrease in cGMP levels due to AG1478.

Lastly, we wanted to determine the potential impact of the ET-1 non-selective
receptor antagonist PD145065 on cGMP production in E11.5 ventricular cells, using the

same experimental groups as above, which could provide some insight into potential
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signalling interactions between ANP, ET-1, NRG-1 and their receptors. Again, there were
no significant differences within groups comparing treatment with DMSO to treatment
without (p=NS). The baseline level of cGMP measured was 30.0 = 0.4 nM. Compared to
control, PD145065 (10 nM) significantly decreased cGMP levels (21.0 = 0.4 nM, p<0.005,
Figure 5.21); this was also significantly less than ET-1 treatment alone (p<0.005). The
combination of ANP + PD145065 resulted in a significant decrease in cGMP vs. control
(22.4 £ 0.4 nM, p<0.005), meaning that ANP may not have been able to rescue the
decline in cGMP by PD145065. Indeed, when comparing the cGMP levels measured with
PD145065 alone vs. ANP + PD145065, there were no significant differences (p=NS).
NRG-1 + PD145065 was also tested; this combination led to modest decrease in cGMP
(28.7 £ 0.8 nM) which was similar to control levels of cGMP (p=NS), suggesting the
possibility that the presence of NRG-1 with PD145065 may be rescuing the decline in
cGMP, bringing it almost to the level of control. To support this, this combination of
NRG-1 + PD145065 resulted in significantly greater in cGMP production vs. PD145065
alone (p<0.005); thus it is possible that NRG-1/ET-1 receptor signalling may converge
upon cGMP signalling as a means to promote development of the VCS in the embryonic

mouse heart.
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Figure 5.18. The effects of ET-1 on cGMP production in E11.5 ventricular cells. The
effects of ET-1 on intracellular cGMP production were determined by stimulating isolated
E11.5 cells with ET-1 (1.5 nM), then measuring cGMP using a competitive immunoassay.
The baseline level of cGMP was measured to be 28.5 £ 0.6 nM per 100,000 cells. Addition
of ET-1 did not significantly change cGMP vs. control. However, the combination of ET-1
+ A71915 resulted in a significant reduction in cGMP levels vs. control and vs. ET-1 alone.
N=6 independent experiments, performed in duplicate wells. Each bar represents mean
+ SEM. *p<0.05 vs. control, #p<0.05 between groups as indicated, One-way ANOVA with
Tukey post hoc test.
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Figure 5.19. The effects of NRG-1 on cGMP production in E11.5 ventricular cells. The
effects of NRG-1 on intracellular cGMP production were determined by stimulating
isolated E11.5 cells with NRG-1 (2.5 nM), then measuring cGMP using a competitive
immunoassay. The baseline level of cGMP was measured to be 28.5 + 0.6 nM per 100,000
cells. Addition of ET-1 did not significantly change ¢cGMP vs. control. However, the
combination of ET-1 + A71915 resulted in a significant reduction in cGMP levels vs. control
and vs. ET-1 alone. N=6 independent experiments, performed in duplicate wells. Each bar
represents mean + SEM. *p<0.05 vs. control, #p<0.05 between groups as indicated, One-
way ANOVA with Tukey post hoc test.
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Figure 5.20. The effects of AG1478 on cGMP production in E11.5 ventricular cells. The
effects of AG1478 (10 nM) on intracellular cGMP production were determined by
stimulating isolated E11.5 cells with AG1478 alone, and also in combination with either
ANP or ET-1, then measuring cGMP using a competitive immunoassay. The baseline level
of cGMP was measured to be 29.9 £ 0.4 nM per 100,000 cells. AG1478 significantly
reduced cGMP levels. ANP was able to significantly elevate this reduction in cGMP when
added in combination with AG1478. When ET-1 was added with AG1478, cGMP levels
were similar to that of AG1478 alone, suggesting that ET-1 may not have an effect in
rescuing the decrease in cGMP. N=6 independent experiments, performed in duplicate
wells. Each bar represents mean + SEM. *p<0.05 vs. control, #p<0.05 between groups as
indicated, One-way ANOVA with Tukey post hoc test.
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Figure 5.21. The effects of PD145065 on cGMP production in E11.5 ventricular cells. The
effects of PD145065 (10 uM) on intracellular cGMP production were determined by
stimulating isolated E11.5 cells with PD145065 alone, and also in combination with either
ANP or NRG-1, then measuring cGMP using a competitive immunoassay. The baseline
level of cGMP was measured to be 30.0 £ 0.4 nM per 100,000 cells. PD145065 significantly
reduced cGMP levels. ANP was able to significantly elevate this reduction in cGMP when
added in combination with AG1478. When NRG-1 was added with AG1478, cGMP levels
increased almost to the level of control. Therefore, ANP and NRG-1 may have rescued the
decline in cGMP from AG1478. N=6 independent experiments, performed in duplicate
wells. Each bar represents mean + SEM. *p<0.05 vs. control, #p<0.05 between groups as
indicated, One-way ANOVA with Tukey post hoc test.
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5.3.4 Comparative Effects of ANP, ET-1 and NRG-1 on Cardiomyocyte Hypertrophy in
E11.5 Mouse Ventricular Cells

Several studies have indicated that ANP may play an important role in limiting
hypertrophy in the heart, since mice that lacked NPR-A had enlarged hypertrophic
hearts, whereas mice that overexpressed ANP had smaller hearts (Steinhelper et al.,
1990). In contrast, ET-1 has been shown to induce hypertrophic growth in CMs (Zhao et
al., 1998, Nishida et al., 1993, Shubeita et al., 1990, Fischer et al., 1997). NRG-1 has been
shown to be essential for development of the myocardial trabeculae and cardiac
morphogenesis by promoting the proliferation, survival, and maturation of CMs, and
was capable of inducing hypertrophic growth in both neonatal and adult ventricular
myocytes (Zhao et al., 1998). However, despite the evidence that these three paracrine
factors play regulatory roles in cardiac hypertrophy in the neonatal and adult heart,
there is little evidence to describe a potential role for ANP, ET-1, or NRG-1 to influence
hypertrophy of embryonic CMs.

Briefly, E11.5 ventricular cells were cultured from pregnant CD1 mice for 20
hours, followed by incubation with either ANP (1000 ng/ml), ET-1 (1.5 nM), or NRG-1
(2.5 nM), their respective inhibitors alone: A71915 (1 uM), PD145065 (10 nM) or
AG1478 (10 uM), and lastly, combinations of paracrine factors with their respective
receptor inhibitors, every 12 hours for a period of 48 hours (similar dosing protocol as
with previous immunofluorescence and RT-qPCR experiments). Then, cells were
immunolabelled with MF20 to identify CMs in culture. Lastly, cell area was determined
for each treatment group. (Figure 5.22). Treatment of cells with ANP or A71915 did not

significantly alter cell area vs. control (p=NS, Figure 5.22 A). However, treatment with
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A71915 resulted in increased cell area vs. ANP (63004 + 2016 um2 vs. 42664 £ 6179
um?, p<0.05). The combination of ANP + A71915 did not significantly alter cell area vs.
control (p=NS). There were no significant differences in cell area with A71915 treatment
alone vs. the combination treatment of ANP + A71915 (p=NS). In contrast, ET-1
treatment significantly increased cell area vs. control (98653 + 7685 umz, p<0.005,
Figure 5.22 B). The non-selective ET-1 receptor inhibitor, PD145065 did not significantly
alter cell area vs. control (p=NS); however, PD145065 treatment significantly decreased
cell area vs. ET-1 alone (43547 + 1203 vs. 98653 + 7685 umz, p<0.005). The combination
of ET-1 + PD145065 did not significantly alter cell area vs. control (p=NS); however, the
cell area resulting from this combination was significantly reduced vs. ET-1 alone
(p<0.005). There were no significant differences in cell area with PD145065 treatment
alone vs. the combination treatment of ET-1 + PD145065 (p=NS). The addition of NRG-1
to cells significantly increased cell area vs. control (80255 + 6620 umz, p<0.005, Figure
5.22 C). Treatment with the ErbB receptor antagonist AG1478 did not significantly alter
cell area vs. control (p=NS); however, AG1478 treatment significantly decreased cell
area vs. NRG-1 alone (40680 + 1051 vs. 80255 + 6620 um?, p<0.005). The combination
of NRG-1 + AG1478 did not significantly alter cell area vs. control (p=NS); however, the
cell area resulting from this combination was significantly reduced vs. NRG-1 alone
(p<0.00005). There were no significant differences in cell area with AG1478 treatment
alone vs. the combination treatment of NRG-1 + AG1478 (p=NS).

Overall, it appears that ANP may not have a significant impact on cell size of

E11.5 CMs, whereas ET-1 and NRG-1 may induce hypertrophy in CMs. Blockade of the
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NPR-A receptor may promote hypertrophy in these E11.5 CMs, since cell area
significantly increased vs. ANP, however this was still similar to control cell area.
Blockade of PD145065 or AG1478 may be anti-hypertrophic; and when used in
combination with their respective paracrine factors, it appears that the overall net

effect, at these concentrations, may be anti-hypertrophic.
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Figure 5.22. Effects of ANP, ET-1, and NRG-1 on cardiac hypertrophy of CMs of E11.5
ventricular cells. E11.5 ventricular cells were treated with ANP (1000 ng/ml), ET-1 (1.5
nM), or NRG-1 (2.5 nM) for 48 hours and were then immunolabelled with sarcomeric
myosin (MF20) for detection of CMs. The cell size/area of CMs were determined per
treatment group. A) ANP had no effect on cell area of CMs; B) ET-1 significantly increased
cell area of CMs; C) NRG-1 significantly increased cell area CMs. Inhibition of NPR-A
receptors with A71915, ET-1 receptors with PD145065, and ErbB receptors with AG1478
did not significantly alter cell area vs. control. N=40 cells per group. Each bar represents
mean + SEM. *p<0.05 vs. control, #p<0.05 between groups as indicated, One-way ANOVA
with Tukey post hoc test.
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5.3.5 Effects of Rp-8-pCPT-cGMPS on Gene Expression of HCN4 and Cx40 in E11.5
Ventricular Cells in Combination with ET-1 or NRG-1

We previously determined that the ANP/NPR-A/cGMP pathway was biologically
active at E11.5 in the embryonic mouse heart (Section 3.3.3), and that increased
production of intracellular cGMP due to the binding of ANP to NPR-A led to significant
induction of the gene expression of VCS markers Cx40 and HCN4, indicating that
development of the VCS may proceed through this pathway. In Section 5.3.3, we
investigated the possible role of cGMP signalling in the ET-1/ET receptor and NRG-
1/ErbB receptor signal transduction pathways, and also whether cGMP signalling could
play a role in potential signalling interactions between ANP, ET-1, NRG-1 and their
cognate receptors. Next, we wanted to determine if a downstream target of cGMP
signalling, protein kinase G (PKG) could affect Cx40 and/or HCN4 gene expression, when
E11.5 ventricular cells were incubated with ET-1 or NRG-1. To do this, we blocked PKG
with a PKG inhibitor (Rp-8-pCPT-cGMPS), which is a competitive, reversible cGMP-
dependent PKG inhibitor compound that behaves as a cGMP analogue. If cGMP
signalling is involved with these other paracrine factors, by inhibiting PKG, this should
reduce gene expression of Cx40 and HCN4. If cGMP signalling was not involved with
these two paracrine factors, then blockade of PKG should either have little or no effect
on Cx40/HCN4 gene expression. Rp-8-pCPT-cGMPS (100 uM) was added to E11.5
ventricular cell culture every 12 hours for a period of 24 hours, in the presence or
absence of ET-1 or NRG-1, and gene expression of HCN4 and Cx40 were measured with
RT-qPCR. We also tested the effects of the non-selective ET receptor antagonist

PD145065 (10 uM) or the ErbB receptor antagonist AG1478 (10 nM), in combination
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with Rp-8-pCPT-cGMPS on gene expression of these genes. For all experiments below,
cells were treated with Rp-8-pCPT-cGMPS alone (positive control), and HCN4 and Cx40
gene expression were found to be reduced to similar levels as seen previously in Section
3.3.11.

