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PART I: GENERAL INTRODUCTION HEART DEVELOPMENT

Heart failure is one of the leading causes of death in Western society. 
Failure of the heart develops from hypertrophic- or dilated cardiomyopathy, 
survival after myocardial infarction, or a congenital cardiac malformation. 
The adult heart is structurally very complex, which is reflected in the high 
incidence of congenital cardiac malformations: 0.8-1% of live births and 
10% of stillbirths (5-10% of spontaneous abortions) 1,2. The heart is an 
organ of key medical, developmental and evolutionary significance and is 
a subject that has captured the imaginations of embryologists and clinicians 
over the centuries.  The formation of the heart during embryogenesis is a 
miraculous event in which different cell types that are derived from discrete 
embryonic precursor populations, form the distinct components of the heart. 
More recently we have begun to dissect the genetic pathways and cellular 
interactions that lead to heart formation and specialization of its components. 
Here, the most basic questions in developmental biology come to the fore: 
where do heart precursor cells arise? When do they become different from 
their neighbouring cells? How do they activate genetic programs that specify 
cell type and organ morphology? And: how do defects in those programs 
manifest as congenital abnormalities? In order to better understand the 
processes underlying heart formation and malformation, more insight into 
the embryonic origin of the cells contributing to the components of the heart 
is required. 

For decades heart development has been of great interest to scientists. 
The cardiac progenitor cells are among the first mesodermal cells to be 
formed during gastrulation. They populate two bilateral heart-forming regions 
that are part of the cranial mesoderm 3-5. Cells that are fated to the three major 
heart regions, i.e the outflow tract, ventricle and inflow tract  are mapped in 
the corresponding rostrocaudal order in the primitive streak, similar  as in the 
heart 3, although their precise fate has not been determined in the primitive 
streak. Further analysis of the lineage composition of the heart precursor 
cells in the mouse epiblast has shown that descendants of this population 
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contribute to the myocardium and to a lesser extend to the endocardium and 
the epicardium 6. These findings suggest that the precursors for these three 
cardiac cell types are localized in the same regions of the epiblast. When 
the embryo starts to fold, the myocardial precursor cells relocate with the 
underlying endoderm and fuse anteriorly along the ventral midline to give 
rise to a straight heart tube that spontaneously starts to beat. The linear 
heart tube consists of an outer myocardial layer and an inner endocardial 
layer that are separated by an acellular extracellular matrix, also known as 
the cardiac jelly  7,8.  During further development the heart tube elongates 
by recruitment of mesodermal cells at the anterior and the posterior borders 
into the cardiac lineage 4,9-16. During looping the ventral surface of the heart 
tube rotates, becoming the outer curvature and the dorsal surface forming 
the inner curvature. Atrial and ventricular myocardium are formed by local 
differentiation and proliferation of the myocardium at the outer curvature, 
while remodelling of the inner curvature is essential for the ultimate alignment 
of the inflow and outflow tract of the heart 17-19. With looping a subpopulation 
of endocardial cells overlying the myocardium of the atrioventricular canal 
and outflow tract undergoes epithelial to mesenchyme transformation (EMT) 
and migrates into the adjacent cardiac jelly. The cellularized cushions are the 
primordia of the valves and the septa of the heart. 

Many aspects have remained unresolved when it comes to the 
cellular origin of the components of the formed heart. Basic questions in 
cardiac developmental biology are: where do heart precursor cells arise, 
when do they become different from their neighbours, how do they initiate 
gene programs that specify cell type, and how do defects in those programs 
manifest as congenital malformations? For clinicians, these studies herald 
the promise of new insights into normal cardiac development and the 
pathogenesis of congenital heart disease. Morphological, histological and 
immunohistochemical analyses do not allow one to assess the cellular 
origin of cells, because gene expression patterns are dynamic in nature. 
Moreover, cells that form the distinct components of the heart may migrate, 
transdifferentiate or may be replaced after apoptosis. Thus, cells may alter 
their gene expression depending on their current location and the time of 
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development. For these reasons one is not able to follow cells by using 
endogenous gene expression. To provide conclusive answers to questions 
concerning the embryonic origin of the different cell types of the heart, we 
have to permanently label these cardiac precursor cells and follow their fate 
into the mature heart. 
 In this chapter we summarize several methods which have been 
widely used to label cells in vivo (PART II). Describing these methods will 
help the reader to understand the issues that will be discussed in this study. 
We then introduce in more detail the development of 1) the cardiac valves 
(PART IIIA), 2) the outflow tract (PART IIIB) and 3) the conduction system 
(PART IIIC). These three issues are subject of study described in this thesis 
(see “scope of the thesis” at the end of this chapter (PART IV)). 
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PART II:  LINEAGE ANALYSIS OF THE HEART: DIFFERENT 
METHODS FOR TRACING LABELLED CELLS DURING 
HEART DEVELOPMENT

1. RETROVIRAL VECTORS USED FOR LINEAGE ANALYSIS
 The wild type retrovirus is a single-stranded RNA virus, which is 
enters into the host cell by a process called endocytosis. The viral genome is 
immediately converted into double-stranded DNA, after the core has entered 
the cytoplasm. This conversion is known as reverse transcription and is 
mediated by reverse transcriptase. A nuclear protein complex is formed, 
containing linear viral DNA. When a cell is undergoing mitosis the nuclear 
protein complex enters the nucleus and the viral DNA integrates into the host 
genome. The double-stranded DNA of the retrovirus that is integrated into 
the host is referred to as provirus. From now on transcription of the provirus 
is under the regulation of cis-acting elements of the host cell. Translation of 
the viral assembly occurs and the retrovirus undergoes maturation to form an 
infectious particle ready to infect new cells horizontally (neighbouring cells) 
and vertically (daughter cells) 20. 
 The main principle of the replication-defective retrovirus is that 
the transmission to neighbouring cells from the primary infected cells is 
prohibited; this unique property of the retrovirus life cycle ensure vertical 
inheritance of the integrated viral genome and stable expression exclusive 
to daughter cell populations. This is achieved by construction of a replication-
defective mutated proviral plasmid 
vector in which a gene of interest is inserted. Then the structural genes 
needed for viral replication (gag, pol, and env) are deleted while elements 
required for viral packaging and transcription are retained. Packaging cell 
lines in which the mutated proviral plasmids are introduced will produce the 
replication-defective virus. These replication defective viruses are now ready 
for embryonic studies. Like wild-type retroviruses, the replication defective 
viruses infect the host cells and the viral RNA encoding exogenous genes of 
interest, but lacking structural genes, is reversed transcribed into a proviral 
DNA and integrated randomly into the host genome. The structural proteins 
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needed for capsid and envelope assembly are provided by the host cells. 
Transcripts from the provirus itself will not be packaged into an infectious 
viral particle and thus not be integrated randomly in the host genome 21,22. 
 The use of replication-defective retrovirus technology has facilitated 
the expression of reporter proteins in eukaryotic cells. This technology 
has made it possible to mark cells and follow their developmental fate via 
the expression of one reporter gene. The first studies ever reported using 
retroviral cell lineage analysis, were on the central nervous system 23 and 
the eye 24. 
 The use of a retrovirus system potentially provides 1) a  stable 
integration of single copy transgenes into the host cell genome and 2) a 
constant expression of transgenes in a targeted cell population over the 
entire course of development 25-28. Thus, the recombinant viral gene is 
inherited and expressed only by descendants of originally infected cells 
without horizontal spread to neighbouring cells. One problem is that the 
infection with the retrovirus is a random event among the cells at the moment 
of infection. Therefore, the cell to be labelled cannot be chosen directly. 
Cepko and colleagues constructed a complex library of about 80 different 
vectors in order to make different retroviruses; selection of the appropriate 
vectors will depend on the host species, and on the cell type that needs to be 
targeted. Virus strains do exists that 1) exhibit high levels of infectivity and 
gene expression in mammalian cells (MLV-based vectors); 2) are capable 
of infecting only specific bird species (RSV-based vectors) and  3) exhibit a 
broad range in both birds and mammals, but poorly infect rodent cells (SNV-
based vectors) 29. 
 Labelling experience using replication incompetent retroviruses 
encoding b-galactosidase revealed that this technique results in labelling 
of the cells at the site of injection rather than the entire cell population of 
interest. Moreover, in cases of in ovo labelling with replication incompetent 
retroviruses it is impossible to rule out that the infection of a given cell has 
resulted from potential leakage of virus from the injection site 30. Because 
of this potential leakage it is generally accepted that lineage studies using 
replication defective retroviruses can only be analysed retrospectively 
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because the cells to be labelled cannot be chosen directly despite the library 
with all its vectors. 

2. ADENOVIRAL VECTORS FOR LINEAGE ANALYSIS
 Another way of labelling cells in vivo is the use of an adenoviral 
vector. Application of an adenoviral vector to early-stage embryonic chicken 
hearts has been increasingly used for the expression of exogenous protein 
because 1) adenovirusus can be prepared at 103-105 fold higher titer stock 
than retroviruses, 2) they are more efficient in infecting a wide variety of cell 
types and thereby, compared to retroviral vectors, infect a significantly higher 
percentage of cells 31, 3) cells to be infected do not have to proliferate for 
expression of the gene of interest 32, 4) the infection procedure itself does 
not grossly perturb cardiac morphology or myocyte ultrastructure and 5) 
exogenous sequences of several kilobases in length can be introduced into 
the viral genome. 
 However, as the adenovirus remains episomal and does not 
replicate, the expression of the marker protein per cell becomes diluted with 
cell division in the long term 32. Moreover, the expression of the exogenous 
protein peaks at 48h post application and is maintained for 96 hours. This 
makes this method less useful in studying long term morphogenetic patterns 
32. Therefore, both the replication-incompetent retrovirus and replication-
defective adenovirus are often used in combination to target cells during 
heart development 40. 

Adenoviral vectors can influence proliferation or differentiation of 
infected cells and therefore might affect normal heart development 33. A 
replication-defective adenovirus that expresses b-galactosidase is able 
to label cells in a wide range of developmental stages in vivo 34 and adult 
cardiomyocytes in vitro 35,39 and in vivo 36,37. A recombinant adenovirus 
expressing green fluorescent protein (GFP) is able to visualize labelled cells 
through the windowed egg shell of live embryos, providing a unique tool for 
the serial study of for example the fate of the outflow tract cardiomyocytes 
within an embryo during the remodelling of the outflow tract structures 38. 

The mechanism by which the adenovirus gains access to the 
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myocardial cell surface is not known, but it has been demonstrated the 
“tightness” of the epi(endo)thelial cell layer is a significant barrier for viral 
uptake 31. The application of adenoviral vectors is technically a relatively 
simple procedure with no disruption of tissue architecture 31. However, one 
has to emphasize the fact that an adenovirus cannot be used to analyse 
cellular clonal outgrowth, like a retrovirus does, due to dilution of the 
adenovirus per cell division in the long term 41.

3. CELL TAGGING WITH PARTICLES AND VITAL DYES
 Introduction and tracing of cytosolic dyes, proteins and radio-
labels were used extensively to label cells in ovo during embryogenesis 
and monitoring cell migratory behaviors. Already in the early sixties of the 
previous century cell labelling experiments were commonly performed using 
grafts of cells labelled with radioactive isotopes 42. In the 70’s vital iron oxide 
particles and India Ink/gelatin were used to tag specific sites of the tubular 
heart 43. The word vital implies that they can be used to stain living cells.
 During the eighties of the previous century water-insoluble, lipid-soluble 
vital dyes named 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine 
perchlorat (DiI, with red color) and 3,3’-dihexyloxacarbocyanine iodide 
(DiO with green color) quickly found application in studies of embryonic 
development. These dyes are not affected by histological fixatives, can be 
microinjected into regions of interest in developing embryos and are easily 
detected with very little background staining 44-48. These lipophilic vital markers 
are irreversibly incorporated into the cell membrane, were passed through 
several generations thereafter, did not affect cell viability, development or 
basic physiological properties and do not transfer from labelled to unlabelled 
cells 48-50,50,51. Furthermore, the high concentrations of dye required for direct 
intracellular micro-injection can be lethal or teratogenic 45,54.
 Micro-injection techniques were developed, using fine glass needles 
and pressure injection to deliver the dye in order to label single cells or 
small or large numbers of cells 52. However, injection into a single cell can 
be technically challenging when the cell of interest is small (some cells are 
only 7 mm). Therefore, external tissue tags cannot determine the fate of 
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individual cells within a tissue, but are most often used to track the fates 
of cell groups. The lineage tracing experiments performed with particles is 
most elegantly when a single cell can be labelled and all of its progeny can 
be identified. The disadvantage of using injected tracers is that they become 
diluted at least 50% with each cell division and may not be stable for long 
periods of time 45,53. This can be a severe problem when rapidly dividing cells 
are studied or when the study needs to be extended over a prolonged period 
of development or even over the full length of embryogenesis. 

4. CHICKEN-QUAIL CHIMERAS
 Much of our knowledge regarding the origin of distinct components 
of the mature heart has come from studies in which cells from quail embryos 
are grafted into the corresponding region in chick embryos. Although quail 
is similar in many respects to the chicken, its cells can be distinguished in 
histological sections by a large, strongly staining mass of heterochromatin 
associated with the nucleolus 55. This quail-specific heterochromatin can 
conveniently be identified by an antibody (QCPN marker = Quail Cell Pan-
Nuclear marker) and makes it possible to identify grafted cells that have 
migrated from the site where they were implanted and distinguish quail 
nuclei from chick nuclei 52. Thereby one can analyze the fate of the implanted 
quail cells in chicken embryos. The cell cycle of quail cells is much shorter 
and quail cells display more migratory behaviour than chicken cells, which 
impacts the outcome of the study 56. By transplanting quail tissue grafts 
into chicken embryo hosts, endpoint analyses of quail cell positions can be 
obtained, which has led to lineage studies of many different subsystems 
within the developing embryo 57. 
 As with transplantation of tissue from one organism to another it should 
be mentioned that in chicken-quail chimera studies, rejection of the grafted 
tissue was observed and characterized by disorganization of grafted tissue, 
leading finally to the total destruction and disappearance of the grafted quail 
cells 58-60. This was also observed in one of the first chicken-quail chimera 
experiments where they isolated the neural tube from a quail embryo and 
grafted it orthotopically in the chicken host 56. Structural abnormalities were 
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observed in some chicken-quail chimeras. Another potentially pitfall is the 
difference in cellular behaviour of quail cells compared to their chicken 
homologues, leading to erroneous interpretation of the observations 60. 
Transplanting groups of cells form one animal to another animal requires 
well developed operational skills. These include the precise isolation of the 
quail cells of interest and precise removal of the corresponding cells in the 
chick host isolation techniques 61.

5. NLAACZ
In 1993 Bonnerot and Nicolas described a method of cell labelling 

based on homologues recombination in order to analyze the lineage of cells 
in intact embryos 62. The authors used an nLacZ gene carrying a duplication 
in its coding sequence referred to as nLaacZ. This nLaacZ transgene 
is inactive until it undergoes a rare event of spontaneous intragenic 
recombination. After this heritable recombination event it will give rise to 
the generation of a b-galactosidase-positive cell. This cell will transmit the 
functional LacZ transgene to its descendants. Because of its genetic nature, 
this method has the advantage that it is non-invasive and does not interrupt 
normal development. Another advantage of this cell labelling method is that 
the nLaacZ label has proven to be stable in the cell, a requirement which 
is very important in order to follow cells through development. By inserting 
the nLaacZ gene in different genes one can analyze the lineage of any 
cell type by comparing the endogenous expression pattern of the gene of 
interest with the pattern of b-galactosidase positive cells. A disadvantage 
is that the appearance of the cell label is completely random and with low 
frequency which means that many embryos need to be analyzed in order to 
be conclusive about the fate of the b-galactosidase positive cells. 
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6. CRE-LOXP SYSTEM
The Cre-LoxP system is a two component genetic system to label 

cells in vivo 63. The first component of the Cre-LoxP system is a transgenic 
mouse line that expresses Cre recombinase under the control of a gene 
promoter fragment of interest 64-66. The promoter fragment that controls the 
expression of Cre identifies a group of cells to be labelled. The expression 
pattern of this promoter fragment must be analysed first in order to be certain 
which population will be labelled. The second component is a Cre reporter 
line carrying a reporter gene disrupted by a sequence delimited by LoxP 
sites 67,68. Importantly, the Cre-dependent recombination event is irreversible 
and remains even after Cre expression has ceased.
 A frequently used Cre reporter line is the ROSA26R (R26R) line. 
In the R26R line, a polyadenlylation (pA) sequence flanked by LoxP sites 
and a LacZ gene are inserted into the ROSA26 locus. The ROSA26 allele 
is constitutively transcribed in every cell of the embryo and of the adult. 
The construction of this allele prevents LacZ product to be made until 
recombination occurs of the two LoxP sites 69. In order to analyse the R26R 
line, heterozygous R26R mice were bred with R26Cre mice. This transgenic 
mouse line is made by targeting Cre to the ROSA26 locus. Embryos 
heterozygous for both R26Cre and R26R alleles were stained with X-Gal 
for -galactosidase activity and showed ubiquitous blue staining, whereas 
wild type or heterozygous R26R embryos did not show any staining 69. In all 
embryos analyzed, a wild type phenotype was observed. This indicates that 
following recombination during preimplantation, at which time the ROSA26 
promoter is activated 70, LacZ is expressed in all cells of the embryo without 
disturbing normal development. Another Cre reporter mouse line is the Z/
EG (LacZ/EGFP line) which expresses enhanced green fluorescent protein 
(EGFP) upon Cre-mediated excision. If Cre dependent recombination does 
not occur, this mouse line expresses the LacZ gene ubiquitously throughout 
embryonic development and in the adult stages. The advantage of this line 
is that Cre-mediated excision can be monitored in living tissue samples and 
the viable cells with Cre-mediated excision can be isolated by single step 
fluorescent activated cells sorting 71. The R26R mouse line and the Z/EG 



transgenic mouse line can be used for monitoring Cre expression as well as 
for analysing cell lineages during development.
 The recombination efficiency primarily depends on the level of Cre 
expression and thus varies between different Cre mouse strains. Although 
100% efficiency can be reached easily in cell culture experiments, the 
recombination efficiency in in vivo experiments primarily depends on the 
characteristics of genetically modified animals with randomly integrated 
gene fragments in general. These include 1) effects of the genomic site of 
integration and 2) wide differences in the copy number of the transgene, both 
of which influence the proper expression of Cre. This can lead to a mosaic 
nature of transgene expression and to line-to- line variation in the level of Cre 
expression 63,72. A better, though more laborious procedure is to knock Cre in 
the genome locus of the gene of interest. 
 To perform a lineage analysis using the mouse genetic system based 
on Cre-loxP recombination, one has to analyse the developmental onset 
of recombination of the conditional LacZ allele. This should be analysed 
first in order to define the stage from which the particular lineage can be 
tracked. Onset of recombination in a particular transgene can be analyzed by 
performing RT-PCR in order to detect the level of LacZ mRNA expression or 
by analyzing Cre/R26R embryos at different stages of development 73.
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PART IIIA: THE EMBRYONIC ORIGIN OF THE CARDIAC VALVES 

The formation of the valves is a complex event, reflected in the high 
incidence of congenital malformations involving the definitive valves 74. The 
definitive atrio-ventricular valve complex consists of the annulus fibrosis, the 
free movable valve leaflets, the supporting tendinous cords and the papillary 
muscles. Not many fate map studies are performed to analyse the origin 
of the cardiac valves in vivo. Most studies on the valvuar apparatus used 
techniques as immunohistochemistry and scanning electron microscopy. 
Scanning electron microscopal studies suggested that the myocardium 
contributed to the defenitive valves 75-78. In vivo labelling in chicken embryos 
of the inferior endocardial cushions showed that they contribute to the 
atrioventricular valves 79. A study based on the analysis of malformations of 
cardiac valves suggested a potential role of the subepicardial mesenchyme of 
the atrioventricular groove 80. This was confirmed by a chicken-quail chimera 
study in which the subepicardial organ of the quail was grafted. The so called 
epicardial derived cells (EPDC’s) were observed in the subendocardium, the 
myocardium and the atrioventrucular cushions and were suggested to play a 
functional role in the development of the atrioventricular valves 81.

Most studies indicated the material contribution of the atrioventricular 
endocardial cushions to the developing cardiac valvular apparatus 78,82-84. 
Embryos double positive for Tie2-Cre and R26R in which Cre recombinase 
is driven by an endothelial-specific Tie2 promoter/enhancer were used to 
analyze the embryonic fate of endothelial cells which include endocardial 
cells. During development, pan-endothelial recombination by the Cre 
transgene in double transgenic mice is observed, while LacZ expression 
was observed additionally in the mesenchymal cells of the atrioventricular 
canal and semilunar valve leaflets of the outflow tract 85. This is consistent 
with endocardial-mesenchymal transformation in the atrioventricular canal 
and outflow tract regions. Reagarding the outflow tract valves, expression of 
LacZ was observed in the mesenchymal cells in part of the proximal cardiac 
outflow tract but not in the mesenchymal cells of the distal outflow tract 85,86. 
Cells derived from the neural crest contribute significantly to the cushion 
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mesenchyme within the outflow tract 87,88. Adult double transgenic embryos 
show the mature atrioventricular valves, the chordae tendinae and the 
fibrous continuity that connects the septal leaflets of the mitral and tricuspid 
valves arise from endocardial cells since these structures all contain b-
galactosidase positive cells 73,86. Interestingly no myocardial cells were 
observed in the defintive valves as described earlier 75-78. These myocardial 
cells were suggested to disappear by transdifferention into fibroblasts or by 
differential growth 84. 

Over the years the discussion regarding the material contributions 
of different cell types to the components of the cardiac valvar complexes, 
nonetheless remained controversial. To provide unambiguously answers we 
used different transgenic mouse lines to label irreversibly the myocardium, 
the endocardium and the neural crest cells (see chapter 2). We have 
systematically assessed the contributions of the different lineages to the 
heart and the valvar complexes throughout development. 
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PART IIIB: THE EMBRYONIC ORIGIN OF THE OUTFLOW TRACT 

The outflow tract is critical to the proper formation of the dual 
circulation, as it gives rise to the connection of the right ventricle to the 
pulmonary artery and the left ventricle to the aorta. The outflow tract lies 
downstream from the developing embryonic right ventricle. It functions as a 
sphincter to prevent regurgitation of the blood during ventricular relaxation 
by virtue of its slow conduction of the depolarization impulse in conjunction 
with long-lasting contraction and the presence of endocardial cushions 89. 
During further development the outflow tract undergoes an intricate process 
of septation and valve formation resulting in the ventricular outlets, whereas 
the arterial segment gives rise to the systemic and pulmonary arterial 
channels125,127. In the adult heart the outflow tract connects the trabeculated 
ventricular walls with the aorta and the pulmonary trunk. Defects in the 
formation of the outflow tract structures comprise a significant percentage of 
congenital human heart disease 1,90. These include the conotruncal diseases, 
in which the connections of the great vessels to the ventricles are abnormal, 
and defects in the formation of the pulmonic and aortic valves causing 
congenital stenoses or atresia 90.

In literature the terms outlet segment, conotruncus, or outflow tract 
are used variably in order to describe the vascular conduit between the 
embryonic right ventricular segment and the aortic arches. We refer to 
the developing heart’s outflow tract as the region between the embryonic 
right ventricle and the aortic sac that includes the conus and the truncus 
91,92,125,126.

By infecting the embryonic chicken heart using a recombinant 
adenovirus expressing b-galactosidase and (GFP) under the control of the 
cytomegalovirus promoter, it is possible to mark predominantly myocytes of 
the outflow tract in ovo and follow the fate of these cells during morphogenesis 
38,93. Based on these studies, Watanabe and co-workers concluded that 
the outflow tract shortens to become compact at the level of the pulmonic 
infundibulum after several days. Also they observed that the myocardium of 
the outflow tract shortens as it rotates during development before and during 
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formation of the great arteries. The outflow tract rotates in such a way that it 
connects the right ventricle to the pulmonary artery and the aorta to the left 
ventricle. Other studies, in which introduction and tracing of particle markers, 
radio labels and LacZ transgenes were used, confirmed this rotational 
movement as observed in the developing outflow tract of chicken 43,94-96 and 
mouse 97,98.

Fate map analyses were performed using a recombinant adenovirus 
driven by a chimerical cytomegalovirus enhancer which consists of the 
chicken b-actin promoter with rabbit b-globin pol(y) signal promoter (CAG) in 
order to label cells of the mesoderm surrounding the aortic sac and anterior 
to the primitive right ventricle 11. It was shown that these labelled cells are 
found in the proximal and the distal part of the outflow tract. If cells are 
virally labelled in the embryonic right ventricle no labelled cells were found 
in the cardiac outflow tract region. These data suggest the existence of a 
new heart forming field in chicken consisting of mesoderm surrounding the 
aortic sac immediately anterior to the existing heart tube 11. The authors also 
used in vivo labelling with particles in chicken at the distal (beating) end of 
the straight heart tube, and showed that the label remained at the junction 
of the right ventricle and the proximal outflow tract, or at the junction of the 
proximal outflow tract and the arterial pole of the heart 11. Also De La Cruz et 
al. observed that no marker or in vivo label placed within the primary heart 
fields or beating heart tube itself has ever been reported to trace, over time, 
into the outlet segment of the heart 43,96.  Interestingly, when the pharyngeal 
mesodermal cells are labelled in vivo in mouse embryos with DiI, labelled 
cells were observed in the outer curvature of the right ventricle 98,99. 

Kelly et al. also concluded that two myocardial lineages can be 
distinguished. They showed that the first lineage like the primary heart field 
contributes to the embryonic left ventricle and the venous pole. It is the 
anterior heart field that contributes to the anterior part of the heart tube, the 
outflow tract and also the right ventricle 98,99. Meilhac et al. have adopted a 
retrospective approach in the mouse embryo, based on the use of the LaacZ 
reporter gene, targeted to the alpha-cardiac actin locus. From this clonal 
analysis the authors conclude the existence of two lineages that segregate 
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early from a common precursor 100. 
To examine the potential role of ventral pharyngeal mesoderm to 

differentiate into myocardium, ventral pharyngeal mesoderm of quail was 
transplanted into the corresponding region in chick embryos. After culture 
the quail implants were encircled by MF-20-positive myocardium derived 
from the quail graft. When similar grafts were implanted in the lateral wall of 
the pharynx, not in proximity to the cardiac outflow tract, they formed vesicles 
that did not contain MF-20-expressing cells. This suggests that cells from the 
splanchnic mesoderm were added to the outflow tract 12

The cardiac neural crest provides mesenchyme to pharyngeal 
arches 3, 4 and 6 and was found to be present in the outflow tract region of 
the heart 101. Bilateral ablation of the neural crest prior to migration causes 
malformation of the aorticopulmonary septum resulting in common arterial 
outflow channels or transposition of the great vessels 102. The role of the 
neural crest cells in the development of the outflow tract in chicken was 
investigated further by replacing chicken neural crest cells by quail neural 
crest cells. Analyzed hearts of quail-chick chimeras showed that neural 
crest cells at the level of occipital somites 1 to 3 migrate to the region of 
the aorticopulmonary septum. Neural crest cells were found transiently at 
all levels of the OFT. The cardiac neural crest cells  below the valve level 
become dispersed and are removed by apoptosis 103. An important role of 
these neural crest cells in this part of the outflow tract has been suggested. 
Whereas these neural crest cells by going into apoptosis, might activate the 
cardiomyocytes to muscularize the outflow tract septum through mobilizing 
or delivering growth factors at the time and place that septum formation is 
initiated 103. Cardiac neural crest cells were also distributed to regions of the 
outflow tract that correlate with sites of remodelling, such as the aortic sac 
as it was remodelled into the base of the ascending aorta and pulmonary 
trunk, the distal truncus that was patterned into the two semilunar valves and 
in the proximal conotruncus where muscularization of the ridges and septum 
occurred 104. 

The contribution of neural crest cells to heart formation has been 
inferred by analogy to chick and by mutational analysis 105. The Splotch mutant 
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mouse has served as important model for congenital heart disease involving 
the outflow tract of the heart, as homozygous mutant Splotch embryos 
display persistent truncus arteriosus in addition to other developmental 
defects 106. Several alleles of Splotch have been identified and all result from 
mutation or deletion of the Pax3 gene 105,107. Pax3 encodes a transcription 
factor expressed during midgestation in the region of the dorsal neural tube 
from which neural crest cells emerge 108. Homozygous Splotch embryos that 
lack Pax3 die by embryonic day 13.5 with cardiac defects that resemble 
those induced by neural crest ablation in chick models. This has led to the 
hypothesis that Pax3 is required for cardiac neural crest migration. Studies 
in which the Cre/LoxP system is used to fate map Pax3 expressing neural 
crest precursor cells to the outflow tract showed that derivates of these 
precursors contribute to the aorticopulmonary septum. Although Pax3 itself 
is extinguished prior to neural crest populating the heart, derivatives of these 
precursors contribute to the aorticopulmonary septum and neural crest cells 
are found in the outflow tract of Splotch embryos, albeit in reduced numbers 
88. In the same study they used a neural tube explant culture assay in order 
to investigate cell properties and observed that neural crest cells from 
Splotch embryos show normal rates of proliferation but altered migratory 
characteristics. Based on these observations it has been suggested that 
Pax3, although not essential for neural crest migration, is required for fine 
tuning the migratory behavior of the cardiac neural crest cells. 

Neural-crest-derived mesenchymal cells are abundantly distributed 
in midgestation, and adult derivatives of the third, fourth and sixth pharyngeal 
arch arteries retain a substantial contribution of labeled cells 87. The two-
component genetic system based on Cre-loxP recombination was uses to 
label indelibly the entire mouse neural crest population at the time of its 
formation, and to detect it at any time thereafter using the Wnt1-Cre mouse 
model. However, the population of neural-crest-derived cells that infiltrates 
the outflow tract and which surrounds the noncardiac pharyngeal organs 
is either overgrown or selectively eliminated as development proceeds, 
resulting for these tissues in a modest to marginal contribution in late fetal 
and postnatal life.
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Very little information is available about the origin of the epicardium 
of the outflow tract. In chicken the distal outflow tract is covered with a 
subpopulation of epicardial-like cells that are of nonproepicardial origin 
61,109. Others also observed that the epicardial cell population of the outflow 
tract is not derived from the proepicardium but from the coelomic/pericardial 
epithelium (so called cephalic pericardium) next to the aortic sac. The 
heterogeneity in the epicardial cell population of the outflow tract seems to 
play an important role in the complex developmental remodeling events at 
the arterial pole of the heart 110. 

Lineage relationships between the above-mentioned cell types of the 
outflow tract remain poorly understood and are still a matter of debate125,128. 
In chapter 3 we have used the Cre/loxP recombination technology to label 
irreversibly and selectively the cells derived from myocardial, endocardial, 
and the neural crest lineages. We used for this purpose the aMHC-Cre 111, 
Tie2-Cre 85, and Wnt1-Cre 112 mouse lines, respectively. We used these 
transgenic lines to assess systematically the contributions made by the 
different lineages to the developing intrapericardial arterial trunks of the 
developing mammalian outflow tract.
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PART IIIC: EMBRYONIC ORIGIN OF THE CONDUCTION SYSTEM

Each cardiomyocyte of the early heart tube can be considered as 
a ‘nodal’ cell, because these embryonic cardiomyocytes all display high 
automaticity, are poorly coupled and have a poorly developed intracellular 
sarcoplasmic reticulum, which results in slow propagation of the depolarizing 
impulse. These properties are a prerequisite for both nodal function and 
peristaltic contraction. From the outset the early linear heart tube displays 
dominant pacemaking activity at the inflow of the heart, and less dominant 
pacemaking at the distal end of the heart resulting in unidirectional waves 
of depolarization 17,113,129. Concomitant with the formation of fast conducting 
chambers an adult type of electrocardiogram (ECG) can be monitored. The 
position of the atrial and ventricular chambers within a ‘nodal’ tube can 
potentially explain the coordinated activation of the heart as reflected in the 
ECG. 

The avian conduction system resembles the mammalian conduction 
system in that the sinoatrial node, the atrioventricular node, the atrioventricular 
bundle and the tight and the left bundle branches can be recognized. 
However, two more bundles of conduction tissue can be recognized in 
chicken hearts which include the septo−retroaortic root branch and the right 
atrioventricular ring bundle. The architecture of the nodal components in 
birds and mammals is also different. Moreover, in birds the conduction tissue 
cells are not only found in the major components of the conductive system, 
but also in a wide−spread peri-arterial and subendocardial network123,124.   

The conduction system is defined as the system that initiates and 
conducts the sinus pulse. It comprises the sinus node, the atrioventricular 
node, the atrioventricular bundle and bundle branches and their ramifications. 
The myocardium of the atrial and ventricular chambers has not been classified 
as component parts of the conduction system. The cardiac electrical impulse 
is generated in the sinoatrial node and rapidly propagated through the atrial 
myocardium towards the atrioventricular node. From there the propagation 
of the depolarizing impulse is delayed. The impulse is then rapidly conducted 
through the atrioventricular bundle, the bundle branches and purkinje fibers, 
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which finally results in the fast depolarization of the ventricular myocardium. 
The sinoatrial node belongs to the central conduction system, 

together with the atrioventricular node, His bundle and bundle branches. 
Two hypotheses exist regarding the development of the central conduction 
system. One is that the central conduction system is formed by outgrowth 
from a pool of embryonic ‘nodal’ myocytes present already early in 
development. This hypothesis is based on the specificity of endogenous 
gene expression in the developing heart. Gene expression patterns are 
nowadays used to determine the exact location of the nodal components 
of the conduction system in the developing heart. But already in 1910 
Aschoff and Mönckenberg described criteria to recognize the location of 
the nodal componens in the adult post mortem hearts129. The presumptive 
precursor cells of the forming sinoatrial node specifically express the 
transcription factors Tbx3 and ion channel HCN4, whereas the developing 
atrial myocardium does not express these genes 114,115. The cells of the atrial 
myocardium adjacent to the forming sinoatrial node express the Nppa, Cx40 
and Cx43 genes 17,114,116,117. Moreover, transgenic mouse lines have been 
described that express LacZ reporter gene specifically in these conduction 
system precursor cells from early developmental staged onwards 118-120. 

According to the second hypothesis the development of the central 
conduction system occurs via a process that includes continuous recruitment 
of highly proliferating myocardium to an initial framework of slowly proliferation 
conduction system cells 121,122. This hypothesis is based on studies in which 
cells are labelled in vivo using retroviral vectors in chick embryos. Cheng et 
al. 121 observed LacZ expressing clones derived from single labelled cells 
in both the working myocardium and the cells of the central conduction 
system. One of the problems using replication defective retroviruses to 
label cardiomyocytes is that the infection comprises a random event among 
cells at the site of infection. Therefore, one does not know precisely which 
cells are labelled at the moment of infection, which precludes interpretations 
regarding recruitment. 

In chapter 5 we investigate the formation of the sinoatrial node as 
part of the central conduction system. We deployed a lineage analysis of 
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the atrial myocardium adjacent to the sinoatrial node, based on Cre-loxP. 
A transgenic mouse that carries the Cre gene under the control of an Nppa 
promoter fragment drives expression of Cre selectively in the emerging atrial 
myocardium in the embryonic heart (the Nppa-Cre mouse line described in 
chapter 4). By crossing this line with R26R reporter mice, the emerging atrial 
myocardial cells, and their progeny, were labelled irreversibly. In this study 
we analyzed the fate of the atrial myocardium and its possible contribution to 
the developing sinoatrial node.
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PART IV: SCOPE OF THE THESIS

In this thesis we determined the embryonic origin of different cell types 
involved in cardiac development in vivo by deploying the two component Cre/
LoxP system (see chapter 1, PART II-6 in this thesis). The Cre/LoxP system 
allowed us to follow the destination of labelled cells throughout cardiac 
development and to define their fate. The three major cell types involved in 
cardiac development that are studied in this thesis are: 1) the myocardial 
cells, 2) the endocardial cells and the 3) the neural crest cells. Disruption of 
one of these cell-types will cause different forms of cardiac malformations. 
In this thesis these cell-types were labelled and their fate and phenotype in 
the mature heart were assessed. In chapter 2 the formation of the mitral 
and tricuspid valvar complexes, the fibrous continuity and the leaflets of the 
outflow tract were analyzed. This was done by using three different Cre-
expressing lines to label embryonic cells derived from the myocardium (a-
MHC-Cre), endocardium (Tie2-Cre) and neural crest (Wnt1-Cre) respectively. 
The morphogenetic processes underlying formation of the atrioventricular 
valvular apparatus in the mouse were studied using a computer-aided 3D 
reconstruction protocol developed in our laboratory. These findings lead to 
a new model for valve formation that is presented in this chapter. In chapter 
3 we have used transgenic Cre lines to irreversibly label cells derived from 
the endocardium, myocardium and neural crest to determine their material 
contribution to the cardiac outflow tract as it remodels during embryonic 
development.  We identified a novel population of cells that contributes to 
the walls of the intrapericardial portions of the aorta and the pulmonary trunk. 
In chapter 4 we describe the generation of an Nppa-Cre transgenic mouse 
line that carries the Cre gene under the control of an Nppa gene regulatory 
fragment. This mouse line drives the expression of Cre in the emerging 
atrial working myocardium in the embryonic heart. Therefore, this mouse 
is a perfect tool to study gene function in the developing atria. In chapter 
5 we used the Nppa-Cre transgenic mouse line described in chapter 4 to 
investigate the formation of the sinoatrial node during development. Chapter 
6 is a short summary of the thesis.