To determine whether PKG could be involved in potential ET-1/ET-1 receptor-
mediated changes to HCN4 gene expression, we tested the effects of the combination of
ET-1 + Rp-8-pCPT-cGMPS on gene expression, resulting in a similar level of gene
expression vs. control and vs. ET-1 alone (p=NS, Figure 5.23 A). However, this
combination induced higher HCN4 expression vs. Rp-8-pCPT-cGMPS alone (0.69 + 0.32
vs. 0.25 + 0.02, p<0.05). This seems to suggest that the presence of ET-1, in combination
with Rp-8-pCPT-cGMPS, may have been able to rescue the decline in gene expression
provided by the PKG inhibitor alone. To determine whether simultaneous blockade of
PKG and blockade of ET-1 receptors could synergistically alter HCN4 gene expression,
we tested the effects of the combination of PD145065 + Rp-8-pCPT-cGMPS on gene
expression, resulting in a significant reduction in HCN4 gene expression by ~4.6-fold
(0.22 £ 0.005, p<0.05). However, this was similar to the level of gene expression
provided by either PD145065 treatment or Rp-8-pCPT-cGMPS treatment alone (p=NS).
Therefore, there does not appear to be any additive/synergistic effects offered by
combining blockade of ET receptors + blockade of PKG with respect to changes in gene
expression of HCN4.

To determine whether PKG could be involved in potential NRG-1/ErbB receptor-

mediated changes to HCN4 gene expression, we tested the effects of the combination of
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NRG-1 + Rp-8-pCPT-cGMPS on HCN4 gene expression, which resulted in a similar gene
expression level of HCN4 as control (p=NS, Figure 5.23 B). However, this combination
significantly reduced HCN4 gene expression vs. NRG-1 alone (0.98 + 0.04 vs. 2.18 + 0.14,
p<0.00005). Also, this combination significantly increased HCN4 gene expression vs. Rp-
8-pCPT-cGMPS alone (0.98 + 0.04 vs. 0.25 + 0.02, p<0.00005). This suggests that the
presence of NRG-1, in combination with the PKG inhibitor, may have been able to
alleviate the decrease in gene expression caused by the inhibitor alone. To determine
whether simultaneous blockade of PKG and blockade of ErbB receptors could
synergistically alter HCN4 gene expression, we tested the effects of the combination of
AG1478 + Rp-8-pCPT-cGMPS on HCN4 gene expression, resulting in a significant
reduction in gene expression, by ~9.6-fold (0.10 + 0.004, p<0.00005). However, this was
similar to the level of gene expression provided by either AG1478 treatment or Rp-8-
pCPT-cGMPS treatment alone (p=NS). Therefore, there does not seem to be any
additive/synergistic effects provided by combining blockade of ErbB receptors +
blockade of PKG with respect to changes in the gene expression of HCN4.

To determine whether PKG could be involved in potential ET-1/ET-1 receptor-
mediated changes to Cx40 gene expression, we tested the effects of the combination of
ET-1 + Rp-8-pCPT-cGMPS, resulting in a significant decrease in gene expression by ~7.8-
fold (0.13 + 0.006, p<0.00005) vs. control; this was also significantly lower than vs. ET-1
treatment alone (Figure 5.24 A). However, this combination did not significantly alter
Cx40 gene expression vs. Rp-8-pCPT-cGMPS alone (p=NS). This seems to suggest that in

terms of Cx40 gene expression, the presence of ET-1 in combination with the PKG
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inhibitor was insufficient to alter the already reduced gene expression provided by the
PKG inhibitor itself. To test whether simultaneous blockade of PKG and ET-1 receptors
could synergistically alter Cx40 gene expression, the effects of the combination of
PD145065 + Rp-8-pCPT-cGMPS on Cx40 gene expression was tested, resulting in
significant reduction of Cx40 gene expression by ~8.6-fold (0.12 + 0.003, p<0.005) vs.
control. However, this was similar to the reduction in gene expression provided by
either PD145065 alone or Rp-8-pCPT-cGMPS alone (p=NS), thus there does not seem to
be any additive/synergistic effects in combining blockade of ET-1 receptors + blockade
of PKG with regards to the gene expression of Cx40.

To determine whether PKG could be involved in potential NRG-1/ErbB receptor-
mediated changes to Cx40 gene expression, we tested the effects of the combination of
NRG-1 + Rp-8-pCPT-cGMPS on Cx40 gene expression (Figure 5.24 B). Compared to
control, this combination resulted in a similar level of gene expression (p=NS), but this
combination greatly reduced Cx40 gene expression vs. NRG-1 treatment alone (0.97
0.09 vs. 2.07 £ 0.08, p<0.00005). This combination increased Cx40 gene expression vs.
Rp-8-pCPT-cGMPS treatment alone (0.97 £ 0.09 vs. 0.26 + 0.006, p<0.00005). The
presence of NRG-1 may have been able to alleviate the decrease in gene expression of
Cx40 caused by the PKG inhibitor alone. Next, we wanted to test the effects of
combined blockade of PKG and blockade of ErbB receptors using the combination of
AG1478 + Rp-8-pCPT-cGMPS, on Cx40 gene expression. Compared to control, this
combination resulted in a significant reduction in gene expression by ~7.1-fold (0.14

0.006, p<0.00005). However, this combination was similar to the expression level
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provided by either AG1478 or Rp-8-pCPT-cGMPS alone (p=NS). Thus, it does not appear
that there was an additive/synergistic effect in suppressing Cx40 gene expression by

combining both blockade of ErbB receptors + blockade of PKG.
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Figure 5.23. RT-qPCR analysis of HCN4 gene expression in E11.5 mouse ventricular cells
following addition of Rp-8-pCPT-cGMPS in combination with ET-1 or NRG-1 over 48
hours. Cells were incubated with Rp-8-pCPT-cGMPS (100 uM) in combination with either
ET-1 (1.5 nM) or NRG-1 (2.5 nM) to determine if changes in gene expression of HCN4
could occur. A) There was no significant difference in HCN4 gene expression provided by
the combination of ET-1 + Rp-8-pCPT-cGMPS vs. control. However, the combination of
ET-1 + Rp-8-pCPT-cGMPS resulted in significantly higher gene expression vs. Rp-8-pCPT-
cGMPS alone, bringing it similar to control levels of expression. B) There was no significant
difference in gene expression provided by the combination of NRG-1 + Rp-8-pCPT-cGMPS
vs. control. However, the combination of NRG-1 + Rp-8-pCPT-cGMPS resulted in
significantly higher gene expression vs. Rp-8-pCPT-cGMPS alone, bringing it similar to
control levels of expression. Therefore, ET-1 and NRG-1 may have been able to rescue the
decline in gene expression caused by Rp-8-pCPT-cGMPS alone. GAPDH was used as the
housekeeping gene. N=5 experiments per group. Each bar represents mean * SEM.
*p<0.05 vs. control, #p<0.05 between groups as indicated, One-way ANOVA with Tukey’s
multiple comparisons post hoc test.
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Figure 5.24. RT-qPCR analysis of Cx40 gene expression in E11.5 mouse ventricular cells
following addition of Rp-8-pCPT-cGMPS in combination with ET-1 or NRG-1 over 48
hours. Cells were incubated with Rp-8-pCPT-cGMPS (100 uM) in combination with either
ET-1 (1.5 nM) or NRG-1 (2.5 nM) to determine if changes in gene expression of Cx40 could
occur. A) The combination of ET-1 + Rp-8-pCPT-cGMPS resulted in a significant reduction
in gene expression vs. control, and was similar to the effects of Rp-8-pCPT-cGMPS alone,
suggesting that ET-1 may have been unable to rescue the decline in Cx40 gene expression
caused by Rp-8-pCPT-cGMPS. B) The combination of NRG-1 + Rp-8-pCPT-cGMPS did not
significantly alter Cx40 gene expression vs. control. This combination resulted in
significantly higher gene expression vs. Rp-8-pCPT-cGMPS alone, bringing it similar to
control levels of expression. NRG-1 may have been able to rescue the decline in gene
expression caused by Rp-8-pCPT-cGMPS. GAPDH was used as the housekeeping gene.
N=5 experiments per group. Each bar represents mean + SEM. *p<0.05 vs. control,
#p<0.05 between groups as indicated, One-way ANOVA with Tukey’s multiple
comparisons post hoc test.
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5.3.6 Determining the Luciferase Activity of a Cx40-Promoter Construct Upon
Addition of ANP, ET-1, or NRG-1

We wanted to investigate whether each of the three paracrine factors, ANP, ET-
1, or NRG-1, could have an effect on inducing the activity of the mouse Cx40 promoter
to further expand our mechanistic approach to understanding if these paracrine factors
interact with a VCS marker like Cx40 in order to potentially induce development of the
VCS, as the embryonic mouse heart matures. To do this, our goal was to test the
luciferase activity of a Cx40-promoter construct upon addition of either exogenous ANP
(1000 ng/ml), ET-1 (1.5 nM), or NRG-1 (2.5 nM). We utilized a Cx40 promoter clone
construct containing a 1.2kb mouse Cx40 promoter sequence insert. The promoter
sequence was cloned in Bgl Il and Hind Ill sites of the pEGX-PGO04 vector (Figure 2.4).
This promoter construct utilized a dual-reporter system consisting of GLuc as the
promoter reporter and SEAP as the internal control for signal normalization. Briefly, we
transfected the Cx40 promoter clone vector DNA E11.5 ventricular cells and allowed cell
cultures to incubate for 24 hours. Then, ANP, ET-1 or NRG-1 was added to cells. After 24
hours of incubation with these compounds, media was collected, and luciferase assays
were performed to test the activity of the Cx40 promoter. A subsequent luciferase assay
was performed after another 24 hours (48 hours following initial incubation with
paracrine factors). The Luc/SEAP ratio (RLU) was determined for each treatment group.

In E11.5 ventricular cells, after 24 hours, the Luc/SEAP ratios of ANP, ET-1, and
NRG-1 were all significantly greater vs. control (Control: 0.65 + 0.03 RLU; ANP: 0.90
0.06 RLU; ET-1: 0.88 £ 0.04 RLU; NRG-1: 0.94 + 0.05 RLU, p<0.005, Figure 5.25 A). There

were no significant differences between any of the three paracrine factors (p=NS).
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Following 48 hours, similar trends existed, whereby the Luc/SEAP ratios of ANP, ET-1
and NRG-1 were all significantly greater vs. control (p<0.05) but were not significantly
different compared to each other (Control: 0.65 + 0.04 RLU; ANP: 0.86 + 0.06 RLU; ET-1:
0.86 + 0.04 RLU; NRG-1: 0.89 + 0.05 RLU, Figure 5.25 B). Taken together, these results
suggest that in E11.5 ventricular cells, Cx40 promoter activity is stimulated by ANP (1000
ng/ml), ET-1 (1.5 nM), and NRG-1 (2.5 nM), providing further evidence that each of
these three paracrine factors may play a role in inducing Cx40 gene expression to help

to promote formation of the VCS in the developing embryonic mouse heart.
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Figure 5.25. Effects of ANP, ET-1 and NRG-1 on luciferase activity of mouse Cx40-
promoter clone in E11.5 ventricular cells. E11.5 cells were transfected with the mouse
Cx40-promoter clone, and then after 24 hours, ANP (1000 ng/ml), ET-1 (1.5 nM), or NRG-
1 (2.5 nM) was added to cells. After 24 hours or 48 hours following paracrine factor
treatment, media was collected and assayed for detection of luciferase. The Luc/SEAP
ratio (RLU) was determined for each group. A) After 24 hours, the Luc/SEAP ratio was
significantly greater for all three paracrine factors vs. control. There were no significant
differences between the paracrine factors. B) After 48 hours, there the Luc/SEAP ratio
was still significantly greater for all three paracrine factors vs. control. There were no
significant differences between the paracrine factors. N=8 independent experiments,
performed in triplicate wells. *p<0.05 vs. control, One-way ANOVA with Tukey’s multiple
comparisons post hoc test.
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CHAPTER 6: DISCUSSION

6.1 Summary of Results

The overall aim of my doctoral thesis work was to determine the potential role
of ANP signalling in the development of the embryonic VCS. Numerous congenital heart
diseases (CHDs) result from the impairment of the components of the CCS, including
dysregulation of cardiac transcription factors that are known to regulate expression of
ANP. Therefore, our interest in studying the function of ANP in the development of the
VCS could provide some insight into the molecular mechanisms governing its
development.