32  |  Chapter 1

REFERENCES

 1.  Samanek M. Congenital heart malformations: prevalence, severity, 
survival, and quality of life. Cardiol Young. 2000;10:179-185

 2.  Gruber PJ, Epstein JA. Development gone awry: congenital heart 
disease. Circ Res. 2004;94:273-283

 3.  Garcia-Martinez V, Schoenwolf GC. Primitive streak origin of the 
cardiovascular system in avian embryos. Dev Biol. 1993;159:706-
719

 4.  Stalsberg H, de Haan RL. The precardiac areas and formation of the 
tubular heart in the chick embryo. Dev Biol. 1969;19:128-159

 5.  Redkar A, Montgomery M, Litvin J. Fate map of early avian cardiac 
progenitor cells. Development. 2001;128:2269-2279

 6.  Tam PP, Parameswaran M, Kinder SJ, Weinberger RP. The allocation of 
epiblast cells to the embryonic heart and other mesodermal lineages: 
the role of ingression and tissue movement during gastrulation. 
Development. 1997;124:1631-1642

 7.  de Jong F, Moorman AFM, Virágh S. Cardiac development: Prospects 
for a morphologically integrated molecular approach, in: Sipes IG, 
McQueen CA, Gandolfi AJ (eds): Comprehensive Toxicology. edFirst 
edition. Cambridge, Cambridge University Press,1997, pp 5-26

 8.  de Jong F, Virágh Sz, Moorman AFM. Cardiac Development: a 
morphologically integrated molecular approach. Card Young. 
1997;7:131-146

 9.  Virágh Sz, Challice CE. Origin and differentiation of cardiac muscle cells 
in the mouse. J Ultrastruct Res. 1973;42:1-24



Introduction  |  33

 10.  De la Cruz MV, Markwald RR. Living Morphogenesis of the Heart, ed1, 
USA, Birkhäuser, 1998, pp 1-233

 11.  Mjaatvedt CH, Nakaoka T, Moreno-Rodriguez RA, Norris RA, Kern MJ, 
Eisenberg CA, Turner D, Markwald RR. The outflow of the heart is 
recruited from a novel heart forming field. Dev Biol. 2001;238:97-109

 12.  Waldo KL, Kumiski DH, Wallis KT, Stadt HA, Hutson MR, Platt DH, Kirby 
ML. Conotruncal myocardium arises from a secondary heart field. 
Development. 2001;128:3179-3188

 13.  van den Hoff MJB, Kruithof BPT, Moorman AFM, Markwald RR, Wessels 
A. Formation of myocardium after the initial development of the linear 
heart tube. Dev Biol. 2001;61-76

 14.  Kelly RG, Buckingham ME. The anterior heart-forming field: voyage to 
the arterial pole of the heart. Trends Genet. 2002;18:210-216

 15.  Cai CL, Liang X, Shi Y, Chu PH, Pfaff SL, Chen J, Evans S. Isl1 identifies 
a cardiac progenitor population that proliferates prior to differentiation 
and contributes a majority of cells to the heart. Dev Cell. 2003;5:877-
889

 16.  Kruithof BPT, van den Hoff MJB, Tesink-Taekema S, Moorman AFM. 
Recruitment of intra- and extra cardiac cells into the myocardial 
lineage during mouse development. Anat Rec A Discov Mol Cell Evol 
Biol. 2003;271:303-314

 17.  Moorman AFM, Christoffels VM. Cardiac Chamber Formation: 
Development, Genes and Evolution. Physiol Rev. 2003;83:1223-
1267

 18.  Christoffels VM, Keijser AGM, Houweling AC, Clout DEW, Moorman AFM. 
Patterning the embryonic heart: Identification of five mouse Iroquois 
homeobox genes in the developing heart. Dev Biol. 2000;224:263-274



 19.  Moorman AFM, Schumacher CA, de Boer PAJ, Hagoort J, Bezstarosti 
K, van den Hoff MJB, Wagenaar GTM, Lamers JMJ, Wuytack F, 
Christoffels VM, Fiolet JWT. Presence of functional sarcoplasmic 
reticulum in the developing heart and its confinement to chamber 
myocardium. Dev Biol. 2000;223:279-290

 20.  Mikawa T, Hyer J, Itoh N, Wei Y. Retroviral vectors to study cardiovascular 
development. Trends Cardiovasc Med. 1996;6:79-86

 21.  Cepko CL, Ryder EF, Austin CP, Walsh C, Fekete DM. Lineage analysis 
using retrovirus vectors. Methods Enzymol. 1993;225:933-960

 22.  Mikawa T. Retroviral targeting of FGF and FGFR in cardiomyocytes and 
coronary vascular cells during heart development. Ann N Y Acad Sci. 
1995;752:506-516

 23.  Cepko CL, Roberts BE, Mulligan RC. Construction and application 
of a highly transmissible murine retrovirus shuttle vector. Cell. 
1984;37:1053-1062

 24.  Sanes DH, Poo MM. In vitro analysis of position- and lineage-dependent 
selectivity in the formation of neuromuscular synapses. Neuron. 
1989;2:1237-1244

 25.  Costa RH, Grayson DR, Xanthopoulos KG, Darnell Jr JE. A liver-
specific DNA-binding protein recognizes multiple nucleotide sites in 
regulatory regions of trasthyretin, a1- antitrypsin, albumin and simian 
virus 40 genes. Proc Natl Acad Sci USA. 1988;85:3840-3844

 26.  Mikawa T, Fischman DA, Dougherty JP, Brown AM. In vivo analysis of 
a new lacZ retrovirus vector suitable for cell lineage marking in avian 
and other species. Exp Cell Res. 1991;195:516-523

34  |  Chapter 1



 27.  Mikawa T, Borisov A, Brown AMC, Fischman DA. Clonal analysis of 
cardiac morphogenesis in the chicken embryo using a replication-
defective retrovirus. I. Formation of the ventricular myocardium. Dev 
Dyn. 1992;193:11-23

 28.  Mikawa T, Fischman DA. Retroviral analysis of cardiac morphogenesis: 
discontinuous formation of coronary vessels. Proc Natl Acad Sci U S 
A. 1992;89:9504-9508

 29.  Golden JA, Fields-Berry SC, Cepko CL. Construction and 
characterization of a highly complex retroviral library for lineage 
analysis. Proc Natl Acad Sci U S A. 1995;92:5704-5708

 30.  Mikawa T, Gourdie RG. Pericardial Mesoderm Generates a Population 
of Coronary Smooth Muscle Cells Migrating into the Heart along with 
Ingrowth of the Epicardial Organ. Dev Biol. 1996;174:221-232

 31.  Fisher SA, Watanabe M. Expression of exogenous protein and analysis 
of morphogenesis in the developing chicken heart using an adenoviral 
vector. Cardiovasc Res. 1996;31 Spec No:E86-E95

 32.  Mulligan RC. The basic science of gene therapy. Science. 1993;260:926-
932

 33.  Mima T, Ueno H, Fischman DA, Williams LT, Mikawa T. Fibroblast growth 
factor receptor is required for in vivo cardiac myocyte proliferation at 
early embryonic stages of heart development. Proc Natl Acad Sci U 
S A. 1995;92:467-471

 34.  Yamagata M, Jaye DL, Sanes JR. Gene transfer to avian embryos with 
a recombinant adenovirus. Dev Biol. 1994;166:355-359

 35.  Kirshenbaum LA, MacLellan WR, Mazur W, French BA, Schneider 
MD. Highly efficient gene transfer into adult ventricular myocytes by 
recombinant adenovirus. J Clin Invest. 1993;92:381-387

Introduction  |  35



 36.  Guzman RJ, Lemarchand P, Crystal RG, Epstein SE, Finkel T. Efficient 
gene transfer into myocardium by direct injection of adenovirus 
vectors. Circ Res. 1993;73:1202-1207

 37.  Kass-Eisler A, Falck-Pedersen E, Alvira M, Rivera J, Buttrick PM, 
Wittenberg BA, Cipriani L, Leinwand LA. Quantitative determination 
of adenovirus-mediated gene delivery to rat cardiac myocytes in vitro 
and in vivo. Proc Natl Acad Sci U S A. 1993;90:11498-11502

 38.  Watanabe M, Jafri A, Fisher SA. Apoptosis is required for the 
proper formation of the ventriculo-arterial connections. Dev Biol. 
2001;240:274-288

 39.  Kass-Eisler A, Falck-Pedersen E, Alvira M, Rivera J, Buttrick PM, 
Wittenberg BA, Cipriani L, Leinwand LA. Quantitative determination 
of adenovirus-mediated gene delivery to rat cardiac myocytes in vitro 
and in vivo. Proc Natl Acad Sci U S A. 1993;90:11498-11502

 40.  Hatcher CJ, Kim MS, Basson CT. Atrial form and function: lessons from 
human molecular genetics. Trends Cardiovasc Med. 2000;10:93-101

 41.  Gray GE, Glover JC, Majors J, Sanes JR. Radial arrangement of 
clonally related cells in the chicken optic tectum: lineage analysis with 
a recombinant retrovirus. Proc Natl Acad Sci U S A. 1988;85:7356-
7360

 42.  TRINKAUS JP, GROSS MC. The use of tritiated thymidine for marking 
migratory cells. Exp Cell Res. 1961;24:52-57

 43.  De la Cruz MV, Sanchez Gomez C, Arteaga MM, Arguëllo C. 
Experimental study of the development of the truncus and the conus 
in the chick embryo. J Anat. 1977;123:661-686

36  |  Chapter 1



 44.  Godement P, Vanselow J, Thanos S, Bonhoeffer F. A study in developing 
visual systems with a new method of staining neurones and their 
processes in fixed tissue. Development. 1987;101:697-713

 45.  Thanos S, Bonhoeffer F. Axonal arborization in the developing chick 
retinotectal system. J Comp Neurol. 1987;261:155-164

 46.  Stern CD, Fraser SE, Keynes RJ, Primmett DR. A cell lineage analysis 
of segmentation in the chick embryo. Development. 1988;104 
Suppl:231-244

 47.  Schoenwolf GC, Sheard P. Shaping and bending of the avian neural plate 
as analysed with a fluorescent-histochemical marker. Development. 
1989;105:17-25

 48.  Corbett EK, Batten TF, Kaye JC, Deuchars J, McWilliam PN. Labelling 
of rat vagal preganglionic neurones by carbocyanine dye DiI applied 
to the heart. Neuroreport. 1999;10:1177-1181

 49.  Sims PJ, Waggoner AS, Wang CH, Hoffman JF. Studies on the 
mechanism by which cyanine dyes measure membrane potential 
in red blood cells and phosphatidylcholine vesicles. Biochemistry. 
1974;13:3315-3330

 50.  Honig MG, Hume RI. Fluorescent carbocyanine dyes allow living 
neurons of identified origin to be studied in long-term cultures. J Cell 
Biol. 1986;103:171-187

 51.  Honig MG, Hume RI. Dil and diO: versatile fluorescent dyes for neuronal 
labelling and pathway tracing. Trends Neurosci. 1989;12:333-1

 52.  Bronner-Fraser M, Fraser SE. Cell lineage analysis reveals multipotency 
of some avian neural crest cells. Nature. 1988;335:161-164

Introduction  |  37



 

 53.  Axelrod D. Carbocyanine dye orientation in red cell membrane studied 
by microscopic fluorescence polarization. Biophys J. 1979;26:557-
573

 54.  Eagleson GW, Harris WA. Mapping of the presumptive brain regions in 
the neural plate of Xenopus laevis. J Neurobiol. 1990;21:427-440

 55.  Selleck MA, Bronner-Fraser M. Origins of the avian neural crest: the role 
of neural plate-epidermal interactions. Development. 1995;121:525-
538

 56.  Le DN, Le LC. Demonstration of neural origin of calcitonin cells of 
ultimobranchial body of chick embryo. C R Acad Sci Hebd Seances 
Acad Sci D. 1970;270:2857-2860

 57.  Le DN. A biological cell labeling technique and its use in expermental 
embryology. Dev Biol. 1973;30:217-222

 58.  Corbel C, Belo M, Martin C, Le Douarin NM. A novel method to 
bursectomize avian embryos and obtain quail----chick bursal 
chimeras. II. Immune response of bursectomized chicks and 
chimeras and post-natal rejection of the grafted quail bursas. J 
Immunol. 1987;138:2813-2821

 59.  Kinutani M, Le Douarin NM. Avian spinal cord chimeras. I. Hatching 
ability and posthatching survival in homo- and heterospecific 
chimeras. Dev Biol. 1985;111:243-255

 60.  Kinutani M, Coltey M, Le Douarin NM. Postnatal development of 
a demyelinating disease in avian spinal cord chimeras. Cell. 
1986;45:307-314

38  |  Chapter 1



 

 61.  Manner J. Does the subepicardial mesenchyme contribute 
myocardioblasts to the myocardium of the chick embryo heart? A 
quail-chick chimera study tracing the fate of of the epicardial   
primordium. Anat Rec. 1999;255:212-226

 62.  Bonnerot C, Nicolas JF. Clonal analysis in the intact mouse embryo 
by intragenic homologous recombination. C R Acad Sci III. 
1993;316:1207-1217

 63.  Rajewsky K, Gu H, Kuhn R, Betz UA, Muller W, Roes J, Schwenk F. 
Conditional gene targeting. J Clin Invest. 1996;98:600-603

 64.  Sauer B, Henderson N. Site-specific DNA recombination in mammalian 
cells by the Cre recombinase of bacteriophage P1. Proc Natl Acad 
Sci U S A. 1988;85:5166-5170

 65.  Orban PC, Chui D, Marth JD. Tissue- and site-specific DNA recombination 
in transgenic mice. Proc Natl Acad Sci U S A. 1992;89:6861-6865

 66.  Lakso M, Sauer B, Mosinger Jr B, Lee EJ, Manning RW, Yu SH, 
Mulder KL, Westphal H. Targeted oncogene activation by site-
specific recombination in transgenic mice. Proc Natl Acad Sci USA. 
1992;89:6232-6236

 67.  Sternberg N. Bacteriophage P1 site-specific recombination. III. Strand 
exchange during recombination at lox sites. J Mol Biol. 1981;150:603-
608

 68.  Hoess RH, Ziese M, Sternberg N. P1 site-specific recombination: 
nucleotide sequence of the recombining sites. Proc Natl Acad Sci U 
S A. 1982;79:3398-3402

Introduction  |  39



 69.  Soriano P. Generalized lacZ expression with the ROSA26 Cre reporter 
strain. Nat Genet. 1999;21:70-71

 70.  Friedrich G, Soriano P. Promoter traps in embryonic stem cells: a 
genetic screen to identify and mutate developmental genes in mice. 
Genes Dev. 1991;5:1513-1523

 71.  Novak A, Guo C, Yang W, Nagy A, Lobe CG. Z/EG, a double reporter 
mouse line that expresses enhanced green fluorescent protein upon 
Cre-mediated excision. Genesis. 2000;28:147-155

 72.  Hennet T, Hagen FK, Tabak LA, Marth JD. T-cell-specific deletion of a 
polypeptide N-acetylgalactosaminyl-transferase gene by site-directed 
recombination. Proc Natl Acad Sci U S A. 1995;92:12070-12074

 73.  de Lange FJ, Moorman AFM, Anderson RH, Manner J, Soufan AT, 
de Gier-de Vries C, Schneider MD, Webb S, van den Hoff MJB, 
Christoffels VM. Lineage and morphogenetic analysis of the cardiac 
valves. Circ Res. 2004;95:645-654

 74.  Hoffman JI, Kaplan S. The incidence of congenital heart disease. J Am 
Coll Cardiol. 2002;39:1890-1900

 75.  Odgers PNB. The development of the atrioventricular valves in man. J 
Anat. 1939;73:643-657

 76.  van Mierop LHS, Alley RD, Kausel HW, Stranahan A. The anatomy and 
embryology of endocardial cushion defects. J Thorac Cardiovasc 
Surg. 1962;43:71-83

 77.  Morse DE, Hamlett WC, Noble CW, Jr. Morphogenesis of chordae 
tendineae. I: Scanning electron microscopy. Anat Rec. 1984;210:629-
638

40  |  Chapter 1



 78.  Lamers WH, Virágh S, Wessels A, Moorman AFM, Anderson RH. 
Formation of the tricuspid valve in the human heart. Circ. 1995;91:111-
121 

 79.  De la Cruz MV, Gimenez-Ribotta M, Saravalli O, Cayre R. The 
contribution of the inferior endocardial cushion of the atrioventricular 
canal to cardiac septation and to the development of the atrioventricular 
valves: study in the chick embryo. Am J Anat. 1983;166:63-72

 80.  Wenink ACG, Gittenberger-de Groot AC. Embryology of the mitral 
valve. Int J Cardiol. 1986;11:75-84

 81.  Gittenberger-de Groot AC, Vrancken Peeters MP, Mentink MM, Gourdie 
RG, Poelmann RE. Epicardium-derived cells contribute a novel 
population to the myocardial wall and the atrioventricualr cushions. 
Circ Res. 1998;82:1043-1052

 82.  Chin CC, Gandour-Edwards R, Oltjen S, Choy M. Fate of atrioventricular 
endocardial cushions in the developing chick heart. Pediatric 
Research. 1992;32:390-393