In the literature, there is not much known about the molecular mechanisms that
guide development of the CCS, particularly the VCS, and a role for ANP has not been
well established. It is known that ANP is transiently expressed in the embryonic
ventricles and atria during cardiac development, which raises the possibility that this
paracrine factor may be interacting with NPR-A receptors present in the trabecular
myocardium to promote differentiation of various cardiac cell types to VCS cells. In this
thesis, we have provided evidence that exogenous addition of ANP increased percent
distribution of HCN4- and Cx40-positive cells and gene expression of the VCS markers,
Cx40 and HCN4, through the NPR-A/cGMP signalling transduction pathway, in the
embryonic mouse heart as well as in primary ventricular cell cultures. We have
characterized the pharmacological properties of the NPR-A antagonist A71915, which
has not been described well in the literature. Furthermore, we have explored the

potential for signalling interactions between ANP and other paracrine factors known to
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have a role in the formation of the VCS: NRG-1 and ET-1. These signalling experiments
provided further insight into the notion that a complex signalling network may exist in
the ventricular trabeculae that can guide differentiation of cell types like CPCs and CMs
into becoming VCS cells, which will eventually form Purkinje fibers of the mature VCS.
Taken together, results from this thesis provide evidence that ANP has an

important role to play in the development of the VCS, which may provide some insight
into the molecular mechanisms of various CHDs involving dysregulation of the VCS and
ANP. Furthermore, we hope that these results will facilitate the development of

therapeutic strategies in the clinic to help children and patients born with CHDs.

6.2 Characterizing the Role of Atrial Natriuretic Peptide Signalling in the
Development of the Embryonic Ventricular Conduction System
6.2.1 Context
Genetic mutations in key transcription factors such as Tbx5, MEF2C, GATA4,
which are known to be regulators of ANP gene expression, cause impairments in
cardiogenesis, not only in animal models, but also in human patients with CHDs
(Bruneau et al., 2001; Bruneau et al., 2008; Lin et al., 1997; Schott et al., 1998; Garg et
al., 2003). The CHD known as Holt-Oram Syndrome is caused by single-gene mutations
in Tbx5 and is correlated with atrial and ventricular septal defects and conduction
system deficits (Mori and Bruneau, 2004). In a mouse model of Holt-Oram Syndrome, it
has been shown that a dysregulation in the spatial expression pattern of ANP occurred

(Bruneau et al., 2001). In this study, Tbx5 haploinsufficient mice displayed marked
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reduction in ANP and Cx40 transcription (Bruneau et al., 2001). Due to the unique
temporal and spatial expression pattern of ANP in the embryonic ventricles, ANP may
play an important role in VCS development.

Although ET-1 has been shown to play a critical role in the development of the
CCS in chick heart development (Gourdie et al., 1998), mice lacking ET-1 receptors
(Ednra and Ednrb) were viable and they did not reveal any CCS related abnormalities
(Hua et al., 2014). Moreover, treatment of CCS-lacZ mouse embryos with ET-1 did not
change reporter gene expression pattern (Rentschler et al. 2002). Using the same CCS-
lacZ reporter readout, Rentschler et al. (2002) found that NRG-1 can act as a paracrine
factor to induce embryonic mouse CMs to differentiate into CCS cells, but that this
paracrine effect may be declining as development of the embryo proceeds. This was
because the group found that as the embryo matured past E11.5, they did not detect
differences in expression levels of lacZ between control and NRG-1 treated embryonic
hearts. Therefore, this raises the possibility that the inductive effects of a paracrine
factor like NRG-1 could be restricted to a specific developmental period during heart
development. Given the partial development of primordia for the AV node, Bundle of
His and bundle branches and absence of Purkinje fibers at the E11/12 stages in mouse
hearts (Viragh and Challice, 1977), we hypothesized that additional factors such as ANP

may be involved in Purkinje cell formation and maturation and development of the VCS.
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6.2.2 Effects of ANP on Protein and Gene Expression of HCN4, Cx40 and Cardiac
Transcription Factors

Evidence in the literature has described a role for NPR-A signalling systems in
cardiac development. Genetic ablation of the NPR-A receptor in mice (Nprl'/') led to
reduced survival (Knowles et al., 2001). Additionally, at mid to late gestation, Nprl'/'
mice developed cardiac hypertrophy, and experienced morphological abnormalities
such as dextrocardia and mesocardia (Scott et al., 2009; Cameron and Ellmers, 2003;
Lopez et al., 1995; Elimers et al., 2002). Recently, it has been suggested that ANP may
play a local paracrine role in regulating the balance between CPC proliferation and
differentiation through NPR-A/cGMP signalling throughout cardiogenesis (Hotchkiss et
al., 2015). However, the molecular mechanisms underlying the importance of NPR-A
signalling systems in cardiac development has been poorly understood. We
hypothesized that ANP-mediated NPR-A signalling plays a role in the formation and
development of the VCS, and that the decreased survivability and abnormal cardiac
morphogenesis present in NPR-A7 mice may be attributed to impairments in
component(s) of the VCS.

To study the potential impact of ANP/NPR-A signalling on development of the
Purkinje fiber network and VCS, we tested whether the addition of exogenous ANP
could impact protein and/or gene expression of two important VCS markers, HCN4 and
Cx40 at various developmental stages: E11.5, E14.5, E17.5 and neonatal stages using
techniques such as immunostaining, QPCR and reporter gene expression assays. HCN4
channels generate the lscurrent in the heart, providing pacemaker activity in the SA

node (Ludwig et al., 1998; DiFrancesco, 1993; Accili et al., 2002). All components of the
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CCS express HCN4 by E14.5. Also, HCN4 is highly expressed in first heart field (FHF)
precursor cells that will eventually become CCS cells (Liang et al., 2013). We chose to
study HCN4 as one of our VCS markers of choice because it is expressed prenatally in the
ventricular trabeculae, which houses cellular precursors which will eventually form the
bundle branches and Purkinje fibers of the mature VCS, and because its postnatal
expression becomes confined to the Purkinje fibers in the ventricular myocardium (Han
et al., 2002). Cx40 is a gap junction protein necessary for allowing direct exchange of
small molecules between adjacent cells (Dbouk et al., 2009). In the embryonic heart, by
E14.5, all components of the CCS express Cx40 excluding the SA node and the outer
portion of the AV node. After birth, its expression becomes restricted to the Purkinje
fibers (Delorme et al., 1995; Sankova et al., 2012). Thus, Cx40 is also an excellent VCS
marker to study Purkinje fiber formation because it is also expressed prenatally in
ventricular trabeculae and postnatally in Purkinje fibers.

It is technically challenging to obtain a sufficient number of cells from E11.5
ventricles to perform western blot analyses. Thus, we employed immunostaining
techniques to monitor the effects of ANP on HCN4 and Cx40 protein expression in both
CM and non-CM populations. The addition of exogenous ANP (1000 ng/ml) increased
the number of cells expressing HCN4 but not Cx40 in E11.5 mouse ventricular cells. All
other concentrations less than 1000 ng/ml did not provide any significant changes in
immunoreactive cell number for either marker. ANP was delivered every 12 hours over
a 48-hour time period. We chose this particular time period because previous results

from our lab demonstrated that the addition of a single dose of ANP (100 ng/ml) over a
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24-hour time period did not yield significant changes in Cx40 or HCN4 gene expression
(Hotchkiss, 2013; unpublished). Notably, in this thesis, we found that the bioactivity of
exogenous ANP present in the conditioned medium of E11.5 ventricular cells even after
12 hours of incubation was very similar to that of freshly prepared ANP, when used at a
1000 ng/ml concentration. The absence of significant changes in the expression profiles
of HCN4 and Cx40 in earlier studies conducted by our laboratory (Hotchkiss, 2013;
unpublished) could be attributed to the loss of bioactivity or degradation combined with
insufficient dosage of ANP (single treatment of 100 ng/ml over a 24-hour period) in
those experiments.

Natriuretic peptides are known to be degraded by neutral endopeptidases or
neprilysins (NEPs) and insulin degrading enzymes as well as the NPR-C clearance
pathway (Potter, 2011). Very little is known about the expression pattern of enzymes
degrading natriuretic peptides during heart development. Earlier work from our
laboratory detected NPR-C protein in E11.5 ventricular lysates but this receptor was
ineffective in coupling to the G; pathway (Hotchkiss et al., 2015) which was an
established event during NPR-C signalling (Anand-Srivastava et al., 1996). The addition
of the NPR-A antagonist A71915 (1 uM) reduced the number of immunoreactive cells
for both HCN4 and Cx40, suggesting that blockade of the NPR-A receptor could
negatively impact formation of the VCS. We also tested a combination of ANP (1000
ng/ml) and A71915 (1 uM) on the number of immunoreactive HCN4 and Cx40 cells and

found that the inhibitory effect of A71915 persisted despite the presence of ANP.
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We also determined if ANP could impact differentiation kinetics of a population
of non-CMs that were also positive for VCS markers (HCN4 or Cx40). At all
concentrations tested, ANP reduced the percentage of these cells, whereas A71915
alone and in combination with ANP increased the percentage of these cells.
Furthermore, ANP increased the ratio of VCS marker positive CMs to non-CMs in E11.5
ventricular cell cultures whereas A71915 reduced this ratio. This seems to indicate that
exogenous ANP may have converted HCN4+ or Cx40+ non-CM cells into VCS marker
positive CMs, and that blockade of the NPR-A receptor may have reversed this effect. To
further lend credence to the hypothesis that ANP could be causing differentiation of
various cell types to VCS cells, we found that at E11.5, exogenous ANP increased the
number of CMs present per field through MF20 staining for sarcomeric myosin. Thus,
ANP may play a role in causing differentiation of non-CM cells to VCS cells. Although
ANP-mediated increases in the number of HCN4 or Cx40 positive CMs could be
attributed to changes in cell proliferation rates, this is unlikely due to the fact that ANP
treatment led to a significant decrease in cell cycle activity of embryonic CPCs with no
changes in CM cell cycle activity in E11.5 cultures (Hotchkiss et al., 2015).

The addition of exogenous ANP (1000 ng/ml) induced mRNA levels of both HCN4
and Cx40 and the addition of A71915 alone or in combination with ANP resulted in
reduction in gene expression of both genes, at E11.5. Additionally, we found that in
E14.5 ventricular tissue, homozygous NPRA-KO (NPR—A)'/' mice display significant

reductions in gene expression of both HCN4 and Cx40. Therefore, taken together, these
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results suggest the possibility that ANP-mediated NPR-A signalling may be involved in
formation of the VCS through induction of HCN4 and Cx40.

We also examined potential changes in protein and gene expression of HCN4
and Cx40 upon addition of exogenous ANP and/or A71915 across several developmental
stages: at E11.5, when the Purkinje fiber network/VCS begins to form, at E14.5 which
represents when the Purkinje fiber network/VCS has approximately half-formed, and at
E17.5, which represents when Purkinje fiber network/VCS specification has neared
completion. Within each embryonic stage, treatment with ANP increased HCN4 and
Cx40 positive cell numbers and gene expression, suggesting that the inductive effects of
ANP may not be as highly restricted to specific developmental periods. However, there
were differences in the effects of the treatment groups across the developmental
periods. When comparing differences in treatments across embryonic stages, the
greatest induction in Cx40 positive (but not HCN4) cell number, and HCN4/Cx40 gene
expression, caused by addition of exogenous ANP, occurred at E14.5.

Although it has been shown in various cell types that genetic mutations in key
transcription factors such as Tbx5, MEF2C, GATA4, lead to dysregulation in gene
expression of ANP, cause impairments in cardiogenesis, and contribute toward the
incidence of CHD in humans (Bruneau et al., 2001; Bruneau et al., 2008; Lin et al., 1997;
Schott et al., 1998; Garg et al., 2003), we found that exogenous ANP did not significantly
modulate gene expression of GATA4, HAND2, Tbx5, or MEF2C in E11.5 ventricular cells.
It is possible that modulation of the gene expression of these cardiac transcription

factors by ANP may be cell type specific or stage specific. Furthermore, it is possible that
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downstream targets of these transcription factors or changes in the activity of these
transcription factors could be modulated after ANP treatment, although this remains to

be determined.

6.2.3 Determination of Natriuretic Peptide Receptor Signalling Mediators Involved in
the Regulation of Ventricular Conduction System Specific Marker Gene
Expression and Formation of the Ventricular Conduction System
While a role for the ANP/NPR-A/cGMP signalling pathway has been described in

cellular growth and proliferation of various cell types (see Tables 1.1 and 1.3), little is

known about its potential role in embryonic heart development. Second messenger
analysis experiments in E11.5 ventricular cells using various doses of ANP confirmed
that ANP (100 and 1000 ng/ml) can significantly increase endogenous cGMP levels in
acutely isolated ventricular cells. This result is consistent with previous studies which
documented similar increases in cGMP levels in embryonic ventricular cells (Hotchkiss et
al., 2015) and adult Purkinje CMs (Anand-Srivastava et al., 1989) after treatment with

ANP. Furthermore, stimulatory effects of ANP on HCN4 and Cx40 gene expression and

the inhibitory effects of A71915 as well as genetic ablation of NPR-A on HCN4 and Cx40

gene expression strongly suggest that NPR-A signalling is critical for VCS development.

While these results suggest that ANP/NPR-A/cGMP signalling pathway is biologically

active in E11.5 ventricular cells, stimulatory effects of ANP on VCS marker gene

expression may also be attributed to the actions of ANP on other natriuretic peptide

receptors such as NPR-B and NPR-C as well as to the cGMP-independent pathways.

258



It is unlikely that ANP increases VCS gene expression through NPR-B receptor
stimulation in E11.5 ventricular cells since the concentrations used for ANP in this study
(100 and 1000 ng/ml, approximately 30 and 300 nM) were far below the half-maximal
concentration (25 uM) that was required for ANP/NPR-B mediated cGMP production in
cell culture studies (Schulz et al., 1989). Although NPR-C receptors are capable of
inhibiting the adenylyl cyclase (AC) pathway (Anand-Srivastava et al., 1996; Pagano and
Anand-Srivastava, 2001), and are present in E11.5 ventricles (Hotchkiss et al., 2015), our
cAMP analysis indicates that the NPR-C/G; pathway may not be active in these cells. We
found that ANP treatment alone did not alter the endogenous levels of cAMP in E11.5
ventricular cells. Further, ANP treatment in combination with ISO was unable to
significantly alter the increased cAMP production resulting from ISO treatment alone.
Thus, these results suggest that NPR-C/Gi signalling pathway may not be responsible for
ANP-mediated effects on VCS gene expression in our experiments.

In chronic cardiac hypertrophy, elevated plasma levels of ANP are associated
with NPR-A desensitization and it has been shown that ANP binding to NPR-A can
stimulate a unique cGMP-independent signalling pathway in CMs (Kinoshita, 2010;
Klaiber et al., 2011). Activation of NPR-A leads to subsequent activation of Ca*'-
permeable transient receptor potential canonical 3/6 (TRPC3/TRPC6) cation channels,
which form a stable complex with NPR-A. Activation of TRPC3/TRPC6 channels leads to
sodium and calcium influx, and this increased calcium influx triggers further calcium
influx through L-type Ca®* channels (LTCCs) to further increase intracellular Ca** to

pathological levels (Kinoshita et al., 2010; Klaiber et al., 2011). As stated earlier, such a
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cGMP-independent pathway may also account for ANP-mediated effects on VCS gene
expression. However, additional experiments using cell permeable compound 8-Br-
cGMP or a PKG inhibitor (Rp-8-pCPT-cGMPS) firmly confirmed the role of NPR-
A/cGMP/PKG pathway in the regulation of HCN4 and Cx40 gene expression in ANP
treated embryonic ventricular cells. Therefore, we did not pursue the role of a cGMP-
independent pathway in our ANP treated cultures, however, such a possibility could be
further examined in future studies.

We utilized high concentrations of ANP (1000 ng/ml) to study protein and gene
expression of HCN4/Cx40 and endogenous cGMP production which was consistent with
numerous studies that also utilized a range of high concentrations of exogenous ANP in
both cardiovascular and non-cardiovascular cell types (Koide et al., 1996; DiCicco-Bloom
et al., 2004; O’Tierney et al., 2010; Glenn et al., 2009; Stastna et al., 2010). In the adult
rat, circulating concentrations of ANP have been measured at ranges between 100 and
400 pg/ml (Ortola et al., 1987; Jankowski et al., 2001; Wei et al., 1987). However, at E20
in fetal rats, a high plasma concentration of ANP was found (2.7 ng/ml) (Wei et al.,
1987). The plasma concentration of ANP has been shown to be more than 5 times
greater in fetal circulation compared to maternal circulation in sheep and rats (Cheung
et al., 1987; Wei et al., 1987). In tissue, the concentration of ANP in fetal rat ventricles
was found to be more than 20 times higher compared to the concentration of ANP
present in postnatal ventricles (Wei et al., 1987). Therefore, since ANP concentrations
were higher in tissue of fetal ventricles, it is possible that the ventricular trabeculae of

the embryonic heart contain zones that are rich with ANP, creating a microenvironment
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where “pockets” of ANP are highly concentrated in the interstitial fluid. The high
concentration of ANP present in the interstitial fluid surrounding the trabeculae may be
several orders greater in magnitude compared to the concentration of ANP found in
plasma or circulation. Therefore, despite the fact that extra-physiological concentrations
of ANP were utilized in this study, this may well represent the ANP-rich regions of
trabeculae that would be difficult to measure in an animal model or in humans, given
the autocrine/paracrine nature of ANP and its ability to interact with nearby NPR-A

receptors of surrounding CMs.

6.2.4 Effects of Exogenous ANP on Cell Survival and Growth, Proliferation and
Differentiation of Cardiac Progenitor Cells and Cardiomyocytes

ANP has been shown to regulate proliferation and growth of various
cardiovascular and non-cardiovascular cell types through an autocrine/paracrine
manner (see Tables 1.1 and 1.3). ANP was shown to stimulate apoptosis in various cell
types, including in neonatal rat CMs, and in pulmonary vascular smooth muscle cells,
while also inhibiting apoptosis in cell types including serum-deprived PC12 cells (D’Souza
et al., 2004; Wu et al., 1997; Deprez et al., 2001; Fiscus et al., 2001). The pro-apoptotic
effects of ANP on neonatal rat CMs were found to be mediated by cGMP, and
stimulation of cells with catecholamines increased cAMP levels, which reversed this
effect (anti-apoptosis) (Wu et al., 1997). It was suggested that cGMP activity inhibited
apoptosis in PC12 cells (Fiscus et al., 2001). Therefore, these results suggest that the cell

survival and proliferation effects elicited by ANP may be cell type specific. In embryonic
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CM cultures, there is no clear consensus on a defined role for ANP/NPR-A signalling on
regulating cell growth and proliferation. One study demonstrated that exogenous
addition of human ANP induced proliferation in embryonic chick CMs through NPR-A
mediated signalling (Koide et al., 1996). In contrast, another study demonstrated that
the addition of human or porcine exogenous ANP to fetal sheep CMs inhibited
proliferation induced by Ang Il through NPR-A mediated signalling (O’Tierney et al.,
2010). The discrepancy in reported outcomes may be explained by the fact that
numerous studies that examined the role of ANP in cellular proliferation employed
heterologous systems, that is, that cells were treated with ANP originating from a
different species (Hotchkiss et al., 2015). In this thesis, we utilized a homologous system
to study the effects of ANP on formation of the VCS, using mouse ANP on mouse
primary cultures. Previous studies from our laboratory demonstrated that ANP can
inhibit cell cycle activity in CPCs but not in CMs in E11.5 ventricular cell cultures
(Hotchkiss et al., 2015). It is important to note that ANP treatment (1-1000 ng/ml) in the
present study did not lead to any significant changes in the total cell number (measured
as nuclei per field) compared to untreated controls in E11.5 ventricular cells. Although
this observation does not rule out the possibility of changes in cell cycle activity in
individual cell types as reported in our earlier studies (Hotchkiss et al., 2015), it
eliminates the possibility of a pro-apoptotic role for ANP in our cell culture system.

Many of the studies described above attribute the capability of ANP to modulate
cell growth and proliferation to occur via NPR-A/cGMP signalling or NPR-C/cAMP

signalling, specifically either through an increase in cGMP or decrease in cAMP (Abell et
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al., 1989; Tripathi and Pandey, 2012; Horio et al., 2000; Tsuruda et al., 2002; Koide et al.,
1996; Pandey et al., 2000; Woodard and Rosado, 2008; O’'Tierney et al., 2010). We
decided to investigate the potential for ANP/NPR-A/cGMP signalling to modulate
proliferation and/or differentiation of CPCs and CMs at E11.5. The addition of ANP
significantly increased cGMP production both in CPCs (100, 1000 ng/ml) and in CMs
(1000 ng/ml). Interestingly, the production of cGMP was greater in the CPC population
vs. in CMs, suggesting that CPCs may be more sensitive to ANP-induced stimulation of
NPR-A. In addition, exogenous addition of 8-Br-cGMP to E11.5 ventricular cell cultures
significantly decreased the number of CPCs and the number of CMs increased in a dose
dependent manner. It is possible that through ANP/NPR-A stimulation, cGMP could be
promoting differentiation of CPCs (thus reducing their numbers) while increasing
differentiation of CMs into a VCS phenotype. This notion is consistent with the earlier
report that showed that ANP can decrease DNA synthesis in CPCs but not in CM
populations in E11.5 mouse ventricular cell cultures (Hotchkiss et al., 2015).