 83.  Wessels A, Markman MWM, Vermeulen JLM, Anderson RH, Moorman 
AFM, Lamers WH. The development of the atrioventricular junction in 
the human heart. Circ Res. 1996;78:110-117

 84.  Oosthoek PW, Wenink ACG, Vrolijk BC, Wisse LJ, de Ruiter MC, 
Poelmann RE, Gittenberger-de Groot AC. Development of the 
atrioventricular valve tension apparatus in the human heart. Anat 
Embryol. 1998;239:317-329

 85.  Kisanuki YY, Hammer RE, Miyazaki J, Williams SC, Richardson JA, 
Yanagisawa M. Tie2-Cre transgenic mice: a new model for endothelial 
cell-lineage analysis in vivo. Dev Biol. 2001;230:230-242

Introduction  |  41



 86.  Lincoln J, Alfieri CM, Yutzey KE. Development of heart valve leaflets 
and supporting apparatus in chicken and mouse embryos. Dev Dyn. 
2004;230:239-250

 87.  Jiang X, Rowitch DH, Soriano P, McMahon AP, Sucov HM. Fate of the 
mammalian cardiac neural crest. Development. 2000;127:1607-
1616

 88.  Epstein JA, Li J, Lang D, Chen F, Brown CB, Jin F, Lu MM, Thomas M, 
Liu E, Wessels A, Lo CW. Migration of cardiac neural crest cells in 
Splotch embryos. Development. 2000;127:1869-1878

 89.  Yelbuz TM, Waldo KL, Kumiski DH, Stadt HA, Wolfe RR, Leatherbury 
L, Kirby ML. Shortened outflow tract leads to altered cardiac looping 
after neural crest ablation. Circ. 2002;106:504-510

 90.  Liberthson RR. Congenital Heart Disease: Diagnosis and Management 
in Children and Adults, Boston, Little, Brown and Company, 1989, pp 
1-268

 91.  Nakajima Y, Krug EL, Markwald RR. Myocardial regulation of 
transforming growth factor-b expression by outflow tract endothelium 
in the early embryonic chick heart. Dev Biol. 1994;165:615-626

 92.  Thompson RP, Sumida H, Abercrombie V, Satow Y, Fitzharris TP, 
Okamoto N. Morphogenesis of Human Cardiac Outflow. Anat Rec. 
1985;213:578-586

 93.  Watanabe M, Choudry A, Berlan M, Singal A, Siwik E, Mohr S, Fisher 
SA. Developmental remodeling and shortening of the cardiac outflow 
tract involves programmed cell death. Development. 1998;125:3809-
3820

42  |  Chapter 1



 94.  Weston JA. A radioautographic analysis of the migration and localization 
of trunk neural crest cells in the chick. Dev Biol. 1963;6:279-310

 95.  Thompson RP, Abercrombie V, Wong M. Morphogenesis of the Truncus 
Arteriosus of the Chick Embryo Heart: Movements of Autoradiographic 
Tattoos During Septation. Anat Rec. 1987;218:434-440

 96.  Markwald RR, Trusk T, Moreno-Rodriguez RA. Formation and septation 
of the tubular heart: integrating the dynamics of morphology with 
emerging molecular concepts, in: De la Cruz MV, Markwald RR 
(eds): Living morphogenesis of the heart. Boston, Birkhäuser,1998, 
pp 43-84

 97.  Bajolle F, Zaffran S, Kelly RG, Hadchouel J, Bonnet D, Brown NA, 
Buckingham ME. Rotation of the myocardial wall of the outflow tract 
is implicated in the normal positioning of the great arteries. Circ Res. 
2006;98:421-428

 98.  Zaffran S, Kelly RG, Meilhac SM, Buckingham ME, Brown NA. Right 
ventricular myocardium derives from the anterior heart field. Circ 
Res. 2004;95:261-268

 99.  Kelly RG, Brown NA, Buckingham ME. The arterial pole of the mouse 
heart forms from Fgf10-expressing cells in pharyngeal mesoderm. 
Dev Cell. 2001;1:435-440

 100.  Meilhac SM, Esner M, Kelly RG, Nicolas JF, Buckingham ME. The 
clonal origin of myocardial cells in different regions of the embryonic 
mouse heart. Dev Cell. 2004;6:685-698

 101.  Phillips MT, Kirby ML, Forbes G. Analysis of cranial neural crest 
distribution in the developing heart using quail-chick chimeras. Circ 
Res. 1987;60:27-30

Introduction  |  43



44  |  Chapter 1

 102.  Kirby ML, Gale TF, Stewart DE. Neural crest cells contribute to normal 
aorticopulmonary septation. Science. 1983;220:1059-1061

 103.  Poelmann RE, Mikawa T, Gittenberger-de Groot AC. Neural crest cells in 
outflow tract septation of the embryonic chicken herat: differentiation 
and apoptosis. Dev Dyn. 1998;212:373-384

 104.  Waldo K, Miyagawa-Tomita S, Kumiski D, Kirby ML. Cardiac neural 
crest cells provide new insight into septation of the outflow tract: 
Aortic sac to ventricular septal closure. Dev Biol. 1998;196:129-144

 105.  Epstein JA, Shapiro DN, Cheng J, Lam PY, Maas RL. Pax3 modulates 
expression of the c-Met receptor during limb muscle development. 
Proc Natl Acad Sci U S A. 1996;93:4213-4218

 106.  Franz T. Persistent truncus arteriosus in the Splotch mutant mouse. 
Anat Embryol. 1989;180:457-464

 107.  Epstein DJ, Vekemans M, Gros P. Splotch (Sp2H), a mutation affecting 
development of the mouse neural tube, shows a deletion within the 
paired homeodomain of Pax-3. Cell. 1991;67:767-774

 108.  Goulding MD, Chalepakis G, Deutsch U, Erselius JR, Gruss P. Pax-
3, a novel murine DNA binding protein expressed during early 
neurogenesis. EMBO J. 1991;10:1135-1147

 109.  Gittenberger-de Groot AC, Vrancken Peeters MP, Bergwerff M, 
Mentink MM, Poelmann RE. Epicardial outgrowth inhibition leads to 
compensatory mesothelial outflow tract collar and abnormal cardiac 
septation and coronary formation. Circ Res. 2000;87:969-971

 110.  Perez-Pomares JM, Phelps A, Sedmerova M, Wessels A. Epicardial-
like cells on the distal arterial end of the cardiac outflow tract do not 
derive from the proepicardium but are derivatives of the cephalic 
pericardium. Dev Dyn. 2003;227:56-68



 111.  Agah R, Frenkel PA, French BA, Michael LH, Overbeek PA, Schneider 
MD. Gene recombination in postmitotic cells. Targeted expression 
of Cre recombinase provokes cardiac-restricted, site-specific 
rearrangement in adult ventricular muscle in vivo. J Clin Invest. 
1997;100:169-179

 112.  Danielian PS, Muccino D, Rowitch DH, Michael SK, McMahon AP. 
Modification of gene activity in mouse embryos in utero by a tamoxifen-
inducible form of Cre recombinase. Curr Biol. 1998;8:1323-1326

 113.  Moorman AFM, Christoffels VM. Development of the Cardiac Conduction 
System: A matter of chamber development. Novartis Found Symp. 
2003;250:25-34

 114.  Hoogaars WMH, Tessari A, Moorman AFM, de Boer PAJ, Hagoort 
J, Soufan AT, Campione M, Christoffels VM. The transcriptional 
repressor Tbx3 delineates the developing central conduction system 
of the heart. Cardiovasc Res. 2004;62:489-499

 115.  Garcia-Frigola C, Shi Y, Evans SM. Expression of the hyperpolarization-
activated cyclic nucleotide-gated cation channel HCN4 during mouse 
heart development. Gene Expr Patterns. 2003;3:777-783

 116.  Boyett MR, Honjo H, Kodama I. The sinoatrial node, a heterogeneous 
pacemaker structure. Cardiovasc Res. 2000;47:658-687

 117.  Boyett MR, Dobrzynski H, Lancaster MK, Jones SA, Honjo H, Kodama 
I. Sophisticated architecture is required for the sinoatrial node to 
perform its normal pacemaker function. J Cardiovasc Electrophysiol. 
2003;14:104-106

 118.  Davis DL, Edwards AV, Juraszek AL, Phelps A, Wessels A, Burch JBE. 
A GATA-6 gene heart-region-specific enhancer provides a novel 
means to mark and probe a discrete component of the mouse cardiac 
conduction system. Mech of Dev. 2001;108:105-119

Introduction  |  45



 119.  Kupershmidt S, Yang T, Anderson ME, Wessels A, Niswender 
KD, Magnuson MA, Roden DM. Replacement by homologous 
recombination of the minK gene with lacZ reveals restriction of 
minK expression to the mouse cardiac conduction system. Circ Res. 
1999;84:146-152

 120.  Rentschler S, Vaidya DM, Tamaddon H, Degenhardt K, Sassoon 
D, Morley GE, Jalife J, Fishman GI. Visualization and functional 
characterization of the developing murine cardiac conduction system. 
Development. 2001;128:1785-1792

 121.  Cheng G, Litchenberg WH, Cole GJ, Mikawa T, Thompson RP, 
Gourdie RG. Development of the cardiac conduction system 
involves recruitment within a multipotent cardiomyogenic lineage. 
Development. 1999;126:5041-5049

 122.  Gourdie RG, Mima T, Thompson RP, Mikawa T. Terminal diversification 
of the myocyte lineage generates Purkinje fibers of the cardiac 
conduction system. Development. 1995;121:1423-1431

123  Davies F. The conducting system of the bird´s heart J. Anat. 1930, 
64:129/146

124  Gossrau R. Topografische und historische untersuchungen am 
Reizleitungssystem von Vőgeln. Z. Anat. Entw. Gesch. 1969,128±163/
184.

125  Anderson RH, Webb S, Brown N, Lamers W, Moorman A. 
Development of the heart: (3) Formation of the ventricular outflow 
tracts, arterial valves, and intrapericardial arterial trunks. Heart, 
2003;89:1110-1118

46  |  Chapter 1



126  Anderson RH, Webb S, Brown N, Lamers W, Moorman A. 
Development of the heart: (1) Formation of the cardiac chambers 
and arterial trunks. Heart, 2003;89:806-814

127  Anderson RH, Webb S, Brown N, Lamers W, Moorman A. 
Development of the heart: (2) Septation of the atriums and ventricles. 
Heart, 2003;89:949-958

128  Webb S, Qayyum SR, Anderson RH, Lamers WH, Richardson MK. 
Septation and separation within the outflow tract of the developing 
heart. J. Anat. 2003;202:327-342.

129  Moorman AF, Christoffels VM, Anderson RH. Anatomic substrates for 
cardiac conduction. Heart Rhythm. 2005:2;875-886.

130  de Lange FJ, Ramakers CR, Hakvoort RA, Rocha de Lange KJ, 
Rocha de Lange SF. To marry your summer love: a way to make your 
life complete. J of CSI-New York. 2003: 2606(04); 27-1105  

 

Introduction  |  47





CHAPTER 2 

LINEAGE AND MORPHOGENETIC ANALYSIS OF 
THE CARDIAC VALVE
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ABSTRACT

We used a genetic lineage-labeling system to establish the material 
contributions of the progeny of three specific cell-types to the cardiac valves. 
Thus, we labeled irreversibly the myocardial (aMHC-Cre+), endocardial (Tie2-
Cre+), and neural crest (Wnt1-Cre+) cells during development, and assessed 
their eventual contribution to the definitive valvar complexes. The leaflets 
and tendinous cords of the mitral and tricuspid valves, the atrioventricular 
fibrous continuity, and the leaflets of the outflow tract valves were all found 
to be generated from mesenchyme derived from the endocardium, with no 
substantial contribution from cells of the myocardial and neural crest lineages. 
Analysis of chicken-quail chimeras revealed absence of any substantial 
contribution from proepicardially-derived cells. Molecular and morphogenetic 
analysis revealed several new aspects of atrioventricular valvar formation. 
Marked similarities are seen during the formation of the mural leaflets of 
the mitral and tricuspid valves. These leaflets form by protrusion and growth 
of a sheet of atrioventricular myocardium into the ventricular lumen, with 
subsequent formation of valvar mesenchyme on its surface, rather than by 
delamination of lateral cushions from the ventricular myocardial wall. The 
myocardial layer is subsequently removed by the process of apoptosis. In 
contrast, the aortic leaflet of the mitral valve, the septal leaflet of the tricuspid 
valve, and the atrioventricular fibrous continuity between these valves, 
develop from the mesenchyme of the inferior and superior atrioventricular 
cushions. The tricuspid septal leaflet then delaminates from the muscular 
ventricular septum late in development.

Keywords: lineage analysis, mitral, tricuspid, atrioventricular valve, tendinous 
chord, valvular, Cre-lox
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INTRODUCTION

The formation of the valvar apparatus at the atrioventricular junction is a 
complex event, reflected in the high incidence of congenital malformations 
involving the definitive valves 1. The definitive valves consist of the fibrous 
annulus, the leaflets, and the supporting tension apparatus, the latter 
made up of the tendinous cords and the papillary muscles. Studies using 
immunohistochemistry, scanning electron microscopy, fate-map analyses 
and mutagenesis have significantly advanced our understanding of the 
formation of the valvar apparatus 2-10, showing also that the morphogenetic 
programs for their formation are conserved in vertebrate evolution 7. The 
material contributions of the different cell types to the components of the 
valvar complex, nonetheless, remain controversial. To date, it has been 
suggested that these components are derived from the subepicardial 
mesenchyme of the atrioventricular groove 11,12, the myocardium 2,3,7,13, 
and the atrioventricular endocardial cushions 6-9. Further insight into these 
lineages is essential if we are to clarify the origin of the components of the 
valvar apparatus. 

To provide these insights, we have used a mouse genetic system 
based on Cre/lox recombination to label irreversibly 14 the myocardium 15, 
endocardium and endocardially-derived mesenchyme of the cushions 16, and 
the neural crest cells 17,18. We studied chicken-quail chimeras 19 to investigate 
any contribution made by proepicardially-derived cells to the formed valves in 
the chicken. Using these approaches we have systematically assessed the 
contributions of the different lineages to the heart and the valvar complexes 
throughout development. The morphogenetic processes underlying the 
formation of the atrioventricular valvar apparatus in the mouse was studied 
using a computer aided three-dimensional reconstruction protocol 20. 
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MATERIALS AND METHODS 
 
Experimental animals
The aMHC-Cre 15, Tie2-Cre 16, Wnt1-Cre 17 and the R26R transgenic mouse 
lines 14 have been described previously. Embryonic age was determined 
according to the vaginal plug, with noon of the day on which the plug was 
first observed being taken as embryonic day (E) 0.5. Embryos and fetuses 
were dissected in PBS. Amnion or tail biopsy genomic DNA was used for 
PCR assays to detect the Cre- or lacZ transgenes. Proepicardium of HH 16/
17 quails was transplanted to stage HH 16/17 chicken embryos according to 
a previously established protocol 19. 

β-galactosidase activity detection, immunohistochemistry and RT-PCR
Whole mount X-gal staining of embryos was performed as described 21. For 
detection of b-galactosidase activity in 20 mm cryostat sections, embryos 
were equilibrated in 30% sucrose/PBS and embedded into OCT medium 
(Sakura, USA). After sectioning, and just prior to staining, the embryos 
were fixed with a 0.5% glutaraldehyde/PBS solution for 10 minutes at 
room temperature, followed by X-gal staining. For immunohistochemistry, 
the following primary antibodies were used: polyclonal antibody against 
SERCA2a (1:8000) 22; polyclonal antibody against cleaved-caspase 3 
(1:100) (Cell Signaling Technology); monoclonal antibody against PCNA 
(1:2000) (Santa Cruz Biotechnology); monoclonal antibody against Desmin 
(1:50) (Monosan Clone D33). Nuclear fast red (Merck, Darmstadt) was used 
to visualize nuclei. Detection of quail cells in 5 mm sections of chicken-quail 
chimeras was performed as described 19. RNA isolation, RT-PCR and real-
time PCR were performed as described 23. 

Non-radioactive in situ hybridization and 3D reconstruction
Non-radioactive section in situ hybridization of 10-14 mm sections of 4% 
paraformaldehyde fixed FVB mouse embryos was performed as described in 
24. Three-dimensional visualization and geometry reconstruction of patterns 
of gene expression determined by in situ hybridization was carried out 
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as described previously 20. Files with reconstructions are available upon 
request. 

RESULTS

Tissue-specific labeling of myocardial, endocardial and neural crest 
cells
The developmental onset of recombination of the conditional lacZ allele 
defines the stage from which the particular lineage can be tracked. The onset 
of Cre expression in the aMHC-Cre transgene in the FVB background was 
first detected at E7 (Fig. 1A), which should result in onset of recombination 
shortly thereafter. Indeed, by E9, aMHC-Cre/R26R embryos showed 
b-galactosidase activity in the hearts, including the myocardium of the 
atrioventricular canal supporting the developing atrioventricular cushions 
(Fig. 1B). Onset of Cre-mediated recombination in the endocardial cells 
and cushions of Tie2-Cre/R26R mice is observed at E9.5, concomitant with 
formation of the cushion mesenchyme 16. The cells from the neural crest 
in Wnt1-Cre/R26R mice have been labeled before they arrive in the heart 
18. Taken together, all three lineages are labeled prior to the beginning of 
formation of the atrioventricular valvar complexes. Because of this, it is 
possible to assess the contribution of each lineage to the definitive valves. 
 The aMHC-Cre line has been reported to recombine the R26R 
allele in the myocardium at E11.5 25. To test the specificity of labeling by 
recombination of the myocardial lineage throughout development, sister 
sections of aMHC/R26R embryos between E11.5 and E15.5 were stained 
for the presence of Serca2, which is specific for myocardium, and for b-
galactosidase activity on sister sections. Activity of b-galactosidase was 
restricted to the myocardium, and was never observed in the epicardium or 
endocardium, or in any other non-myocardial cell in the entire embryo (Fig. 
1D, E). Because the pattern of activity of b-galactosidase matched completely 
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that of Serca2, we conclude, first, that the aMHC-Cre line does not show 
ectopic activity and, second, that myocardium, subsequent to E9, does not 
transdifferentiate into another cell-type. Selectivity of b-galactosidase activity 
was similarly tested in Tie2-Cre/R26R mice, and found to be restricted to 
the endocardium and the mesenchyme of the cushions, but was never 
observed in myocardium or epicardium (Fig. 1F, G, J, K). The atrioventricular 
cushions were stained in their entirety by E12.5, in a pattern coinciding with 
the gradient in cell density from lumen to myocardium (Fig. 1H, I). Activity of 
b-galactosidase and Serca2 staining were mutually exclusive, showing that 
mesenchyme derived from the endocardium does not transdifferentiate into 
myocardium. The endothelial layer of the coronary vessels also expressed 
b-galactosidase (Fig. 3D). Furthermore, staining was noted in the ventricular 
walls (Fig. 3A), revealing endocardial cells that had been trapped during 
compaction of the myocardial wall. The reported selectivity of recombination 
of the cells derived from the neural crest in Wnt1-Cre mice 18, including the 
cardiac neural crest cells, was confirmed (not shown). None of the three 
transgenic lines, therefore, shows evidence of ectopic recombination. 