ANP may play an important role in protecting the heart against cardiac
hypertrophy, since NPRA-KO mice display enlarged hearts whereas mice overexpressing
ANP display smaller hearts (Steinhelper et al., 1990). Several studies have demonstrated
that exogenous ANP can inhibit cardiac hypertrophy both in vitro and in vivo (Horio et
al., 2000; Rosenkranz et al., 2003; Laskowski et al., 2006; Kilic et al., 2007; Knowles et al.,
2001, Lopez et al., 1995; Oliver et al., 1997). At E11.5, although there was a trend
toward decreased cell area of CMs upon addition of exogenous ANP, this was not

statistically significant versus control. Blockade of the NPR-A receptor with A71915 also
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resulted in similar cell area of CMs as with control. Therefore, in our study, neither ANP
or A71915 had an effect on cardiac hypertrophy at E11.5. However, it is important to
consider that we examined the effects of ANP on cardiac hypertrophy in vitro, in E11.5
ventricular cells, rather than in vivo in a whole animal model. Additionally, we provided
ANP treatment every 12 hours over a 48-hour period, thus not only did we study cardiac
hypertrophy in acutely isolated cells, but also with a potentially short time period. It is
challenging to correlate our findings at the cellular level with the pathophysiology that
could be occurring in whole, intact animals or humans, and it is highly likely that cardiac

hypertrophy develops over a much longer, and extended period of time.

6.2.5 Characterization of the Effects of ANP/NPR-A Signalling on Embryonic
Ventricular Conduction System Development using the Cx40%™ Mouse Model

Several studies have highlighted the importance of Cx40 to promote formation
and development of the CCS. Cx407" mice have been shown to develop severe CCS
deficits including, decreased atrial and atrioventricular conduction, increased QRS
complex duration, bundle branch block, slow conduction in the right bundle branch,
increased incidence of inducible atrial fibrillation and ventricular tachycardia, and the
occurrence of spontaneous arrhythmias (Simon et al., 1998; Tamaddon et al., 2000;
Hagendorff et al., 1999; Bevilacqua et al., 2000). While several models exist to study the
impact of genetic manipulations on conduction system development (Myers and
Fishman, 2003; Di Lisi et al., 2000; Nguyen-Tran et al., 2000; Kondo et al., 2003;
Rentschler et al., 2002) we chose to use the Cx40°™ knock-in reporter mouse model

because: 1) Cx40 appears to be the best marker for the His-Purkinje system, and 2) Cx40
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is expressed strongly in atrial CMs, the AV node, Bundle of His and bundle branches, and
the Purkinje fibers, of the CCS (Miquerol et al., 2004). Cx40 is expressed in the CCS, both
prenatally, and postnatally, allowing one to visualize development of the CCS

throughout numerous developmental periods. It is likely that EGFP does not significantly

*&™*/ mice, since the ECGs,

interfere with physiological functioning of the heart of Cx40
bundle branch velocities, and profiles of action potentials recorded from both WT and
Cx40%™*" mice were similar (Tamaddon et al., 2000; Van Rijen et al., 2001). Several
studies have employed this model for this purpose, demonstrating that heterozygous
knockout of the Nkx2.5 gene (ka2.5+/') lead to hypoplasia of the Purkinje fiber network
and conduction system deficits (Jay et al., 2004; Meysen et al., 2007).

&/ whole

To confirm the effects of ANP treatment on Cx40 expression, Cx40
embryos at E10.5 were incubated with ANP and/or A71915 for 24 hours, and at E11.5,
hearts were removed and visualized for EGFP expression patterns. ANP-treated hearts
revealed strong EGFP signals in both atrial chambers, in the coronary vasculature, and in
both ventricles, with the left ventricle having the strongest signal overall. In contrast,
A71915 alone, or in combination with ANP, was correlated with hearts having weak
EGFP signals. While these results suggest that ANP/NPRA signalling is important for Cx40
gene expression, it is important to note that EGFP signal is visualized from the epicardial
surface in these early stage embryos and thus may represent a combined signal derived

from developing coronary vasculature (albeit at a very low level at E11.5) as well as

ventricular trabeculae.

265



To ensure that ANP/NPR-A signalling is important for VCS formation, we next
focused on the imaging of Purkinje fiber arborisation in the endocardial surface of
neonatal ventricles derived from compound crosses between double heterozygous mice
(Cx40°™*/~ and NPR-A"). This approach has been widely used to study the development
and maturation of Purkinje fibers in earlier studies (Miquerol et al., 2004; Jay et al.,
2004; Meysen et al., 2007). Although homozygous Cx40%€™** mice are viable and do not
reveal any morphological abnormalities in CCS development (Miquerol et al., 2004), we
were unable to generate Cx40°%€™*/NPR-A”" pups from these compound crosses
possibility due to early embryonic lethality that could arise from the loss of three
functional alleles (1 Cx40 and 2 NPR-A) important for VCS formation. However,
comparative analysis of neonatal mice born with Cx40%®*"/NPR-A"* or Cx40%€™*"/NPR-
A genotypes revealed that most of the hearts (5 out of 7) from NPR-A"" displayed
significantly less arborisation of the Purkinje fiber network, abnormal Purkinje fiber
structure, and severe hypoplasia. These results are in agreement with the effects of
exogenous addition of ANP or NPR-A inhibitor A71915 on VCS marker gene expression in

E11.5 ventricular cell or whole embryo cultures.

6.2.6 Post-Transcriptional and Transcriptional Mechanisms Responsible for Changes
in HCN4 and Cx40 Gene Expression in Response to Modulation of the
ANP/NPR-A Signalling Pathway
Changes in VCS marker gene expression in response to ANP treatment or genetic

ablation of NPR-A could be attributed to multiple mechanisms including transcriptional,

post-transcriptional and translational mechanisms. A recent study revealed that ANP
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treatment can alter the expression levels of a number of miRNAs in human aortic
smooth muscle cells and some of these changes have been mechanistically linked to
vascular smooth muscle cell relaxation (Kotlo et al., 2011). Interestingly, this study has
identified unique sets of miRNAs that are regulated in response to ANP (particulate
guanylyl cyclase activator) but not in response to S-nitroso-N-acetylpencillamine (SNAP;
a NO donor and soluble guanylyl cyclase activator). One of such unique miRNAs
identified by Kotlo et al. (2011), miRNA 27b, has recently been linked to the
downregulation of Cx40 expression in the atria of obese mice possibly by targeting the
3’ UTR of Cx40 transcripts (Takahashi et al., 2016). Moreover, miRNA 27b levels were
shown to be significantly upregulated from E12.5 to E18.5 stages of ventricular
development (Chinchilla et al., 2011) and Cx40-positive Purkinje fiber arborisation is
known to be increased by the E16.5 stage. Based on these findings, we reasoned that
miRNA-mediated regulation of VCS marker gene expression (Cx40 and HCN4) may serve
as an underlying mechanism in the context of the effects of ANP on VCS formation.

Further survey of the literature indicated that miRNA 208 can also regulate Cx40
gene expression in the heart (Callis et al., 2009). Similarly, several studies linked miRNA
1a and 133 to cardiac development and regulation of HCN4 gene expression (D’Souza et
al., 2014; Li et al., 2015; Ivey et al., 2008; Zhao et al., 2007). Notably, homozygous
miRNA 1 KO mice exhibited 50% lethality by weaning age due to CCS deficits and
ventricular septal defects (Zhao et al., 2007). Thus, in this study, we have focused on
miRNAs that are known to target Cx40 (27b and 208a) and HCN4 (1a and 133)

transcripts in ANP treated embryonic ventricular cell cultures or NPRA-KO hearts. We
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found that in E11.5 and E14.5 ventricular cells, exogenous ANP significantly
downregulated miRNAs 1a, 133, and 27b, and A71915 reversed these effects. These
changes in miRNA levels are inversely related to the mRNAs levels of HCN4 and Cx40 in
ANP or A71915 treated primary cultures and further suggest that ANP increases VCS
marker gene expression by decreasing the levels of miRNAs 1a, 133, and 27b.

In contrast to exogenous ANP treatment results, genetic ablation of NPR-A
displayed significant upregulation of miRNA 1a and 133, whereas miRNA 27b was not
significantly different vs. WT in E14.5 as well as neonatal NPR-A”" ventricles. Both
pharmacological inhibition of NPR-A, and genetic ablation of the NPR-A receptor,
resulted in upregulation of miRNA 1a and 133. Interestingly, while pharmacological
inhibition of NPR-A led to upregulation of 27b in E11.5/E14.5 primary cultures, there
were no significant differences between NPR-A”" and NPR-A** (WT) ventricles, at E14.5
and neonatal stages. Lastly, our finding that the genetic ablation of NPR-A led to
downregulation of miRNA 208a is consistent with the results of Callis et al.’s (2009)
study, which found that miRNA 208a KO mice displayed reduced Cx40 gene expression,
leading to conduction system deficits. Taken together, this provides evidence that
ANP/NPR-A signalling may induce Cx40 gene expression through upregulation of miRNA
208a. However, due to lack of tissue samples from NPRA-KO mice as well as time
constraints, we were unable to determine the effects of the NPR-A genotype on miRNA
208a levels in other developmental stages (like neonatal) aside from E14.5. In addition,
we did not test the effects of ANP and/or A71915 on miRNA 208a expression in

embryonic ventricular cell cultures. Therefore, further experiments are warranted to
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tease out the potential role miRNAs could play in the development of the CCS, through
regulation of Cx40 and HCN4 gene expression.

Increased gene expression of VCS markers after ANP treatment could also be
explained by increased transcriptional activity of Cx40 and HCN4 genes. The promoter
regions for both genes were cloned and sequenced (Grapin-Botton et al., 1997;
Kuratomi et al., 2007), however, these sequences were not available in our lab to
perform transcriptional regulation studies. We recently obtained a 1.2 kb mouse Cx40
promoter driven secreted Gaussia luciferase reporter construct (Cx40p-GLuc-CMV-SeAP)
and tested the ability of ANP, ET-1 and NRG-1 to promote the secretion of GLuc in
transfected E11.5 ventricular cell cultures compared to that in transfected cultures that
were not treated with any exogenous paracrine factors. We found that the ratio of GLuc
to secreted alkaline phosphatase (SEAP; transfection normalization control) was
significantly increased in response to all three treatments. These results suggest that all
three paracrine factors can regulate Cx40 gene expression via transcriptional regulatory
mechanisms. A quick examination of the 5’ flanking sequence of the mouse Cx40 gene
(Grapin-Botton et al., 1997) revealed a few known transcription factor binding sites such
as SP1, AP2, C/EBP, MRE and Y-Box. Further deletion analysis is required to map the
response elements or transcription factors involved in the Cx40 promoter regulation by
ANP, ET-1 and NRG-1. It should be noted that due to time constraints, we were unable
to test the effects of ANP, ET-1 and NRG-1 treatments on a blank vector or control
plasmid devoid of Cx40 promoter region to ensure that these results are not due to the

presence of any cryptic transcription start sites in GLuc/SEAP construct. Therefore,
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further work needs to be done in this area to ascertain the role of these three paracrine

factors on Cx40-promoter activity in the embryonic mouse heart.