Contributions of the lineages to the components of the valvar 
complexes

Myocardial lineage- we investigated aMHC-Cre/R26R mice to 
determine the contribution of cells derived from the myocardium to the 
atrioventricular valves. From E12.5 onwards, we observed cells expressing 
b-galactosidase in the myocardial layer of the developing valve (Fig. 1D, E). 
In contrast, neonatal aMHC-Cre/R26R mice, and those at E17.5, had no cells 
expressing b-galactosidase either in the valvar leaflets or tendinous cords 
(Fig. 2A-F). This shows that the myocardium does not contribute materially 
to the leaflets or cords, but disappears. In some sections of newborn hearts, 
nonetheless, we did observe solitary b-galactosidase positive cells located 
in leaflets. In sister sections, these cells were also seen to express Serca2, 
and were therefore myocardial cells, and not transdifferentiated fibrous cells 
(Fig. 2C, D). The expression of Serca2 and b-galactosidase at the junction 
of the papillary muscle and the cords is similar, if not identical, showing 
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that the myocardium does not contribute cells to the cords. Similarly, the 
atrioventricular fibrous continuity did not express b-galactosidase (Fig. 
2G, H), demonstrating that it does not receive any contribution from the 
myocardial lineage. The leaflets of the aortic and pulmonary valves never 
received any myocardial cells during development (Fig. 2I, J). 

Endocardial lineage- we used the Tie2-Cre/R26R animals to 
investigate the contribution of the endocardium and endocardially-derived 
mesenchymal cells of the cushions to the valvar leaflets and apparatus. 
At E17.5, we observed that the leaflets of both the tricuspid and mitral 
valves were almost entirely positive for b-galactosidase expression (Fig. 
3A-C), demonstrating their origin from the endocardium. In addition, the 
atrioventricular fibrous continuity expressed b-galactosidase, again revealing 
their origin from the endocardium (Fig. 3B, G). The pattern of b-galactosidase 
positive cells in the cords at their junction with the papillary muscles is strictly 
complementary to the pattern of myocardial-specific expression of Serca2 
(Fig. 3E, F). We conclude, therefore, that the tendinous cords are derived 
from mesenchyme that is of endocardial origin. Likewise, the leaflets of the 
aortic and pulmonary valves are derived largely from endocardially-derived 
mesenchyme (Fig. 3I, J).

Neural crest lineage- to explore whether or not, during development, 
cells migrating from the neural crest reside temporarily in the atrioventricular 
cushions, as they do in the cushions of the outflow tract (OFT) 18,26, we 
analyzed Wnt1-Cre/R26R embryos from E9.5 until E14. At all stages, we 
observed large numbers of cells expressing b-galactosidase in the cushions 
of the OFT (Fig. 4A-C), consistent with previously reported data 18. We did not 
observe such blue cells in the atrioventricular cushions. At E13, nonetheless, 
we noted nerves from the neural crest invading the heart at its venous pole, 
and extending into the atrioventricular junctional region, but not reaching as 
far as the atrioventricular cushions (data not shown). After their formation, 
the atrioventricular valves are reported to be free of cells derived from the 
neural crest 18. Taken together, we conclude that cells derived from the neural 
crest never enter the atrioventricular cushions, or the valvar primordia. 
 Proepicardial lineage- proepicardially-derived mesenchymal cells 
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have previously been shown to populate the atrioventricular cushions 
during development 12,19,27. To investigate any material contribution made 
by these proepicardially-derived cells to the definitive valvar complexes, we 
made chicken-quail chimeras by grafting the quail proepicardium into the 
pericardial cavity of HH stage 16 chick embryos 19. We then investigated, 
at stage 45 (E18), the contribution of the quail proepicardially-derived cells 
to the chicken heart. Whereas the epicardium, the subepicardial connective 
tissue in the atrioventricular grooves, the coronary vessels, and the intra-
myocardial fibroblasts were seen to be derived almost exclusively from quail 
proepicardial cells (Fig. 4D), very few such cells were seen in the caudal, or 
inferior, aspect of the mesenchyme of the tricuspid valvar leaflets (Fig. 4E). 
No quail cells were detected in the cranial, or superior, aspect. Very few quail 
cells were seen in the mitral valvar leaflets (Fig. 4F). Likewise, the leaflets 
of the aortic and pulmonary valves never received any pro-epicardial cells 
during development 19. 

Formation of the mitral and tricuspid valvar complexes
The results of the lineage analysis of the distinct components of the valvar 
apparatus prompted us to analyze the process of valvar formation during its 
development in the overall plane of the atrioventricular junctions (Fig. 5).

Mural leaflets- The first visible event in formation of mural leaflets is 
the appearance of a small myocardial protrusion from the myocardium of the 
atrioventricular canal, first detected at E9.5 at the left side, and at E10.5 at the 
right side (Fig. 6D, E). This protrusion expresses Tbx3 (Fig. 6D-F), a marker 
for the myocardium of the atrioventricular canal 28. It does not express Cx40, 
Cx43 (Fig. 6G, H), or ANF (not shown), which are markers of the chamber 
myocardium 29. Furthermore, compared to adjacent ventricular myocardium, 
less proliferation is observed in the myocardial cells of the protruding tongue 
and the atrioventricular canal (Fig. 7A-C). We conclude, therefore, that the 
protrusion is an extension from the myocardium of the atrioventricular canal. 
The protrusion increases in size, and forms a circumferential myocardial 
funnel-like structure originating from the AVC that expresses Tbx3 (Fig. 6A-
C, L). The area resembles, at the right caudal side, the complex in the human 
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embryo that was termed the ‘tricuspid gully’ 7 (Fig. 6J-M). A very similar, but 
less conspicuous, complex is also seen at the left atrioventricular junction 
(Fig. 6J-M), showing that the process of the formation of the cranial and 
caudal mural leaflets of the tricuspid valve (Fig. 5C) is comparable to that of 
the mural leaflet of the mitral valve. 

The ventricular side of the myocardial funnel forms an irregular 
trabecular layer that expresses markers of ventricular myocardium, but 
not Tbx3 (Fig. 6F-I). The muscle supporting the leaflets, therefore receives 
contributions from both the atrioventricular canal and the ventricle. Behind 
the funnel, space is generated by proliferation and expansion of the 
ventricular wall, with holes and trabeculae developing within this area (Fig. 6, 
8). This process was not associated with apoptosis. Whereas apoptosis was 
observed in the cushion mesenchyme at E13.5 and E14.5 30, no evidence 
of apoptotic activity is found within the myocardium of this area (Fig. 7F, 
G). At several sites, the myocardial sheet remains connected to the apical 
ventricular trabeculae. The formation of the trabeculae at the caudal side of 
the ventricle shows remarkable directionality, being orientated from the free 
wall towards the septum at the right side, but towards the apex at the left side 
(Fig. 6J-M).

By E12, the endocardial layer lining the mural parts of the 
myocardial funnel of both the mitral and tricuspid valves has started to 
thicken at specific sites, most likely by local proliferation, to form the lateral 
atrioventricular cushions (Fig. 5D, F). By E14.5 these cushions cover the 
entire mural parts, and have fused with the previously formed inferior and 
superior atrioventricular cushions (Fig. 5H). By this stage, proliferation of 
the mesenchyme has decreased (Fig. 7D, E). The atrioventricular canal 
itself increases significantly in size during this period, and accommodates 
the rapidly expanding primordia of the mural valvar leaflets (Fig. 5D, F, H). 
The myocardium below the leaflets and cords starts to disappear at E15-16, 
leaving a connection with the trabecular layer of the myocardium to form the 
papillary muscles. The disappearance of the myocardium was associated 
with apoptosis, which was appreciably more abundant from E15.5 onward 
(Fig. 7H-N). 
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Septal and aortic leaflets- The septal leaflet of the tricuspid valve, and 
the aortic leaflet of the mitral valve, form from the inferior and superior 
atrioventricular cushions, these already being present at E9.5. The cushions 
fuse at E11.5, and become draped over the crest of the muscular ventricular 
septum by E14.5 (Fig. 5D-I), albeit with considerable parts of both cushions 
remaining as free structures above the cavity of the left ventricle (Fig. 5C, 
H, I). At all sites where the cushions are supported by the septum, the 
underlying myocardium expresses Tbx3 (Fig. 6B, C, L). The majority of the 
mesenchymal cells continue to cycle at E11.5, but cells in the core of the 
mesenchyme forming the leaflets become quiescent thereafter (Fig. 7A-
E). The right side of the fused cushions transforms into the septal leaflet 
of the tricuspid valve, along with its supporting tendinous cords, but stays 
connected to the myocardium until E16.5-17.5. Then, the leaflet detaches 
by delamination of the septal myocardium (Fig. 2G, H), a process that is 
associated with apoptosis of cells at the site of the separation (Fig. 7H-J, 
N). The aortic leaflet of the mitral valve, in contrast, is never attached to, 
or supported by myocardium during its formation (Fig. 5D-I), except at its 
cranial and caudal margins (Fig. 5C), with cords connecting to the papillary 
muscles being formed at these sites. 
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DISCUSSION

We have employed a genetic system to label irreversibly the progeny of 
the myocardium, the endocardium, and the neural crest from embryonic 
stages onwards, following the fate of these cells into the mature heart. To 
be valid, Cre-mediated recombination must be specific, with no labeling of 
unintended lineages. The transgenic lines used here have been reported 
to be exceptionally specific 16,18,25, and our analysis shows that, throughout 
cardiac development, Cre-mediated recombination in the heart occurred only 
in the intended cell-types, with no ectopic activity. It has been suggested that 
myocardium transdifferentiates into fibrous tissues during valvar formation, 
or mesenchymal cells into myocardium during the ‘muscularization’ of the 
mesenchymal septal structures 7,13,31. The pattern of labeling in the aMHC-
Cre/R26R embryos, however, was identical to the pattern of expression of 
Serca2, and complementary to the pattern of labeling in the Tie2-Cre/R26R 
embryos. We conclude, therefore, that after the onset of recombination in 
the heart at E8-9, there is no transdifferentiation of either myocardial cells or 
endocardial cells and their derived mesenchyme.

Contributions of different tissue to the valvar apparatus 
Previous studies had suggested important contributions to the atrioventricular 
valves and cords from either the subepicardial mesenchyme of the 
atrioventricular grooves or the ventricular myocardium 2,3,7,11-13. Using the 
recombination system, we have shown for the first time that the myocardial 
lineage does not contribute materially to the definitive fibrous tissues of 
the heart, including the valvar leaflets and cords of the tension apparatus. 
Our data indicates that these components are generated almost entirely 
from the cells derived from the endocardium, a finding also reported very 
recently by Lincoln and co-workers 32, although we cannot rule out the 
possibility that small numbers of cells of non-endocardial origin are present 
in these components. The septal leaflets and cords of the mature valves 
themselves are hinged from the layer of atrioventricular fibrous insulation 
formed on the crest of the muscular ventricular septum. Our analysis shows 



that the insulating structures are also formed from the endocardially-derived 
mesenchyme of the atrioventricular cushions. 

Previous studies have indicated that the proepicardially-derived 
mesenchyme of the atrioventricular groove makes contributions to the 
atrioventricular cushions 12,19,27, and hence, to the formation of the valves 12. 
Our analysis of chicken-quail chimeras at late stages, however, indicates 
that quail-derived proepicardium provides only a minor material contribution 
to the leaflets of the formed valves. The fate of those cells derived from 
the proepicardium that have invaded the cushions remains to be defined. 
Furthermore, because the expression of b-galactosidase appears 
homogenous within the valves of the Tie2-Cre/R26R mice, our analysis 
indicates that the leaflets and cords are derived almost exclusively from 
endocardial cells, leaving little room for contributions from the proepicardium. 
We cannot rule out the possibility of proepicardially-derived cells initiating the 
expression of Tie2-Cre, by which they would become indistinguishable from 
the cells known to be derived from the endocardial cushions. Generation and 
analysis of a transgenic line expressing Cre selectively in the proepicardium 
will settle this issue unambiguously. 

It was previously found that cells derived from the neural crest 
contribute significantly to the cushion mesenchyme within the OFT 18,26. The 
mature leaflets of the OFT valves, however, were also shown to be virtually 
devoid of neural crest-derived cells 18. Our analysis revealed that these 
leaflets receive a large contribution from the endocardium (Fig. 3), with no 
material derived from the proepicardium 19 or myocardium (Fig. 2). These 
data indicate that endocardially-derived mesenchyme replaces neural crest-
derived cells during late stages of valve formation. The precise mechanisms 
underlying this process require further investigation. 

Morphogenesis of the atrioventricular valvar apparatus
It is generally held that the valves initially form by delamination or detachment 
of the atrioventricular cushions from the ventricular myocardial wall 3,7,9. This 
would result in a freely movable primordial leaflet constituted of mesenchyme 
and ventricular myocardium. Such a mechanism is responsible for formation 
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of the septal leaflet of the tricuspid valve, but cannot account for formation 
of the aortic and mural leaflets of the mitral valve, nor the mural leaflets of 
the tricuspid valve. Our analysis of these leaflets showed several notable 
differences from this currently accepted mechanism involving delamination 
(Fig. 8). First, the lateral cushions are formed only after the appearance of a 
supporting myocardial sheet that is free from the ventricular wall. Second, this 
myocardial sheet has an atrioventricular rather than a ventricular phenotype. 
Third, it is growth of this sheet, coupled with expansion and excavation of 
the underlying ventricular wall, rather than delamination or detachment, 
which generates the mobile valvar leaflets. Previous studies did not explicitly 
differentiate between the formation of mural as opposed to septal leaflets, 
which may have contributed to these discrepancies. 

Our group has previously assigned an important role for the so-called 
‘tricuspid gully’ in the formation of the tricuspid valve in the human 7. We 
have now shown that such a gully can also be recognized in the mouse, and 
appears to be no more than a sub-domain of the Tbx3-expressing myocardial 
funnel that encircles the atrioventricular canal. Previously, the gully was 
found to be devoid of Gln2 reactivity, considered a marker for the ventricular 
boundary of the right atrioventricular canal, and hence was presumed to 
form from ventricular myocardium 7. With the recent emergence of more 
precise markers that clearly distinguish atrioventricular from ventricular 
chamber myocardium, we can now show that the entire funnel, including the 
gully, has an atrioventricular phenotype. The atrioventricular muscle within 
the developing leaflets, however, disappears with continuing development. 
The muscle of the atrioventricular canal that persists after birth, therefore, is 
sequestrated on the atrial side of the junction subsequent to formation of the 
fibrous annulus 8.

We have also shown that formation of the mural components of 
the tricuspid valve is not different intrinsically from formation of the mural 
leaflet of the mitral valve. Thus, the myocardial sheet supporting the valvar 
primordia is present throughout the mural margins of the atrioventricular 
canal, but is more prominent at the dorso-lateral side of the tricuspid valve. 
This is because growth of the lateral ventricular wall, and excavation of the 
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trabecular layer, is more extensive at the right than at the left ventricular side. 
Furthermore, because of the differences in directionality of formation of the 
trabeculae in the caudal parts of the ventricles, the tricuspid sheet is initially 
preserved, whereas the mitral sheet becomes discontinuous (Fig. 6J-M). 
The orientation of the trabeculae requires concomitant oriented growth of 
the myocardial wall. Elegant clonal analyses have already shown differences 
in the direction of growth of the ventricular chambers, being circumferential 
at the right side, and radial at the left side 33. This is in keeping with our 
observations concerning the direction of the trabeculae, and might explain 
why the anterior papillary muscle of the tricuspid valve, and the septomarginal 
trabeculation, are connected to the ventricular septum, whereas the papillary 
muscles of the mitral valve are connected to the apex. 