6.3 Characterizing the Pharmacological Properties of the NPR-A Antagonist A71915
6.3.1 Context

Throughout this thesis, we have treated cells and tissues with a combination of
A71915 and ANP together, often resulting in similar observations as with A71915
treatment alone. This led us to hypothesize that A71915 may be acting as a competitive
antagonist to outcompete endogenous ANP in cells. Compounds like A71915 can help us
to further understand the role of ANP in physiology and cell biology. A71915 is a
truncated form of ANP. Certain ANP analogues were shown to antagonize the increased
intracellular cGMP levels produced by ANP stimulation of NPR-A in vitro in vascular
smooth muscle cells and also in vivo (Kitajima et al., 1989; Von Geldern et al., 1990).
Delporte et al. (1992) tested the potency of several NPR-A antagonists on cultured
human neuroblastoma NB-OK-1 cells and found that A71915 had the greatest potency.
This group also tested the effect of these various antagonists in combination with ANP,
on cGMP production and found that A71915 shifted the ANP dose-response curve the
furthest to the right. It was also recognized that the presence of a disulfide bridge in the
structure of an NPR-A antagonist like A71915 is essential to cause changes to cGMP
levels through NPR-A, since antagonists lacking this structure were unable to decrease

ANP-induced cytosolic cGMP levels (Delporte et al., 1992).
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6.3.2 Determining the Antagonistic Nature of A71915

While treatment of E11.5 ventricular cells with ANP demonstrated increased
intracellular cGMP production in a dose-dependent manner, these second messenger
responses were blocked by the NPR-A specific inhibitor A71915 when used at the 0.5 to
5 uM concentration range. Notably, cGMP levels in cells treated with all ANP + A71915
combination treatments were significantly lower than those observed with untreated
cells. Additional dose response experiments with the NPR-A specific inhibitor A71915
alone (0.5 to 10 uM) revealed significant decreases in intracellular cGMP levels
compared to the levels in untreated cultures. Although these results suggest that
A71915 can effectively block ANP-mediated effects in E11.5 ventricular cells (e.g. cGMP
levels, HCN4 and Cx40 gene expression levels), it is possible that A71915 may be acting
as an inverse agonist at the NPR-A receptor. A71915-mediated reduction of cGMP levels
in embryonic ventricular cells may also be attributed to possible actions of the inhibitor
on NPR-C receptors, triggering a potential crosstalk with the NPR-A/cGMP signalling
pathway. However, the inability of A71915 to lower cGMP levels in heterozygous NPR-A
knockout E11.5 ventricular cells as well as the absence of any effects of A71915 on
intracellular levels of cAMP in the presence or absence of ANP and/or ISO in WT E11.5
ventricular cultures suggest that the inhibitory effects of A71915 on cGMP are not
mediated through the NPR-C/G; signalling system. Alternatively, such an inhibition may
also be explained by the fact that high concentrations of A71915 may be either
outcompeting the endogenous ANP for receptor binding and/or stabilizing the NPR-A

receptor in an inactive state. Although previous studies from our laboratory have
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identified both proANP and a mature form of ANP in the conditioned media of E11.5
ventricular cells (Hotchkiss et al., 2015), further studies are needed to confirm whether
the baseline levels of cGMP can be reduced in the presence of neutralizing antibodies
for ANP.

Recent studies suggest that there are unique differences between binding
abilities of ANP and A71915 to NPR-A receptors. NPR-A receptors exist as preformed
dimers and the extracellular domains of the dimers bind to natriuretic peptides in a 2:1
stoichiometric ratio (Parat et al., 2008, Rondeau et al., 1995; He et al., 2001; Ogawa et
al., 2004). When ANP binds to the NPR-A, the extracellular domain monomers undergo a
twisting motion, causing the two juxtamembrane domains in the dimer to rotate in
opposite directions (Ogawa et al., 2004; Ogawa et al., 2009). Rotation of the
juxtamembrane domains in the dimerized receptor is thought to re-orient the two
intracellular domains into an active conformation, thereby enabling GC activity (Ogawa
et al., 2004; Misono et al., 2005; Qiu et al., 2004).

In contrast, A71915 has been shown to stabilize the extracellular domain dimer
in a distinct, inactive conformation (Parat et al., 2008). Despite the fact that A71915 is
nearly half the size of ANP (13 residues versus 28 residues), a single molecule of A71915
was capable of fitting into the binding cleft using molecular modeling studies (Parat et
al., 2008). The disulfide-linked ring is conserved in A71915. It was found that the residue
D-Tic™® resulted in suboptimal binding of A71915 with hydrophobic pocket 2 in the
extracellular domain of NPR-A (Parat et al., 2008). In subsequent studies, it was shown

that the orientation of the two juxtamembrane domains is differentially altered when
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NPR-A is bound to A71915 when compared to the binding of NPR-A with ANP (Parat et
al., 2010). Indeed, such binding differences may explain the inhibitory effects of A71915
on cGMP levels in E11.5 ventricular cells and also offer a basis for inverse agonism.
A71915 has been frequently used as an NPR-A selective blocker at
concentrations ranging from 1-10 uM by several investigators (Delporte et al., 1992; Von
Geldern et al., 1990; Misono et al., 2005). It is also worth noting that A71915 was used
at a dose of 1 uM for the majority of experiments in this thesis and this dose was initially
chosen based on previous work published in our laboratory (Hotchkiss et al., 2015). In
order to determine whether A71915 acts a competitive or non-competitive antagonist,
we generated ANP dose-response curves in the presence or absence of at 1 uM
concentration of the antagonist. The ANP + A71915 dose response curve right-shifted
compared to the ANP curve and further statistical analysis confirmed that A71915
behaves as a competitive antagonist vs. ANP concentrations ranging from 10-100 ng/ml,
but not at an ANP concentration of 1000 ng/ml. Furthermore, in the absence of ANP,
A71915 behaves as an inverse agonist. We observed similar results with the
combination treatment of ANP (1000 ng/ml) + A71915 (1 uM) compared to A71915
treatment alone and a better response for combination treatments could have been
achieved using higher concentrations of ANP to outcompete A71915, although this

remains to be tested.

6.4 Characterizing the Potential for Signalling Interactions Between ANP, ET-1 and
NRG-1 Signalling Systems in the Development of the Ventricular Conduction
System
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6.4.1 Context

It has been hypothesized that paracrine interactions between embryonic CMs
and cardiac endothelial/endocardial cells may play an important role in driving the local
recruitment of conduction system cells from beating CMs (Mikawa and Hurtado, 2007)
or from bipotential progenitor cells derived from first and second heart fields (Miquerol
et al., 2013; Liang et al., 2015). Since endothelial cells are the only cell type present in
both the endocardium and in arterial endothelium, and they are both adjacent to CMs
that are capable of differentiating into Purkinje fibers, it was hypothesized that an
endothelial cell-derived signal may play a role in the recruitment of conduction system
cells (Mikawa and Hurtado, 2007). ET-1 was found to convert CMs into CCS cells in the
embryonic chick heart (Gourdie et al., 1998). ET-1 is a paracrine factor released from
endothelial cells. In the chick heart, Purkinje fibers develop close to the developing
coronary vasculature. Therefore, it is highly possible that secreted factors from
endothelial/endocardial cells could provide instructive cues to guide undifferentiated
CPCs, or even CMs, to become CCS cells, converting the primitive myocardium into
trabecular myocardium. In addition to ET-1, another paracrine factor known as NRG-1 is
also secreted from endothelial/endocardial cells, and was also shown to induce
formation of the CCS in the mouse embryonic heart (Rentschler et al., 2002). We know
that ANP is not released from endothelial/endocardial cells, but is released from CMs in
the myocardium. ANP was found to be expressed transiently in the embryonic atria and
ventricles in the mouse, and becomes confined in its expression to the ventricular

trabeculae by E11 (Christoffels et al., 2000). Therefore, the ventricular trabeculae, which
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is destined to become the bundle branches and Purkinje fibers of the mature VCS, may
house ANP, NRG-1 and ET-1, which could be capable of interacting with their own
cognate receptors, or perhaps even engage in signalling crosstalk with one another,
setting the stage for a potentially complex cellular signalling network that may guide the
spatial and temporal development of the VCS in the embryonic heart.

There appears to be a complex cellular network at play in the formation and
development of the VCS. In this thesis, we have provided evidence that the ANP/NPR-
A/cGMP pathway is biologically active at E11.5 in the mouse embryonic heart, and
contributes toward development of the VCS through induction of the important VCS
markers, HCN4 and Cx40. Work done to demonstrate induction of the CCS by NRG-1
using the CCS-lacZ model used whole embryo cultures and it is possible that exogenous
factors may not be reaching adequately in those systems (Rentschler et al., 2002). The
effects of NRG-1 and ET-1 on primary cultured E11.5 cells needed to be tested to
determine if they were capable of promoting formation of the VCS on their own; this
was determined in this thesis (Chapter 5). Trabeculae at E11.5 and beyond have been
shown to express both NRG-1 and ET-1 (de la Pompa and Epstein, 2012; Meyer and
Birchmeier, 1995; Gassmann et al., 1995; Lee et al., 1995; Kramer et al., 1996,
Marchionni, 1995; Mikawa and Hurtado, 2007; Takebayashi-Suzuki et al., 2000).
Hypothetically, if ET-1 or NRG-1 were unable to alter VCS gene expression on their own
at E11.5, there also exists the possibility that these paracrine factors may display
positive (synergistic) or negative (antagonistic) interactions with each other and we

explored these possibilities as well, in Chapter 5.
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The possibility of crosstalk signalling between ANP, ET-1 and NRG-1 and their
respective receptors in embryonic heart development has yet to be examined. However,
there are some studies that have revealed the potential for crosstalk signalling between
some of these paracrine factors outside of the heart. For example, ET-1 induced
stimulation of MAPK/Erk2 activity was shown to be inhibited by the addition of
exogenous ANP in kidney mesangial cells, an effect that was reversed when the NPR-A
antagonist A71915 was added (Pandey et al., 2000). A downstream target of ANP/NPR-A
signalling is activation of PKG (Woodard and Rosado, 2008). In adult CMs, it was shown
that ET-1 induced stimulation of Erk was attenuated by regulator of G-protein signalling
2 (RGS2), which is a downstream target of activated PKG (Xie and Palmer, 2007). Thus, it
is possible that ANP- induced activation of PKG may have led to activation of RGS2,
reversing the effects of ET-1 induced stimulation of Erk in adult CMs. This raises the
possibility that the ANP/NPR-A signalling system may interact with the ET-1/ and ET-
A/ET-B receptor signalling system to regulate the activity of Erk in the embryonic heart.

There is evidence in the literature to support the potential for crosstalk signalling
between NRG-1 and ET-1 signalling. Patel and Kos (2005) determined that ET-1 and
NRG-1 were both capable of independently upregulating the same set of CCS markers in
the mouse embryonic heart: Cx40, Cx45, Nkx2.5, GATAA4, Irx4, HF-1b and MinK.
Expression of NRG-1 has been detected in the developing mouse endocardial
endothelium by in situ hybridization (Zhao et al., 1998), which led a study to examine if
NRG-1 expression could be detected in endothelial cells obtained from adult hearts. In

adult rat hearts, coronary microvascular endothelial cells were isolated from ventricles,
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and were cultured for analysis of NRG-1 expression. NRG-1 mRNA was detected in
confluent primary cultures of these cells using a NRG-1 specific cDNA probe (Zhao et al.,
1998). Additionally, when exogenous ET-1 (100 nM) was added to the cell culture, this
led to a significant increase in NRG-1 mRNA expression approximately 16 hours after
addition of the drug (Zhao et al., 1998). This led to the hypothesis that expression of
NRG-1 may be regulated by ET-1 signalling (Zhao et al., 1998). This same study utilized a
soluble recombinant form of human NRG-1, known as glial growth factor 2 (rhGGF2),
and added this to neonatal rat ventricular myocyte primary cell culture (20 ng/ml), and
measured the level of prepro-ANP mRNA expression. Addition of NRG-1 led to a
significant increase in prepro-ANP mRNA within 60 minutes of incubation, and mRNA
expression doubled at 16 hours post-treatment. (Zhao et al., 1998). Although these
mentioned studies have only examined the relationships between these three paracrine
factors in the context of cardiac hypertrophy, these results still lead to the possibility
that ANP, NRG-1, and/or ET-1 signalling may converge to guide development of the
embryonic heart. Therefore, we sought to determine potential interactions between
ANP, ET-1, NRG-1 and their respective receptors with respect to changes in protein and
gene expression of HCN4/Cx40 and cGMP signalling.
6.4.2 Characterizing the Potential for Signalling Interactions Between ANP, ET-1 and