The myocardial layer of the valves disappears only late in development. 
Our lineage analysis excludes the possibility of transdifferentiation. Others 
suggested that the myocardium disappears because of differential growth 
9. The disappearance of so many myocardial cells, nonetheless, is difficult 
to reconcile with the moderate twofold increase in length of the valve during 
the period from E15.5 to E17.5 (data not shown). Our finding of apoptotic 
cells in the myocardial sheet throughout this period strongly indicates that 
programmed cell death is the underlying mechanism for its disappearance. 
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Figure 1. Detection of Cre mRNA in aMHC-Cre embryos by RTPCR (A). Whole mount X-gal stained E9.5 
embryos (B, C). Serial sections of an E13.5 aMHC-Cre/R26R mouse heart stained for b-Galactosidase 
(D) and Serca2 protein (E). Serial sections of an E12.5 Tie2-Cre/R26R mouse heart stained for b-
Galactosidase (F) and Serca2 protein (G). Comparable sections of an E12.5 Tie2-Cre/R26R mouse 
heart stained for b-Galactosidase (H) and nuclear fast red (I). Serial sections of an E11.5 Tie2-Cre/R26R 
mouse heart stained for b-Galactosidase (J) and Serca2 protein (K). Bars = 100 mm. AS, atrial septum; 
AV-C, atrioventricular cushion; LA, left atrium; RA, right atrium; LV, left ventricle; RV, right ventricle; IVS, 
interventricular septum; en, endocardium; ep, epicardium.
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Figure 2. Fate of the myocardial lineage in the mature heart. Serial sections of an E17.5 aMHC-Cre/R26R 
mouse heart stained as indicated (A, B). Serial sections of a newborn aMHC-Cre/R26R heart stained 
as indicated (C, D). Enlargement of the papillary muscle region (box) of panels A and B (E, F). Serial 
sections of an E17.5 aMHC-Cre/R26R mouse heart stained as indicated (G, H). Sections of a newborn 
aMHC-Cre/R26R heart stained for b-Galactosidase activity (I, J). Bars = 100 mm. AFC; atrioventricular 
fibrous continuity; AVB, atrioventricular bundle; Ao, aorta; PT, pulmonary trunk; aovl, aortic valve leaflet; 
pvl, pulmonary valve leaflet; mml; mitral mural leaflet; msl; mitral septal leaflet; tsl, tricuspid septal leaflet. 
Other abbreviations as in Fig. 1.
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Figure 3. Fate of the endocardial lineage in the mature heart. An E17.5 Tie2-Cre/R26R mouse heart 
stained for b-Galactosidase (A). Enlargements of panel A (boxes) as indicated (B, C, D). Serial sections 
of an E17.5 Tie2-Cre/R26R mouse heart stained as indicated showing a papillary muscle - cord junction 
(E, F) and interventricular septum (G, H). Sections of an E17.5 Tie2-Cre/R26R mouse heart stained for 
b-Galactosidase activity (I, J), showing the endocardial components of the aortic and pulmonary valves, 
respectively. Bars = 100 mm. et, endothelium. Other abbreviations as in Fig. 1, 2.
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Figure 4. Fate of the neural crest lineage and proepicardial lineage in the heart. Wnt1-Cre/R26R embryos 
of stages E9.5 (A), E11.5 (B) and E13.5 (C) stained for b-Galactosidase. Sections of an chicken-quail 
chimeras (D, E, F). Gray arrows indicate quail cells outside the leaflets, black arrows within the leaflets. 
Bars = 100 mm. LA left atrium; V, ventricle; sAV-C, superior atrioventricular cushion; iAV-C, inferior 
atrioventricular cushion; OFT, outflow tract; OFT-C, outflow tract cushion; Myo, myocardium; tmv, tricuspid 
mural leaflet. Other abbreviations as in Fig. 1-3. 
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Figure 5. A fully reconstructed E11.5 heart with virtual plane of sectioning, gray is myocardium, yellow is 
cushion mesenchyme (A). Computer generated section showing interior of heart, including top-view used 
in panel D (B). A schematic drawing of a top-view of the atrioventricular valves at E14.5 (C). Orange is 
myocardium lined by a very thin layer of mesenchyme that was not reconstructed (see black arrows in 
panels H and I). Pink is mesenchyme supported by myocardium, yellow is mesenchyme not supported by 
myocardium (C). Top-view of imaginary sections of an E11.5 heart showing the myocardium (grey) and 
the cushion mesenchyme (yellow) where the cushion mesenchyme is non-transparent (D) or transparent, 
showing the contact surface between myocardium and mesenchyme (E). The white arrowheads indicate 
the mural myocardial sheets. The same for an E12,5 (F, G) and an E14.5 heart (H, I). The inferior and 
superior cushions fuse at E12.5 (#). Note the growth of the lateral cushions from E12.5 onwards (white 
arrow heads), and the contact between the cushions and interventriclular septum at E14.5 (asterisk and 
yellow arrow heads). The distance between the white arrowheads, indicating the size of the AVC, is given 
in the bottom-left corner. Bars = 100 mm. Abbreviations as in Fig. 1, 4.



Figure 6. Three-dimensional reconstruction of the myocardial Tbx3-expressing region (red) in the 
atrioventricular canal region at E 12.5. Frontal view of a virtual section. The black arrow indicates the 
ventricular border of the tricuspid gully (A). View on top of the AVC with cushions (yellow) (B) and without 
(C). Detection of indicated mRNA by in situ hybridisation at E 9.5 (D), E10.5 (E) and E12.5 (F-I). Detection 
of indicated mRNAs by in situ hybridisation of an E12.5 heart (J-M). The box in panel J depicts area 
shown in K-M. Section K is caudal to M. The tricuspid and mitral ‘gullies’ are visible (red arrow heads) and 
express Tbx3. Note the orientation of the trabeculae (green arrow heads). The box in panel M depicts 
area shown in F-I. Bars = 100 mm. Abbreviations as in Fig. 1-4.
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Figure 7. Serial sections of an E 11.5 mouse heart stained as indicated (A, B) and stained for PCNA and 
nuclear fast red to visualize all cells (C). Arrows indicate area of low PCNA staining in the atrioventricular 
myocardium. Serial sections of an E16.5 mouse heart stained as indicated. Note the low level of PCNA 
expression in the AVN (D, E). Apoptosis (cleaved caspase-3 detection) in the mesenchyme at E14.5 
(F, G), myocardium below the mesenchyme at E15.5 (H-J) and E16.5 (K-L). Bars = 100 mm. AVN, 
atrioventricular node. Other abbreviations as in Fig. 1, 2, 4.



Figure 8. A model for mural valve development. The Tbx3 expressing (red) atrioventricular canal 
myocardial starts to form a protrusion in the direction of the ventricular lumen. By E10.5 the protrusion 
becomes well visible at the left and right sides. The underlying ventricular myocardium (gray) expands 
outwards and forms holes and trabeculae, thus excavating the region behind the protrusion and creating 
a movable leaflet. After E11.5 the endocardium or thin layer of mesenchyme (yellow) lining the myocardial 
protrusion locally increases in mass by proliferation to form the lateral AV cushions, which subsequently 
will form the fibrous component of the mural leaflets. After E14.5 the myocardium of the leaflet will 
disappear by programmed cell death (pcd). Amyo, atrial myocardium; Vmyo, ventricular myocardium. 
Other abbreviations as in Fig. 1.  
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CHAPTER 3

GENETIC LINEAGE ANALYSIS OF OUTFLOW 
TRACT FORMATION REVEALS AN EXTENDED 
ANTERIOR HEART FIELD THAT FORMS THE 

INTRAPERICARDIAL ARTERIAL TRUNKS

Manuscript in preparation



ABSTRACT 
We have performed an analysis of the contributions of the endocardium, 
myocardium and neural crest lineages to the cardiac outflow tract as it 
remodels during embryonic development. After E10.5, when the anterior 
heart field has formed the myocardial wall of the outflow tract, the distal 
portion is added by non-myocardial cells that form the intrapericardial 
component of the aorta and pulmonary trunk. These cells were not derived 
from any of the three lineages analyzed and are contiguous with the outflow 
tract myocardium and pharyngeal mesenchyme positioned ventral to the 
developing foregut. We conclude that this population belongs to an extended 
anterior heart field that moves into the outflow tract after E10.5. These cells, 
however, do not differentiate into myocardium, but were added to the initial 
myocardial wall of the distal outflow tract as it is transformed from a single 
structure into the separate intrapericardial arterial trunks.

Key words: lineage analysis, neural crest, intrapericardial arterial trunks, 
arterial valves, Cre/loxP.
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INTRODUCTION 

The embryonic outflow tract (OFT) initially connects the developing right 
ventricle to the aortic sac. Both the outflow tract and right ventricle are 
formed predominantly by recruitment of mesenchyme from the anterior heart 
field to the myocardial lineage 1-5. When first formed, the outflow tract is an 
unseptated tube with an inner endocardial lining, and an outer myocardial 
wall, which are being separated by a layer of extracellular matrix.  At this 
stage, the single lumen supplies the systemic circulation of the embryo.  
Concomitant with formation of the lungs, the outflow tract undergoes 
considerable remodeling as it septates to form the intrapericardial arterial 
trunks, along with their associated arterial valves and sinuses. Several 
aspects of this remodeling process remains controversial, or are unknown.

One particularly significant debate concerns the origin of the definitive 
components of the outflow tract in mice. Is it the distal outflow tract that forms 
the intrapericardial component ?  If so, the arterial valves would, of necessity, 
form proximally within outflow tract. A number of previous studies, however, 
have suggested that the arterial valves form at the distal end of the outflow 
tract, with septation of the aortic sac itself producing the intrapericardial parts 
of the arterial trunk, these presumably becoming incorporated subsequently 
into the pericardial sac 6-13. This so-called “tractor and sling” hypothesis 14, 
however, was called into question by our laboratory when our laboratory 
15 reported that the distal myocardial border was not static. Instead, it 
was disappearance of the myocardium from the distal outflow tract that 
disclosed the intrapericardial arterial trunks, with the arterial valves then 
forming more proximally within the region traditionally termed the “conus”. 
This disappearance, or “regression”, of the myocardium, clothing the distal 
outflow tract, was seen to take place quite rapidly, albeit that the process did 
not appear to correspond with significant amounts of apoptosis. Because 
of this, we suggested that the cells of the myocardial wall dedifferentiated 
or trans-differentiated into mesenchymal cells that became arterialised, 
albeit that this suggestion remains controversial.  Recent fate map studies 
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in chicken showed there are two junctions in the developing arterial pole. 
Firstly, the myocardial junction with secondary heart field-derived smooth 
muscle and secondly, the secondary heart field-derived smooth muscle with 
the neural crest-derived smooth muscle 3. These studies were all performed 
in chicken. However, in mice this was never described. 

Seeking to resolve these issues, we have used the Cre/loxP recombination 
technology to label irreversibly and selectively the cells derived from 
myocardial, endocardial, and the neural crest lineages, using for this purpose 
the aMHC-Cre 16, Tie2-Cre 17, and Wnt1-Cre 18 mouse lines, respectively. 
Availability of these lines permitted us to track these cells, and their progeny, 
throughout the period of septation and separation of the outflow tract.  In 
addition to marking endothelial cells, the Tie2-Cre line also marks endothelial 
cells that have undergone an epithelial to mesenchymal transformation, and 
thus can be used to track the cells that populate the matrix-filled cushions 
of the outflow tract.  The Cre lines were crossed with the R26R, which 
carries a LacZ reporter gene, which upon Cre-mediated recombination is 
irreversibly activated in the Cre-expressing populations of cells. We used 
these transgenic lines to assess systematically the contributions made by 
the different lineages to the developing intrapericardial arterial trunks of the 
developing outflow tract. When necessary, in addition to the transgenic lines, 
we also used standard in situ hybridization and immunohistochemistry to 
augment and to validate our results.
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MATERIALS AND METHODS

The aMHC-Cre 16, Tie2-Cre 17, Wnt-1-Cre 19, R26R 20 and Z/EG 21 mice used in 
this study have all been described previously. Transgenic mice were housed 
in the ARIA, Academic Medical Center, Amsterdam, and the Biological 
Research Facility at St George’s Hospital Medical School, London. Mice 
were mated overnight, and evidence of successful mating was determined 
by the presence of a copulation plug. Noon of the day on which the plug 
was first observed was designated embryonic day (ED) 0.5. Pregnant dams 
were sacrificed by cervical dislocation.  The conceptuses were explanted 
into phosphate buffered saline (PBS), and the extra-embryonic membranes 
were removed. Genomic DNA extracted from the amnion or a tail biopsy 
was used in PCR assays to detect the Cre- or lacZ transgenes, as described 
previously 22.

Detection of b-galactosidase activity, immunohistochemistry
Whole mount staining of the embryos for b-galactosidase activity was 
performed as described 23. Detection of b-galactosidase activity in 20 
mm cryostat sections was performed as described 24, the embryos 
were equilibrated in 30% sucrose in phosphate-buffered saline (PBS) 
and embedded into OCT medium (Sakura, USA). After sectioning, the 
embryos were fixed in 0.5% glutaraldehyde in PBS for 10 minutes at room 
temperature immediately prior to staining with X-gal solution (10 mg/ml). 
For immunohistochemistry, a polyclonal antibody Serca2a, directed against 
sarcoplasmic reticulum Ca2+ ATPase 2a (1:8000) 25 was used. Secondary 
antibodies that were used are: BIOGAR (1:200) (DAKO, Denmark); 
GAR (1:250) (own supply); R-PAP (1:750) (Nordic, The Netherlands); 
GAM-AP (1:200) (Sigma, St Louis). To visualize cells 1% neutral red 
(aqueous) was used (Ramond A. Lamb, Eastbourne, UK). 
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RESULTS

By ED 9.5, the outflow tract consists of a single unseptated tube clothed in 
a myocardial sleeve that reaches from the developing right ventricle to the 
distal reflections with the body wall at the junction with the aortic sac, the 
so-called pericardial reflections (Fig. 1A). By ED 14.5 this single outflow tract 
has separated into the intrapericardial portions of the pulmonary trunk and 
the aorta. Importantly, however, the walls of the intrapericardial portions of 
the arterial trunks are non-myocardial, with only the developing arterial valvar 
leaflets and their sinuses still remaining enclosed within a cuff of myocardium 
(Fig. 1). Double staining of whole mount embryos or cryosections from aMHC-
Cre/R26R embryos with Serca2 and lacZ confirmed that the observed blue 
b-galactosidase expressing cells were cardiomyocytes (Fig. 1G-J). The cells 
forming the outer walls of the intrapericardial arterial trunks show no blue 
staining, indicating that they have never belonged to the myocardial lineage. 
The same results were obtained using aMHC-Cre/Z/EG embryos. 

In embryos of approximately 25 somites (ED 9.5), endocardial cushions, are 
only seen within the proximal portion of the outflow tract (data not shown). 
By 35 somites, on ED 10.5, Wnt1-Cre positive cells have colonised the distal 
outflow tract (Fig. 2A), but distal cushions, or ridges, are not yet apparent. 
The Wnt1-cre positive cells surround the entire lumen of the developing 
outflow tract and occupy the sub-endothelial space (Fig. 2B).  As increased 
numbers of Wnt1-Cre positive neural crest cells are seen within the distal 
outflow tract, so the distal cushions become evident. Wnt1-Cre positive cells 
are not found within the proximal cushions at this stage. Sections from an 
embryo of ED 10.5 show that the luminal endothelium is Tie2-Cre positive 
(Fig 3C). The proximal outflow cushions are known to be invaded by Tie2-
Cre positive, endothelially-derived cells 24.

By the stage of 44 somites, ED11.0, the distal myocardial border no longer 
reaches to the level of the pericardial reflections and is being added by 
tissue which is not marked by any of our Cre lines, nor by the myocardial 
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marker Serca2. This unmarked tissue extends both cranially and caudally 
into the distal outflow tract and was added to the myocardial wall in the areas 
between the developing cushions (Fig. 3A, 3B and 3C). This unmarked 
tissue is continuous with a column of pharyngeal mesenchyme positioned 
immediately ventral to the foregut, which extends from the level of the outflow 
connection cranially to the level of the dorsomesocardial connection caudally. 
Even when the neural crest derived cells first entered the distal outflow tract, 
no Wnt-Cre positive cells were seen within this area (Fig. 2A). The black 
arrows in Fig 3A show the myocardium of the outflow tract is not stained 
in the Wnt1-Cre line at E11.5. By E11.0 (44 somites), the aortopulmonary 
septum has formed in the dorsal wall of the aortic sac at the bifurcation 
between the 4th and 6th arch arteries. This “septum” appears as a relatively 
insignificant structure at the back of the aortic sac and inserts between the 
distal ends of the cushions, which now fuse to septate the distal outflow tract. 
Wnt1-Cre positive cells only occupy the immediate sub-endocardial space 
of the aortopulmonary septum and not its core (Fig. 3B), whereas Wnt1-Cre 
positive cells can be seen populating the entire extracellular matrix of the 
distal outflow cushions.
As development progresses, the Wnt1-Cre positive contribution to the outlet 
septum reduces concomitant with muscularisation and remodelling of the 
outlet septum 26. By ED 14.5, the contribution of neural crest derived cells 
to the outlet septum is greatly diminished (Fig. 4D), and neural crest derived 
cells are restricted to the sub-epithelial layer of the intrapericardial arterial 
trunks, while the outer walls of the intrapericardial walls are not marked by 
any of the transgenic lines examined here (arrowhead in Fig. 4A 4B 4C). 
Blood entering the pulmonary channel now bypasses the developing lungs 
via the arterial duct, which is strongly Wnt1-Cre positive and remain so 
throughout gestation (arrows in 4D).
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DISCUSSION

Different cell types contributing to the developing outflow tract
While a significant amount of apoptosis has been shown within the myocardial 
cells of the proximal muscular collar, certainly within the chick 27, and is held 
to be the mechanism for its removal, the same levels of apoptosis have 
not been demonstrated within the distal outflow tract during change from a 
myocardial to an arterial phenotype. It was this enigma that led Ya et al. who 
observed the developing outflow tract in rat, to suggest that the myocardial 
cells enveloping the distal outflow tract disappeared by transdifferentiation 
15. Earlier observations made by Arguello and colleagues in the chick 28 
supported this hypothesis. As the recombination event is irreversible, any 
cells which transdifferentiated into a non-myocardial cell type would continue 
to express LacZ, even if Cre expression was lost as a consequence of the 
transdifferentiation beyond E10.5. No lacZ positive cells were ever seen 
in the intrapericardial parts of the arterial trunks of any of the hearts from 
the aMHC-Cre line. This indicates that they have never been part of the 
myocardial lineage. So our data shows that cells from the unseptated outflow 
tract do not transdifferentiate and are not incorporated into the intrapericardial 
parts of the arterial trunks. It seems that these walls are formed by a third 
population of cells, unmarked by any of our Cre lines, and that these cells 
contribute not only to the formation of the walls of the intrapericardial arterial 
trunks, but also to the walls of the later-forming valvar sinuses. 

The unmarked cells, of neither neural crest, endocardial or myocardial 
origin, initially enter the walls of the distal outflow tract cranially and 
caudally as tongues of tissue that is contiguous with a column of pharyngeal 
mesenchyme, also unmarked by any of our lineages (black arrows Fig. 3B). 
This column of mesenchyme is positioned ventral to the foregut, and extends 
from the outflow tract to the dorsal mesocardial connection. Although a 
number of Wnt1-Cre positive cells derived from the neural crest are seen 
migrating dorsal and caudal to this column, in the region of the developing 
lung buds, no cells derived from the neural crest were observed to enter the 
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area of mesenchyme ventral to the foregut. Interestingly this population of 
cells is neighbouring the outflow tract myocardium derived from the anterior 
heart field 1,29. We therefore suggest that this population of cells might belong 
to an extended anterior heart field that moves into the outflow tract after 
E10.5. When cells are migrating from the anterior heart field, they will not be 
recruited to the myocardial lineage, but form the non myocardial arterial wall 
of the distal outflow tract. 