NRG-1 Signalling Systems by Examining Changes to HCN4/Cx40 Protein and

Gene Expression and Intracellular cGMP Production

The effects of NRG-1 or ET-1 alone on protein expression of HCN4 and Cx40 in
E11.5 ventricular cells were examined, and it was found that similar to ANP, both ET-1

and NRG-1 were able to increase the percentage of E11.5 ventricular CMs positive for
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HCN4 but not Cx40 and promote the conversion of VCS marker positive non-CMs to VCS
marker positive CMs. When we examined the effects of ET-1 or NRG-1 alone on gene
expression we found that gene expression levels of HCN4 and Cx40 after addition of
exogenous ET-1 were similar to control, whereas NRG-1 significantly induced gene
expression of both genes. We tested the effects of adding the non-selective ET receptor
antagonist PD145065 and the ErbB receptor antagonist AG1478, on gene expression of
HCN4 and Cx40, to determine if blockade of these receptors could alter gene
expression. PD145065 was utilized in a study to show that the compound was capable of
inhibiting binucleation and proliferation of fetal CMs caused by ET-1 (Paradis et al.,
2014). AG1478 was utilized in a study to show that blockade of ErbB receptors in human
embryonic stem cell-derived CMs (hESC-CMs) resulted in preferential differentiation of
cells toward the working myocyte cell type, while simultaneously reducing the
proportion of nodal cells (Zhu et al., 2010). However, in both cases, neither of these
compounds have been studied in the context of the developing VCS and Purkinje fiber
network. The addition of PD145065 or AG1478 significantly decreased gene expression
of both genes, further providing evidence that the ET-1 and NRG-1 signalling systems
may be involved in VCS formation. Based on the published literature, there seems to be
specific developmental windows for ET-1 (E9.5-E11.5) and NRG-1 (E8.5-E10.5) to
regulate CCS development (Gourdie et al., 1998; Rentschler et al., 2002). Here, we have
demonstrated that in ventricular cells in the mouse at E11.5, the ET-1 receptor and ErbB
receptor signalling pathways may be active to promote formation of the embryonic VCS.

Although not tested, it is possible that ET-1 may continue to promote VCS development
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past the E11.5 stage, however, this has not been tested by studies in the literature or in
this thesis and remains to be determined. Rentschler et al.’s (2002) study demonstrated
that the inductive effects of NRG-1 on the CCS could be restricted to a specific
developmental period during heart development, since it appeared that NRG-1 had a
less of an effect on CCS development past the E10.5 stage. The results from this thesis
have shown that ANP provides induction of the VCS from at least the E11.5-E17.5
period. Taken together, we speculate that as the effect of NRG-1 induction on CCS
development declines past E11.5, ANP and ET-1 signalling systems dominate to promote
further development of the VCS in the embryonic mouse heart. While Rentschler et al.’s
(2002) study demonstrated that past E10.5, NRG-1 did not significantly induce
development of the CCS vs. control treated whole embryos and that ET-1 did not induce
any changes to the development of the CCS at E9.5, compared to the findings in this
thesis which demonstrate that the ET-1 and NRG-1 signalling systems were active at
E11.5 to promote development of the VCS, the differences in study designs/models
between their study and this thesis should be taken into consideration. Their study
employed a CCS-lacZ mouse model where they qualitatively visualized development of
the CCS through expression of lacZ in whole embryos/whole hearts. In contrast, in this
thesis, we utilized isolated ventricular cells. Drug delivery may have been more effective
in isolated cells than in whole hearts.

We also tested the potential for ET-1 or NRG-1 to affect cGMP levels in E11.5
ventricular cells. At E11.5, ET-1 was unable to alter cGMP levels whereas NRG-1

significantly increased cGMP levels, vs. control. We tested the effects of blockade of ET-
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1 receptors and ErbB receptors with PD145065 and AG1478 respectively, and found that
addition of each inhibitor alone significantly reduced cGMP levels. This provides
evidence that ET-1 receptor signalling and NRG-1 receptor signalling may alter cGMP
levels in E11.5 ventricular cells, and may be coupled to changes seen in HCN4/Cx40 gene
expression to induce formation of the VCS. NRG-1 has been shown to increase NO
production in rat CMs (Brero et al., 2010). Given that NO can increase soluble GC activity
and promote production of cGMP, this may explain why cGMP levels increased after
cells were treated with NRG-1. However, additional work is needed to define precise
mechanisms underlying the reduction of cGMP in response to PD145065 and AG1478
treatments.

We tested the effects of combining ANP or NRG-1 with PD145065, to determine
if these paracrine factors could potentially rescue the decline in gene expression of
HCN4/Cx40 provided by PD145065 alone. In the presence of ANP or NRG-1, in
combination with the non-selective ET-1 receptor antagonist PD145065, ANP appears to
rescue the decrease in HCN4 and Cx40 gene expression, and NRG-1 may rescue the
decrease in HCN4 gene expression only, suggesting the potential for ANP/ET-1 receptor
and NRG-1/ET-1 receptor interactions in helping to form the VCS via induction of VCS
gene(s).

We also tested the effects of combining ANP or ET-1 with AG1478 to determine
if these paracrine factors could rescue the decline in HCN4/Cx40 gene expression
provided by AG1478 alone. The presence of ANP in combination with AG1478 appears

to rescue the decline in HCN4 and Cx40 gene expression, and ET-1 may be capable of
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rescuing the decline in HCN4 gene expression only, potentially raising the possibility that
interactions could exist between ANP/ErbB receptors and ET-1/ErbB receptors to guide
development of the VCS.

Next, we conducted a series of RT-qPCR experiments to determine the potential
for synergistic activity with all three paracrine factors together, or combinations of 2
paracrine factors, on gene expression of HCN4 and Cx40. The combination of ANP, ET-1,
and NRG-1 all together, significantly induced HCN4 and Cx40 gene expression vs.
control; it appeared that out of all tested pair combinations, only the combination of
ANP and NRG-1 may synergistically induce HCN4 and Cx40 expression. When combining
NRG-1 or ET-1 with the NPR-A inhibitor A71915, we found that this combination
reduced gene expression of Cx40 and HCN4, suggesting that it may be possible for
interactions between NPR-A receptors and ET-1 or NRG-1.

There may be compensatory responses to promote development of the CCS
when one paracrine factor and/or its respective receptors are lacking. It was
demonstrated that in ET-1 receptor KO mice, there were no CCS deficits reported (Hua
et al., 2014). In this scenario, it is possible that ANP and/or NRG-1 signalling pathways
could have compensated for the lack of ET-1/ET-1 receptor signalling to help promote
development of the CCS in the mouse embryonic heart. Furthermore, it has been
demonstrated that NPRA-KO mice display reduced survival and develop cardiac
hypertrophy and morphological abnormalities during development (Cameron and
Ellmers, 2003; Lopez et al., 1995; Elimers et al., 2002; Scott et al., 2009). Results from

this thesis have demonstrated that VCS development may be impaired in NPRA-KO mice
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due to decreased HCN4/Cx40 gene expression at E14.5. In NPRA-KO mice that do
survive, it is possible that compensatory pathways may exist from ET-1 and/or NRG-1
signalling to rescue CCS defects. NRG-1/ErbB2/ErbB4 signalling has been shown to be
essential for cardiac development since NRG-1/ErbB2/ErbB4 KO mice do not survive
past mid-gestation due to aborted development of the ventricular trabeculae and
potentially due to impaired VCS development (Meyer and Birchmeier, 1995; Gassmann
et al.,, 1995; Lee et al., 1995; Kramer et al., 1996, Marchionni, 1995). Therefore, this
suggests that the loss of NRG-1 cannot be compensated by either ANP and/or ET-1
signalling pathways during embryonic heart development, whereas the ANP/NPR-A and
ET-1/ET-1 receptor signalling pathways may be partially or fully dispensable during VCS
development.

We tested the effects of combination treatments of the three paracrine factors
and receptor inhibitor drugs on cGMP levels to determine if these levels could be
altered. When we combined the NPR-A inhibitor A71915 with ET-1 or NRG-1, cGMP
levels were reduced in both cases, suggesting the possibility that NPR-A receptor
signalling may interact with ET-1 or NRG-1 to alter cGMP signalling, which may in turn
alter gene expression of HCN4 or Cx40. The combinations of ANP/ET-1 and ANP/NRG-1
did not synergistically affect cGMP levels.

When ANP was combined with PD145065, ANP did not appear to rescue the
decline in cGMP caused by PD145065 alone, since there were no differences in cGMP
levels between the two groups. The combination of NRG-1 and PD145065 led to a

modest decrease in cGMP, which was similar to control levels of cGMP, suggesting that
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the presence of NRG-1 may rescue the decline in cGMP caused by PD145065. Thus, it is
possible that NRG-1/ET-1 receptor signalling may converge upon cGMP signalling to
guide development of the VCS.

When ANP was combined with AG1478, this resulted in a modest decrease in
cGMP production vs. control, rescuing cGMP levels to that of control. This suggests the
possibility for ANP/ErbB signalling converging on cGMP to further induce development
of the VCS. The combination of ET-1 and AG1478 led to a decrease in cGMP production
that was significantly less than control, but was similar to that of AG1478 alone,
indicating that despite the presence of ET-1, it may not have been sufficient to rescue
the decline in cGMP levels caused by AG1478 alone.

Since ANP in combination with PD145065 did not appear to rescue the decline in
cGMP caused by PD145065 alone, it is possible that ANP may have an inhibitory role in
ET-1/ET-1 receptor signalling in VCS development at E11.5, like in Pandey et al.’s (2000)
study, where exogenous ANP inhibited ET-1 induced stimulation of MAPK/Erk2 in kidney
mesangial cells. This negative interaction at E11.5 or potentially at later developmental
stages between ANP/NPR-A and ET-1/ET-1 receptors may be necessary to prevent VCS
development in unwanted regions of the heart. For example, subendocardial
localization of the VCS, particularly to a few cell layers, may be achieved by the negative
interactions in zones distal to VCS areas so that those zones may remain as working
CMs.

We wanted to determine the effects of blocking PKG on HCN4 and Cx40 gene

expression, in combination with ET-1 or NRG-1, in order to determine the potential for
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ANP/NPR-A/cGMP/PKG signalling system to interact with ET-1 or NRG-1 signalling
systems. The combination of ET-1 + Rp-8-pCPT-cGMPS rescued the decline in gene
expression of HCN4 vs. Rp-8-pCPT-cGMPS alone but was insufficient to rescue the
decline in gene expression of Cx40. The combination of NRG-1 + Rp-8-pCPT-cGMPS
seemed to rescue the decline in HCN4 and Cx40 gene expression. To determine if
combined blockade of ET-1 receptors and PKG could synergistically reduce HCN4/Cx40
gene expression, we combined PD145065 and Rp-8-pCPT-cGMPS resulting in a reduction
in HCN4 and Cx40 gene expression vs. control, which was similar to the level of
expression provided by PD145065 alone or Rp-8-pCPT-cGMPS treatment alone. Thus,
there did not appear to be any additive/synergistic effects offered by combining
blockade of ET receptors and blockade of PKG with respect to changes in HCN4 and
Cx40 gene expression. Similarly, to test whether combined blockade of ErbB receptors
and PKG could synergistically reduce HCN4 and/or Cx40 gene expression, we combined
AG1478 and Rp-8-pCPT-cGMPS which reduced HCN4 and Cx40 gene expression vs.
control, but levels of expression were similar with AG1478 or Rp-8-pCPT-cGMPs
treatment alone. Thus, there did not appear to be any additive/synergistic effects
gained by combining blockade of ErbB receptors and blockade of PKG with respect to
changes in HCN4 and Cx40 gene expression. Taken together, these results provide
evidence that NRG-1 may be involved in PKG-induced induction of HCN4 and Cx40 gene
expression, either by converging on PKG signalling or interacting with NPR-A (and the
downstream effector PKG). In contrast, it is unclear whether ET-1 interacts with PKG

(either alone or through downstream NPR-A signalling) to affect HCN4 or Cx40 gene
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expression. Since NRG-1 increases NO production in CMs and NO increases the
production of cGMP (Brero et al., 2010), it is likely that NRG-1 treatment may lead to
downstream activation of PKG to induce HCN4/Cx40 gene expression. On the other
hand, there does not appear to be an association between ET-1 receptor signalling and
PKG activation in cardiac or non-cardiac cell types described in the literature, and the
results presented in this thesis do not provide a definitive role for PKG involvement in
ET-1 receptor signalling in the modulation of VCS development. Further work needs to
be done to tease out whether PKG activity is involved in ET-1 mediated development of
the VCS.