Separation of the arterial trunks
The myocardium forming the initial wall of the common outflow tract starts 
to disappear in distal to proximal direction at the same time as the outflow 
tract itself starts to separate into the aortic and pulmonary trunks within 
the pericardial sac. As soon as the distal cushions fuse, the endocardium 
becomes organised to line two separate tubes, which spiral round each 
other, each with its discrete lumen in order to form the aortic and pulmonary 
trunks. The two lumina of the forming trunks are separated by a mass of 
mesenchyme derived from the fused cushions. When the myocardial sleeve 
which collars the outflow tract disappears, the complete endothelial walls 
of the arterial trunks remain to be derived from the endocardium. The cells 
derived from the neural crest will redistribute to encircle the newly formed 
endothelial derived scaffold. The unmarked population of cells of pharyngeal 
origin derived form the putative extended anterior heart field forms the outer 
walls of the arterialising intrapericardial trunks. By ED13.5, when the outflow 
tract is basically formed, the newly arterialised trunks have discrete walls, 
consisting of an inner endothelial, a subendothelial layer of cells derived from 
the neural crest, and a thicker outer wall which is unmarked by any of our 
Cre lines. 
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Figure 1 Analysis of the changing myocardial border of the developing outflow tract. A and D show whole 
mount in situ hybridization of mouse hearts of ED10.5 and ED14.5, respectively, using the probe b-MHC. 
The black doted line indicates the pericardial reflection and the red dotted line the contours of the aorta 
and pulmonary trunk. B,C,E and F show ED14.5 transgenic αMHC-Cre/R26R mouse hearts in which the 
myocardial component is visualized using Serca2 and the Cre-dependent reporter expression of lacZ 
(B,E) or EGFP (C-F). Cryo-sections of transgenc aMHC-Cre/R26R mice in which the cardiomyocytes 
are stained for Serca2 (G) and lacZ activity (H). LacZ (I) and Serca2a (J) mRNA expression are shown 
by in situ hybridization. The dotted black line indicates the border between the myocardium and the 
intrapericardial portion of the aorta. Bars = 100 mm. Abbreviations:  Ao indicates aorta; LA, Left Atrium; 
LV, left ventricle; OFT, outflow tract; pt, pulmonary trunk; RA, right atrium; RV, right ventricle.
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Figure 2 Panel A. Sagittal section through an ED 9.5  (35 somite) transgenic Wnt1-Cre/R26R embryo.  
Cells of neural crest origin are entering the distal outflow tract (black arrows).  Cells in the proximal 
cushion (star) are not marked by the transgene. Note the non-staining area (star) in the region ventral 
to the developing lung buds. B. shows a section through the distal outflow tract of a E 10.0 (36 somite) 
transgenic Wnt1-Cre/R26R embryo.  Cells derived from the neural crest surround the lumen (black 
arrows). C. shows a sagittal section through an ED 10.5 transgenic Tie2-Cre/R26R embryo. The cells of 
the endocardium stain blue (arrows).  The mesenchyme of the atrioventricular cushions is also positive 
(asterisk). Bars = 100 mm. A indicates atrium; LAp, left atrial appendage; RAp, right atrial appendage; Li, 
Liver. Other abbreviations as in figure 1
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Figure 3  Coronal sections through ED 11.5 embryos. A. Transgenic Wnt1-Cre/R26R embryo 
demonstrating neural crest derived cells populating the outflow cushions (star), Neither the walls of 
the distal outflow tract (arrows) nor the mesenchymal cells of the atrioventricular cushions  show Cre-
dependent reporter expression of lacZ . B. Cardiac myocardium, stained with the antibody Serca2.  The 
distal part of the outflow segment has lost its myocardial phenotype (black arrowhead). The distal border 
of the OFT myocardium is indicated by the black arrows. C. Transgenic Tie2-Cre/R26R embryo shows 
that the epithelium and the sub-epithelial mesenchyme of the outflow cushions show Cre-dependent 
reporter expression of lacZ (star). The mesenchyme of the atrioventricular cushions also shows strong 
expression. Bars = 100 mm. AV-C indicates atrioventricular cushion; IVS; interventricular septum. Other 
abbreviations as in figure 1



Genetic Lineage analysis of outflowtract formation...  |  93

Figure 4 Previously unidentified population of cells forms the intrapericardial arterial trunk of the outflow 
tract. Panel A shows LacZ positive cells in Wnt1-Cre/R26R positive embryos located in the sub-endothelial 
walls of the vessel wheras the endothelial wall remains free of LacZ expressing cells. B. shows LacZ 
expression in the endothelial layer of the vessel wall Tie2Cre/R26R embryos. C. No LacZ expressing cells 
are observed in aMHC-Cre/R26R embryos within the walls of the intrapericardial trunks or the walls of the 
valvar sinuses. Bars = 100 mm. en indicates endothelial layer. Other abbreviations as in Figure 1.
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CHAPTER 4

 ATRIAL CARDIOMYOCYTE-SPECIFIC EXPRESSION 
OF CRE RECOMBINASE DRIVEN BY AN NPPA 

GENE FRAGMENT

Published in: Genesis. 37(1):1-4, Sep. 2003



Summary: To study the development of the atria, we have produced a 
transgenic mouse line that expresses Cre under the regulatory control of a 7 
kbp fragment of the Natriuretic peptide precursor type A gene (Nppa), from 
-3 kbp to +4 kbp relative to the transcription start site. Crossing this line with 
the R26R and Z/EG reporter lines revealed recombinase activity specifically 
in the cardiomyocytes of the atria and to a lesser extent the inflow tract from 
E10.5 onwards. At E14.5 recombination in the atria is almost complete. No 
recombination was observed outside the heart. These mice provide a tool to 
study gene function in the atria.  

Keywords: heart, atria, natriuretic peptide, Nppa, cre
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INTRODUCTION

 The four-chambered heart develops from an embryonic myocardial 
heart tube. During looping and elongation of the linear heart tube, 
ventricular and atrial chamber myocardium differentiates from the embryonic 
myocardium at specific sites 1. Subsequent remodeling and alignment of 
the chambers and septation result in the functional four-chambered heart. 
The mechanisms that control the processes involved in the formation of 
the different compartments of the heart have been studied extensively 2-4. 
A number of genes have been implicated in these processes. However, 
analysis of the function of these genes in the formation or function of different 
cardiac compartments has been hampered by early lethal phenotypes that 
result from their disruption (e.g.5-7). Furthermore, several of these genes are 
expressed broadly in the heart or in both myocardium and endocardium or 
epicardium (e.g.1,8-13). Therefore, disruption of these genes in mice will not 
reveal their cardiac compartment and cell type specific functions. 

The Cre-loxP system has proven to be a powerful tool for the analysis 
of gene function in specific tissues or specific developmental stages. 
Regulated expression of the P1 bacteriophage Cre gene is used to direct 
excision of DNA sequences flanked by loxP sites in a tissue-specific and 
developmental stage-specific manner 14. As yet, no Cre-transgenic mouse 
line is available that expresses Cre selectively in the atrial myocardium. 
To study gene function in the atria, identification of regulatory sequences 
directing appropriate expression of Cre is required. 
 The Nppa gene is specifically expressed in the forming ventricular 
and atrial chamber myocardium 1. Expression is excluded from the embryonic 
myocardium of the inflow tract, the atrioventricular canal, the outflow tract, 
the endocardium and the epicardium. This gene therefore serves as a tool 
to identify cardiomyocytes that differentiate towards the chamber phenotype 
and to reveal pathways that control chamber-specific gene expression 15-

18. The 0.7 kbp proximal promoter has been well characterized 17 and is 
sufficient to drive LacZ in both atria and ventricles of the developing heart 18, 
but its expression does not precisely mimic the pattern of endogenous Nppa 
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expression (unpublished observations). In an attempt to obtain regulatory 
sequences that drive Cre in a pattern identical to that of endogenous Nppa, 
we isolated the murine Nppa gene from -3 kbp to + 4 kbp relative to the 
transcription start site (Fig. 1A). This fragment includes the 0.7 kbp promoter 
fragment sufficient to drive expression in the chambers in vivo, upstream 
sequences potentially involved in regulation of gene activity 19, and an NRSE 
in the 3’ untranslated region of the third exon that is required for NRSF 
dependent repression in ventricular myocytes in culture 20.

MATERIALS AND METHODS
Generation of Transgenic Mice
Genomic sequences that include the Nppa gene were obtained from a mouse 
ES-129 SvJ BAC (Incyte, St Louis) by subcloning a SpeI - HindIII fragment 
in pBluescript SK+ (Stratagene). The nlsCre gene, kindly provided by Dr. 
O’Gorman 21, was inserted in the start codon of Nppa. Transgenic mice were 
generated by the Genetic Modified Mice facility, Academic Medical Center, 
Amsterdam, The Netherlands. Tail biopsy genomic DNA was used for PCR 
assays to detect Cre, R26R and Z/EG transgenes. Primers specific to the 
Cre and LacZ gene were: CRE-1: GTT CGC AAG AAC CTG ATG GAC A; 
CRE-2: CTA GAG CCT GTT TTG CAC GTT C; LacZ-1: GCA TCC AGC 
TGG GTA ATA AGC GTT GGC AAT; LacZ-2: ACT GCA ACA ACG CTG 
CTT CGC CCT GT AAT.

Histology
For whole mount b-galactosidase staining, the embryos were isolated and 
fixed with 4% paraformaldehyde for 15 minutes; the embryos were stained 
for b-galactosidase activity as described 26. For expression analysis on 
20mm frozen sections, embryos were equilibrated in 30% sucrose/PBS 
and embedded for cryosectioning into OCT medium (Sakura, USA). After 
sectioning and just prior to staining the embryos were fixed with a 0.5% 
glutaraldehyde/PBS solution for 10 minutes at room temperature. After 
staining for b-galactosidase activity, sections were incubated overnight 
with a polyclonal antibody against SERCA2a 27. Sections were developed 
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with AEC substrate (Sigma, St Louis). For visualization of EGFP we used 
a confocal laser scanning microscope (Biorad MRC 1024) and an Olympus 
camera coupled to a Leica M2Fl III stereo microscope.

RESULTS AND CONCLUSIONS
We isolated a 7 kbp genomic fragment of the Nppa gene from -3 

kbp to +4 kbp relative to the transcription start site from a mouse 129 SvJ 
BAC (Incyte, St Louis). The start codon of the Nppa gene was mutated to an 
EcoRI site. An nlsCre gene fragment containing a nuclear localization signal 
21 and a consensus Kozak signal was inserted into the EcoRI site. All exons 
and introns were otherwise left unchanged (Fig. 1A).  

After oocyte injections eight positive founders were identified by 
PCR analysis for Cre. All founders were crossed with R26R reporter mice 
in which Cre-mediated recombination irreversibly activates the transcription 
of a LacZ reporter gene 22. Of the eight founders, six were capable of germ 
line transmission of the Cre transgene whereas two were not and could 
not be analyzed further. All six lines showed Cre mediated recombination 
in the atria, but not in the ventricles and other tissues (liver, gaster, lungs, 
limb) of adult mice (Fig. 1). The six lines showed variation in the extent of 
recombination and lines 3 and 4 showed most extensive recombination in 
the atria and were selected for further analysis. 

We crossed the Nppa-Cre3 and Nppa-Cre4 with the Z/EG Cre 
reporter line 23, which after Cre-recombination expresses enhanced green 
fluorescent protein (EGFP). Nppa-Cre / Z/EG transgenic embryos had 
beating green fluorescing hearts whereas no ectopic EGFP expression was 
observed elsewhere in the embryos (Fig. 2A, B). Confocal laser scanning 
microscopy of isolated hearts of embryos of both Nppa-Cre3 / Z/EG and 
Nppa-Cre4 / Z/EG showed expression of EGFP in the atria and to a lesser 
extend in the inflow tract (Fig 2C-F). Nppa-Cre4 / Z/EG hearts additionally 
showed some recombination in the ventricles. Furthermore, Nppa-Cre4 
showed more homogenous recombination at this stage than Nppa-Cre3. 
Because of its atrial specificity the Nppa-Cre3 transgenic line was analyzed 
further.
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The Nppa-Cre3 transgenic line was crossed with the R26R reporter 
line to analyze the onset, extent and selectivity of recombination. In our 
hands analysis of sections using b-galactosidase activity detection is more 
sensitive and suitable than EGFP detection. First visible but incomplete 
Cre-dependent recombination was observed at E10.5 in the atria, whereas 
no recombination was observed elsewhere in the embryos (Fig 3A). Some 
recombination was also observed in the left ventricle (Fig 3B, C). No 
recombination was observed in the atrioventricular canal and outflow tract 
(not shown). At E12.5 the recombination became more extensive but was 
still incomplete (not shown). Recombination in the atrial myocytes, identified 
using a polyclonal antibody against SERCA2a, became homogeneous with 
further development (E14.5, Fig 3D, E). The endocardium and epicardium 
of the atria and cushion mesenchyme remained free of Cre-dependent 
recombination. Limited recombination was also observed in the inflow tract 
(Fig 3F,G) and atrial septum (not shown). Only very limited recombination 
was observed in the left ventricle (Fig 3D). No recombination was observed 
in the sinoatrial node, venous valves, atrioventricular node and His-bundle 
in E14.5, E17.5 or newborn mouse hearts (Fig. 3 and not shown). These 
results demonstrate that the Nppa-Cre3 line expresses Cre specifically in 
the atrial cardiomyocytes from at least E10.5 onwards, and at approximately 
E14.5 nears completion in the atria. We observed that some E14.5 and 
older hearts contained patches of cells in which recombination had failed 
to occur, indicating that recombination is not always complete in the atria. 
Nevertheless, recombination was extensive and always atrium specific. 

In conclusion, Cre-mediated recombinase in line Nppa-Cre3 takes 
place from E10.5 onwards, and reaches completion at E14.5. Although Cre 
expression is not homogeneous at early stages, this line could be useful 
to study atrial chamber-specific functions of genes that are required for 
cardiogenesis (e.g. Tbx5, Nkx2-5) by mosaic inactivation in the developing 
atria. From fetal stages onwards, when the recombination pattern has 
improved, this line should facilitate the functional analysis of genes involved 
in later aspects of atrial development, in atrial function, and the occurrence 
of atrial arrhythmias 24,25. 
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FIGURES CHAPTER 4
(for full colour figures see pages 174-175)
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FIG. 1. Schematic diagram of the Nppa-Cre construct. The nlsCre fragment containing a nuclear 
localization signal and a consensus Kozak signal was inserted into the start codon of the Nppa gene. 
The 0.7 kbp proximal promoter that is sufficient to drive expression in both atria and ventricles of the 
developing heart (green) and the NRSE (red) are indicated. S: SpeI; H: HindIII (A). Cre recombinase 
activity in Nppa-Cre / R26R double heterozygous mice of three different transgenic lines visualized in 
whole mount heart-lung preparations of young adult mice. All three lines showed Cre-recombination 
indicated by b-galactosidase activity specifically in the atria. Lines 1 and 4 additionally show some 
recombination in the ventricles (B). LA, left atrium; RA, right atrium, LV, left ventricle; RV, right ventricle; 
PT, pulmonary trunk; AO, aorta; Lu, lung, WT, wild type. 
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FIG. 2. Cre recombinase activity in Nppa-Cre / Z/EG double heterozygous embryos. Panel B shows the 
fluorescence in the embryo of panel A. EGFP fluorescence was visible in the atria whereas the rest of 
the embryo only showed auto-fluorescence (A, B). Cre-dependent EGFP activity was only observed in 
the atria and inflow tract (C, D). Also Nppa-Cre4 shows Cre-mediated recombination predominantly in 
the atria and inflow tract, and limited recombination in the ventricles (E, F). H, heart; LA, left atrium; RA, 
right atrium; LV, left ventricle; RV, right ventricle; OFT, outflow tract; LSH, left sinus horn; RSH, right sinus 
horn.
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FIG. 3. Cre activity in the Nppa-Cre3 line is first visible at E10.5 in the developing heart in the atria and 
to a lesser extent in the left ventricle. No recombination was observed in the atrioventricular canal, in the 
outflow tract, or outside the heart during development (A-C). Recombination by Cre was observed in the 
atria and only very limited in the ventricles (D). X-gal staining is also present in the inflow tract. Scale 
bar=0.1mm (F, G). Cre mediated recombination occurs selectively in the myocardium (brown staining) 
whereas the endocardium and the epicardium remained free of X-gal staining (E). Myocardium was 
detected with an antibody to SERCA2a (E, brown color). H, heart; LA, left atrium; RA, right atrium; LV, left 
ventricle; RV, right ventricle; OFT, outflow tract; PA, pharyngeal arch; My, myocardium; En, endocardium; 
Ep, epicardium; IFT, inflow tract, LSH, left sinus horn; VV, venous valve. Scale bar = 0.1 mm.
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ABSTRACT

Background It has not been established whether the nodal components 
of the cardiac conduction system are formed by outgrowth of a pool of 
embryonic myocytes, or by a process of continuous recruitment of atrial 
myocardium to an initial framework of slowly proliferating embryonic nodal 
myocytes. The formation of the sinoatrial node and the contribution of the 
forming atrial myocardium adjacent to the developing sinoatrial node were 
investigated by expression analysis and in vivo genetic labelling. Methods 
and Results To label cells of the atrial myocardium from their differentiation 
at E9.5 onward, we have used a transgenic mouse line that expresses Cre 
under the control of an Nppa gene fragment, and crossed this line to the 
R26R reporter line. The region of unlabelled cells was found to correlate 
spatially with the sinoatrial node region as identified by the presence Tbx3 
and Hcn4 expression and the absence of Cx40 and Cx43 expression. No 
labelled cells were recruited to the sinoatrial node phenotype. Instead, the 
unlabelled nodal area was found to increase in size by proliferation up to the 
end of gestation. 
Conclusions Based on lineage analysis and gene expression patterns we 
can distinguish the sinoatrial node cells from the atrial myocardium from 
embryonic day 10.5 onward. The atrial myocardial lineage is separated 
from the sinoatrial nodal lineage as soon as the atrial myocardium can be 
distinguished. This myocardium does not contribute to the sinoatrial node. 
We conclude that the sinoatrial node is formed by outgrowth of embryonic 
myocardial precursor cells early in heart formation.
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INTRODUCTION

The heart develops from the cardiogenic mesoderm into a four-chambered 
heart in which the working myocardium of the atria and the ventricles 
can be distinguished from the conduction system 1. The presumptive 
sinoatrial node can be distinguished morphologically already very early in 
mouse development (E10.5) 2-4. In the mouse embryo, the emerging atrial 
myocardium initiates the expression of Cx40, Cx43 and Nppa, whereas the 
adjacent presumptive sinoatrial and atrioventricular nodal precursors do not 
initiate the expression of these genes 1,5,6. These presumptive precursor cells 
are characterized by the expression of the transcription factors Tbx2 7,8 and 
Tbx3, 9, with the sinoatrial precursor cells additionally expressing Hcn4 10. 
The specific expression patterns develop already very early in development 
and persist until late in development 9,10. Furthermore, transgenic mouse 
lines have been described that express the LacZ reporter gene specifically 
in these conduction system precursors from early developmental stages 
onwards 11-13. In the formed heart, the nodes are known to specifically express 
Tbx3, Hcn4 and to lack the expression of Cx40, Cx43 and Nppa, whereas 
the adjacent atrial working myocardium expresses the connexin genes and 
Nppa 1,9,10,14. Based on these patterns it has been proposed that the nodes of 
the conduction system form from a pool of precursor cardiomyocytes already 
present in the early embryonic heart 1,9. 