It is important to note that from these experiments, we cannot definitely provide
deeper mechanistic insights into interactions between ANP/ET-1/NRG-1 and their
receptors with respect to the development of the VCS. However, we have presented
evidence that induction of HCN4/Cx40 genes and changes to cGMP signalling upon
exposure to combinations of paracrine factors and their inhibitors points to the
possibility that signalling interactions may exist in the embryonic mouse heart. A
continued investigation into the interplay between the paracrine factors ANP, ET-1 and
NRG-1 and their signalling pathways and transcriptional regulatory networks will help to
facilitate our understanding of the molecular mechanisms involved in the proliferation,

differentiation, and patterning of conduction system cells (Mikawa & Hurtado, 2007).

6.4.3 Effects of ET-1 and NRG-1 on Cardiomyocyte Cell Growth/Hypertrophy in the
Embryonic Heart
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Both ET-1 and NRG-1 have been shown to induce hypertrophic growth of adult
CMs in vivo (Zhao et al., 1998; Nishida et al., 1993; Shubeita et al., 1990; Fischer et al.,
1997). In rabbit ventricular trabeculae exposed to ET-1 treatment, ET-1 induced a
gradual increase in developed force of contractions over 24 hours of culture (Bupha-Intr
et al., 2012). NRG-1 was shown to induce hypertrophic growth of both neonatal and
adult ventricular CMs (Zhao et al., 1998). In their study, NRG-1 was added to cell
cultures of rat neonatal and adult ventricular CMs, increasing both cell size and
myofibrillar development (Zhao et al., 1998). There is currently a lack of evidence to
describe a potential role for ET-1 and NRG-1 to affect cell growth in embryonic CMs.
After culturing E11.5 ventricular cells with either NRG-1 or ET-1 for 20 hours, we found
that ET-1 or NRG-1 significantly increased cell area of CMs vs. control. When we added
the receptor inhibitors PD145065 or AG1478 to cells, there were no statistically
significant differences in cell area vs. control. Thus, at concentrations of 1.5 nM and 2.5
nM of ET-1 and NRG-1 respectively, they may promote cell growth/hypertrophy in
ventricular CMs at E11.5 in the embryonic mouse heart. It is possible that the
concentrations of the inhibitor drugs used were insufficient to provide a significant
difference in cell area of CMs vs. control. Therefore, the cell area of CMs may alter with

use of higher concentrations of the inhibitor drugs, although this remains to be tested.

6.5 Clinical Significance
CHD can often be a debilitating disease, affecting 12 to 14 per 1,000 newborns

and also adults who may not display symptoms at an early age (Bruneau et al., 2008;
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Subramanyan et al., 2000; Hoffman and Kaplan, 2012). Often, children or adults with
CHD must undergo strenuous rounds of surgery, which may drastically reduce their
quality of life. Birth defects in the heart lead to the development of CHD, many of which
often result in the development of severe conduction system deficits. If patients
develop arrhythmias from CHDs, pharmacological interventions are often not sufficient
enough to provide a cure. Although progress has been made to elucidate the
electrophysiological mechanisms governing development of the CCS and the incidence
of CHDs, less is understood about the molecular mechanisms. ANP, a paracrine factor
involved in natriuresis and diuresis in the human body, may also play a significant role in
the development of the VCS. ANP has been shown to be transiently expressed in the
ventricular trabeculae of the embryonic heart, which will eventually give rise to the
bundle branches and Purkinje fibers of the mature VCS, raising the possibility that
ANP/NPR-A/cGMP signalling could be involved in the development of the cardiac
Purkinje fiber network and the VCS (Christoffels et al., 2000). Additionally, ET-1 and
NRG-1, both of which are paracrine factors described in the literature to be secreted by
endothelial/endocardial cells, have been shown to promote differentiation of CMs to
CCS cells in chick and mouse embryonic hearts respectively (Gourdie et al., 1998;
Rentschler et al., 2002). Additionally, ET-1 and NRG-1 were also found to be highly
expressed in the ventricular trabeculae (Takebayashi-Suzuki et al., 2000; de la Pompa
and Epstein, 2012). Therefore, it is possible that a complex cellular signalling network
may exist in the ventricular trabeculae of the mouse embryonic heart whereby ANP, ET-

1, and NRG-1 may interact with each other and their signalling systems to guide
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differentiation of various cardiac cell types to conduction system cells, in order to
promote formation and development of the cardiac Purkinje fiber network of the VCS.
Work in this thesis has provided evidence that the ANP/NPR-A/cGMP signalling system
is biologically active in the embryonic mouse heart, and may promote development of
the VCS through downstream PKG signalling and induction of HCN4 and/or Cx40 genes.
Furthermore, we have characterized the pharmacological properties of the NPR-A
antagonist A71915, of which scant information is available in the literature, which
provides an avenue for exploration with regards to effects of blockade of the NPR-A
receptor on correcting potential ectopic pacemaker formation and increased conduction
system rhythmic abnormalities experienced by patients with various cardiac diseases
including CHDs. Lastly, we have explored the potential for interactions between
ANP/NRG-1/ET-1 signalling systems in the development of the VCS, revealing a
significant layer of complexity that needs to be teased out further in detail. A summary
of the potential for signalling interactions as devised from the experiments performed in
this thesis is shown in Figure 6.1.

Neprilysin (NEP), a zinc-containing, membrane-bound, neutral endopeptidase
can bind to and degrade natriuretic peptides, and its inhibition presents a therapeutic
approach to treating congestive heart failure (CHF) (Potter, 2011). CHF is a condition
where the heart is unable to pump enough blood to the organs, leading to tissue
congestion, and affecting the ability of the kidney to dispose of sodium and water,
thereby increasing edema (Woodard and Rosado, 2008). Oral NEP inhibitors have been

administered to elevate plasma natriuretic peptide concentrations, including ANP, in
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both human and animal models. By inhibiting NEP, this increases plasma ANP levels in
the body to promote sodium excretion during heart failure, attenuating blood pressure
and blood volume in this diseased state (Potter, 2011). Taking into the account the
findings presented in this thesis, that ANP may play a role in the induction of the VCS, it
is possible that NEP inhibitors may also be beneficial to patients with conduction system
deficits by increasing ANP levels, which may provide additional development of the VCS
for patients that are lacking functionality in component(s) of the VCS.

The clinical significance of work performed in this thesis also extends to
addressing the current problem in regenerative medicine of pharmacological therapies
and surgical interventions being unable to efficiently replace lost myocardium in disease
states or injury. Transplanted fetal CMs and cardiac stem cells have been shown to
significantly improve cardiac performance with minimal complications to the host
myocardium (Rubart et al., 2003; Roell et al., 2007; Bolli et al., 2011; Makkar et al.,
2012). In this thesis, we have demonstrated that exogenous cGMP was capable of
reducing proliferation of CPCs in vitro at E11.5. Thus, it is possible that when
transplanting CPCs into damaged myocardium, these cells could be exposed to high
concentrations of “pockets” of ANP released as an autocrine/paracrine factor
throughout the heart, which could potentially convert these CPCs into VCS cells. This
may provide a potential avenue for transplantation to facilitate the enrichment of
pacemaker or conduction system cells in vitro in order to treat patients presenting with

severe conduction system deficits or blockade.
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Conversely, blockade of the NPR-A receptor with A71915 could regulate the
occurrence of arrhythmias in patients with conduction system defects, presenting an
area of opportunity to explore in pharmacological therapeutics. ANP synthesis in the
ventricles is significantly enhanced in various diseased states including CHD and
ischemic heart disease (Chien et al., 1991). Due to the development of arrhythmias post-
transplantation in patients it is possible that transplanted CPCs and/or CMs could
activate NPR-A signalling pathways to induce ectopic pacemaker formation and
therefore, lead to the generation of more arrhythmias in the patient. Thus, another
potential application for A71915 could be to reduce ectopic pacemaker activity through

blockade of NPR-A receptors in the heart.
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Embryonic ventricular mouse cell
NPR-A

Nrg-1

ErbB4

GTP cGMP

Figure 6.1. Complex cellular network involving ANP, ET-1 and NRG-1 signalling pathways
may be involved in signalling interactions to promote formation and development of
the ventricular conduction system in the embryonic mouse heart.
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6.6 Limitations and Future Directions

The findings in this thesis indicate that the ANP/NPR-A/cGMP signalling pathway
is biologically active in the embryonic mouse heart, and may contribute toward
development of the VCS through stimulation of PKG leading to induction of HCN4 and
Cx40 genes. Additionally, ANP/NPR-A signalling may affect regulation of important
miRNAs which in turn, regulate HCN4/Cx40 gene expression. In our study, we have been
unable to identify a potential link between stimulation of PKG and the changes to
miRNA expression we observed, which both independently led to induction of HCN4 and
Cx40, and so there is certainly an opportunity for further exploration to continue to
elucidate the mechanism(s) by which ANP stimulates development of the Purkinje fiber
network and VCS. In addition, although we used immunofluorescence to determine

changes to protein expression of HCN4 and Cx40 as well as a Cx40°€™

reporter model,
this needs to be validated with Western blot experiments. Although a cGMP-
independent pathway exists following NPR-A stimulation by ANP in the context of
chronic hypertrophy, the existence of such a pathway in the development of the VCS
has not yet been examined in the literature, or in this thesis. It is possible that this
pathway could play a role in the development of the VCS, and therefore, future work
needs to be done to test if NPR-A stimulation could lead to TRPC3/6 activation and
subsequent Ca** influx through LTCCs, in the development of the VCS. Our investigation
into the potential interactions between ANP, ET-1 and NRG-1 signalling pathways shed

some insight into the complexity of this cellular network, and although efforts have

been made to elucidate the potential for interplay, further work needs to be done.
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Lastly, although luciferase assays indicated that all three paracrine factors induced Cx40-
promoter activity, there was a lack of control plasmid in our experiments, and so this
group will need to be added in future studies. Furthermore, it remains to be determined

which specific regions of the Cx40 promoter could be induced by ANP, ET-1, or NRG-1.

6.7  Conclusions

A considerable body of literature has described the detailed development of the
CCS in the embryonic heart, including the involvement of important paracrine factors
such as ET-1 and NRG-1. Work in this thesis has demonstrated the possibility that a
paracrine factor known as ANP may also play a role in the development of the VCS, and
that this may occur through an independent signalling pathway (ANP/NPR-
A/cGMP/PKG) or potentially via interactions with ET-1 and/or NRG-1 and their

respective signalling systems.
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