Patterns of slow proliferation were observed in the venous and arterial 
poles of the developing heart while zones of high myocyte proliferation were 
found in the adjacent myocardium of the developing atria and ventricles 
15. Based on these patterns of proliferation and retroviral lineage tracing 
experiments and birth dating experiments in chicken 16, it has been 
proposed that the elements of the conduction system are built by continuous 
recruitment of cells from the atria or ventricles to an initial framework of 
specialized conduction system cells that do not divide, a process that would 
persist until birth 16-18. 
 In order to investigate the formation of the sinoatrial node, we 
deployed a lineage analysis based on Cre-loxP. The developing sinoatrial 
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node is positioned at the junction of the atria and the right superial caval 
vein. If recruitment occurs, the myocardium of the proliferating developing 
atria adjacent to the sinoatrial node would provide the cells that are recruited 
to form the sinoatrial node. A transgenic mouse that carries the Cre gene 
under the control of an Nppa promoter fragment drives expression of Cre 
selectively in the emerging atrial myocardium in the embryonic heart, in a 
pattern very similar to that of Cx40 19. By crossing this line with R26R reporter 
mice, the emerging atrial myocardial cells, and their progeny, will be labelled 
irreversibly. In this study we analyzed the fate of the atrial myocardium and 
its possible contribution to the developing sinoatrial node.
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MATERIALS AND METHODS 

Transgenic mice
The Nppa-Cre3 and R26R mouse lines have been described previously 19,20. 
Embryonic age was determined according to the vaginal plug, with noon of 
the day on which the plug was first observed being taken as embryonic day 
0.5 (E0.5). Embryos and foetuses were dissected in PBS. Amnion or tail 
biopsy genomic DNA was used for PCR assays to detect the Cre- or lacZ 
transgenes.

Histology 
Whole mount X-gal staining of embryos was performed as described 
21. Detection of b-galactosidase activity in 20 µm cryostat sections was 
performed as described 22. Sections were stained in haematoxyline to 
visualize nuclei. Non radioactive in situ hybridization on serial sections 
was performed as described 23. The probes used were Cx40 5, Cx43 6, 
Nppa 24, Tbx3 25, and Hcn4 10. For immunohistochemistry, the following 
primary antibodies were used: monoclonal antibody against PCNA (1:2000) 
(Santa Cruz Biotechnology); monoclonal antibody against Desmin (1:50) 
(MonosanClone D33); polyclonal antibody against Phospho-Histon H3 
(1:200) (Cell signaling). Secondary antibodies that were used are: BIOGAR 
(1:200) (DAKO, Denmark); GAR (1:250) (own supply); R-PAP (1:750) 
(Nordic, The Netherlands); GAM-AP (1:200) (Sigma, St Louis). To visualize 
nuclei of cells haemotoxylline was used (Ramond A. Lamb, Eastbourne, 
UK).
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RESULTS

Throughout development the sinoatrial node can be distinguished 
from the adjacent atrial myocardium morphologically and by a characteristic 
expression program. From embryonic day (E) 9.25-9.5 onward the emerging 
atrial myocardium selectively expresses Cx40 and Nppa 5,26,27 whereas 
the presumptive primordial sinoatrial node cells can be recognized by the 
expression of Tbx3 9 and Hcn4 10.

To test whether the atrial cells are recruited into the conduction 
system lineage, we used the property that atrial cells initiate the expression 
of Nppa/Cx40 as soon as these cells emerge at E9.5. For this reason the 
Nppa-Cre transgenic mouse was used. By crossing this Nppa-Cre mouse 
line with the R26R Cre reporter line, a lineage analysis was performed of the 
atrial myocardium.   

At E10.5 blue cells were observed in the atria of Nppa-Cre/R26R 
positive embryos (Fig 1). At E11.5 massive recombination was observed 
selectively in the developing atria. Taking into account the obligatory 
delay of b-galactosidase expression which occurs during Cre-dependent 
recombination, we conclude that labelling of the atrial myocardium is initiated 
as soon as it emerges at E9.5.

At E12.5 b-galactosidase negative myocardium in the developing 
heart colocalized with the Cx40 negative myocardium. This indicates that Cre 
expression correlates spatially and temporally with expression of Nppa and 
Cx40. The b-galactosidase positive myocardium is strictly complementary to 
Hcn4 and Tbx3-positive myocardium (Fig 2 A-E). These results show that we 
are able to selectively label the Nppa positive myocardium and to follow its 
fate during development. 
 In the formed heart of E17.5 NppaCre/R26R double positive 
transgenic embryos the pattern of Cx40 expressing cells is strikingly similar 
to that of the b-galactosidase positive region (Fig 3 A-G). In the adult heart 
we show that the expression pattern of Cx43 and Nppa is similar to that of 
b-galactosidase. At any stage of development a sharp border is observed 
between the b-galactosidase expressing cells and 
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the Hcn4-postive Tbx3-positive cells of the developing sinoatrial node (Figure 
2 and 3). This shows that labelled cells from the emerging Nppa positive and 
Cx40 positive myocardium are not recruited to the developing sinoatrial node 
lineage. 

In order to investigate whether the myocardium of the sinoatrial 
node is still proliferative, the expression of PCNA was analyzed. Within the 
myocardium of the developing sinoatrial node we observed cells being active 
in cell cycle at E12.5 and E16.5 (Fig 4A-I). In line with previous findings we 
observed more PCNA positive cells in the emerging myocardium of the atria 
and hardly any staining of PCNA in the atrioventricular node and His bundle 
28. In addition, Phospho-Histone H3 labelling was observed at E12.5 and 
E17.5 within the Hcn4 positive sinoatrial node region (Fig 5). In conclusion 
we show that the sinoatrial node increases in size by cell division. Also we 
counted cells of the developing sinoatrial node stained with haematoxyline 
at E12.5 and E17.5 (Fig 6). We found that the sinoatrial node region has 
increased in number of cells (Table 1). 
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DISCUSSION 

The sinoatrial node develops at the junction of the atria and the right 
superial caval vein. Already early in development, both the sinoatrial node 
and the atrial myocardium have their specific properties. The developing 
sinoatrial node is characterized by slow conduction and lack of expression of 
Nppa, Cx40 and Cx43 1. The atrial working myocardium is characterized by 
fast conduction and selectively expresses Nppa, Cx40 and Cx43. Moreover, 
we previously found that Tbx3, encoding a transcriptional repressor, is a 
unique marker for the cardiac conduction system including the sinoatrial 
node. Tbx3 is expressed in a pattern mutually exclusive to chamber-specific 
genes 9.  In addition, the Hcn4 gene is specifically expressed in the region 
where the sinoatrial node develops 10. These gene expression patterns are 
stable during development (Figure 2 and 3) and therefore are useful to 
study the formation of the sinoatrial node. Based on the expression patterns 
we conclude that there are two types of myocardium present in the region 
where the sinoatrial node develops: the fast proliferating Cx40+ Nppa+ atrial 
working myocardium, and the slow proliferating Tbx3+ Hcn4+ myocardium 
of the sinoatrial node precursors. However, during development, cells may 
alter their expression pattern depending on their current location and on their 
developmental stage. Therefore, endogenous gene expression patterns are 
not suitable to unambiguously define whether the atrial population provides 
a contribution to the sinoatrial node population. 

Currently two hypotheses prevail regarding the development of the 
central conduction system. One hypothesis is that the central conduction 
system is formed by outgrowth of a pool of embryonic myocytes specified 
already early in development (Figure 7A-2). This hypothesis is based on 
the specificity of endogenous gene expression patterns as described above. 
Moreover, transgenic mouse lines have been described that express LacZ 
reporter gene specifically in these conduction system precursor cells from 
early developmental stages onwards 11-13. 

According to the second hypothesis the conduction system is 
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formed by a process of continual recruitment of highly proliferating atrial 
myocardium to an initial framework of slowly proliferation conduction system 
cells (Figure 7A-1) 16-18. This hypothesis is based on retroviral lineage 
tracing experiments and birth dating experiments in chicken. Cheng et al. 
16 observed LacZ expressing clones of a single labelled cardiac progenitor 
always encompassing both the working myocardium and the cells of the 
central conduction system. 

The sinoatrial node is part of the central conduction system. The 
question remains whether recruitment of atrial myocardial cells occurs in the 
formation of the sinoatrial node. If recruitment occurs, the fast proliferating 
myocardium of the developing atria adjacent to the slowly proliferating 
developing sinoatrial node would provide the cells that will be recruited to 
form the sinoatrial node and, in order to do so, have to change phenotype. 

The Nppa-Cre/R26R double transgenic embryos were analyzed in 
order to follow the fate of the emerging atrial myocardium and their daughter 
cells. Already at E10.5, b-galactosidase expressing cells were observed in 
the atria. This is only one day after the onset of the Nppa and Cx40 expression 
in the emerging atrial myocardial cells 1,5,6,26. This strongly indicates that the 
onset of Cre expression is at least before E10.5 since recombination and 
b-galactosidase expression take some time. We therefore conclude that the 
Nppa-Cre line is a suitable tool to perform lineage analysis of the Nppa+ 
Cx40+ atrial myocardium. 

We observed that throughout development the border between b-
galactosidase expressing cells and the inflow tract myocardium in which the 
sinoatrial node is developing (Hcn4+) remains sharp. We did not observe 
any b-galactosidase positive cells derived from the atrial myocardial lineage 
in the region where the sinoatrial node develops (Figure 2 and 3), showing 
that the atrial myocardial lineage is separate from the sinoatrial node lineage 
already from E9.5 onwards. This analysis allows us to conclude that labelled 
cells from the emerging atrial myocardium do not contribute to the developing 
sinoatrial node. 

In the retroviral lineage tracing experiments and birth dating 
experiments performed in chicken, cells were labelled after working 
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myocardium has emerged from the linear heart tube 16-18. Labelled cells were 
observed in both the working myocardium and the central conduction system. 
A problem using replication defective retroviruses to label cardiomyocytes 
is that the infection comprises a random event among cells at the site of 
infection. Therefore, one does not know which cells are labelled at the 
moment of infection; this could be myocardium of the atria, myocardium of 
the ventricles or cells of the central conduction system. 

The results of Cheng’s experiments can be interpreted in two 
ways. The first interpretation is that cells of the working myocardium were 
labelled which give rise to the future central conduction system and working 
myocardium (Cheng’s interpretation). One could also interpret these results 
that non-working myocardial cells were labelled in these experiments which 
gave rise to non-working myocardial cell population (central conduction 
system) and working myocardium.  We ruled out the first interpretation, 
suggesting that the second interpretation is correct. Unfortunately at this 
point we can not prove the second interpretation since we can not label the 
cells of the future central conduction system.

Moreover, Cheng’s experiments include primarily the AVN and 
ventricular conduction system, experiments done on the sinoatrial node 
were not performed. Nonethless, the authors extrapolate their conclusions 
to the central conduction system which encomprises the sinoatrial node. 
Experiments done solely on the developing sinoatrial node would clarify this 
matter.   

It would be interesting to see whether there is cellular contribution 
from the sinoatrial region to the atrial myocardium. Are there cells that first 
suppress the chamber-program by expressing Tbx3 and some time later in 
development become atrial myocardium by switching on the chamber gene 
program? A Tbx3-Cre transgenic mouse line would provide more insight to 
this matter and experiments along this line are in progress.

Since we observed no recruitment of cells from the fast proliferating 
atrial myocardium we propose that the cells of the developing sinoatrial node 
do proliferate in order to increase in size. Previous studies showed that the 
frequency of myocytes labelled with 3H-thymidine was 3-4 times lower in the 
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sinoatrial node compared to the working myocardium 29. Also results of birth 
dating experiments suggested that the conduction system consists of slowly 
proliferating myocardium 11,30,30,31. This is according to the observations using 
3D reconstructions of the developing heart in which the Tbx3-expressing 
pool increases much less in volume than the chamber myocardium 9,27. In 
this study, we confirmed these data. We conclude that the sinoatrial node 
increases in size by proliferation of a pool of embryonic myocardial cells 
specified early during development.

We propose a model (Figure 7B) in which the conduction system is 
derived from a dividing precursor pool of cells which escape differentiation into 
the chamber myocardium. This shows that the presumptive nodal precursor 
cells located at the inflow tract of the developing heart will eventually form 
the sinoatrial node. In addition, our study shows that once a cell has decided 
to become Cx40 and Nppa positive atrial myocardium it will never contribute 
to the sinoatrial node. 
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Figure 1.
Onset of Cre recombinase mediated activity of LacZ in Nppa-Cre/R25R double heterozygous mice. 
b-galactosidase positive cells are detected selectively in the myocardium of the atria already at E10.5 
(arrows A-C) and not in the atrioventricular canal (arrowheads C). Massive recombination is observed at 
E11.5 (D). A indicates atrium; H, heart; L, Limb; PA, pharyngeal arches; SH, sinus horns; V, ventricle; LV, 
left ventricle; RV right ventricle; oft, outflow tract.
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Figure 2.
In vivo labeling of the atrial myocardium. Serial sections of an E12.5 NppaCre / R26R mouse heart 
(A-E) stained as indicated.  X-gal staining was observed in the myocardium of the atria (A, D) in a 
pattern complementary to that of Tbx3 (B) and similar to that of Cx40 (E). cTnI was used to detect the 
myocardium (C). Comparable sections of E12.5 wild type embryos show that the pattern of Hcn4 (F) is 
complementary to Cx40 (G). Bars = 100 mm. RSCV indicates right superial caval vein; RA, right atrium. 
Other abbreviations as in Figure 1.
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Figure 3.
Fate of the atrial myocardial lineage. Serial sections of an E17.5 Nppa-Cre / R26R mouse heart stained 
as indicated (A-E). The b-gal activity (A, C and D) is very similar to that of Cx40 (B, E). Comparable 
sections of wild type hearts at E16.5 show that the pattern of Cx40 (F) is strictly complementary to that of 
Hcn4 (G).  The adult hearts stained for b-gal activity show a sharp border between the lacZ positive atrial 
myocardium and the sinoatrial node as defined by the lack of expression of Cx43/Nppa (H, K). The pattern 
of LacZ is similar to the pattern of Nppa (I, L) and Cx43 (J). 
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Figure 4.
Detection of PCNA positive cells in the developing sinoatrial node region. Serial sections of an E11.5 
wild type hearts stained as indicated in the sinoatrial node region (arrow in A). Panel B shows PCNA 
staining in the myocardium of the ventricles. Sections of an E16.5 embryonic mouse heart stained for 
PCNA (C,F). Adjacent sections were stained for Cx40 (D, G) and Hcn4 (E, H) to detect the sinoatrial node 
region.  Note the low level of PCNA expression in the AVN (I and J) and the high level of staining in the 
compact myocardium (B). Bars = 100 mm. AVN indicates atrioventricular node. Other abbreviations as 
in Figure 1.
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Figure 5.
Detection of Phospho-Histon H3 shows proliferation in the sinoatrial node region during development. 
Phospho-Histon H3 positive cells were detected at E12.5 (arrows in A) and E17.5 (arrows in E). Serial 
sections were stained for Hcn4 (B,F) to detect the developing sinoatrial node region. More frequent 
Phospho-Histon H3 labelling was detected in the myocardium of the ventricles at E12.5 (C) and the atria 
at E17.5 (D). Bars = 100 mm. Other abbreviations as in Figure 1.
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Figure 6. 
Cell counting of the sinoatrial node in the developing embryonic heart. Sections were stained with 
haematoxyline to count cells at E12.5 (A) and E17.5 (C). The myocardium in which the sinoatrial node 
develops is stained for Hcn4 at E12.5 (B) and 17.5 (C). Bars = 100um. Other abbreviations as in Figure 1.

Table1.
The sinoatrial node region increases in number of cells. Table is derived from cell counting as shown in 
figure 7. 
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Figure 7.
Two models for development of the cardiac sinoatrial node. A. Model 1: the cardiac conduction system 
develops by progressive and localized recruitment of multipotent cardiomyogenic cells to the developing 
network of specialized cardiac tissues. B. Model 2: the sinoatrial node develops from outgrowth from 
a prespecified precursor pool of myocardial cells which proliferates to gain size. Already very early in 
development there is early specification and segregation of the sinoatrial mode lineage from the atrial 
myocardial lineage.
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CHAPTER 6

SUMMARY



Congenital heart malformations are the most frequent form of birth defects 
in humans. The prevalence is up to 1% in newborns and 10-20% in still 
births. In many of the cases the cause of these malformations remains 
unclear, because it is still unknown how the distinct components that form 
the heart are composed. To understand cardiac malformations we require 
basic knowledge of the different cell-types that contribute to the developing 
heart. A lineage analysis allows one to follow cells and determine their 
fate. In this study, cells of the developing myocardium, the epicardium, the 
endocardium and the neural crest were labelled irreversibly to analyze their 
fate, thus determining the embryonic origin of the distinct cell types in the 
mature heart. Lineage analyses have been performed by several groups 
using different techniques. Chapter 1 gives a short overview of cardiac 
development and an overview of several techniques which have been used 
to study the contributions of the different cell types to the distinct components 
of the heart.

The Cre/loxP system was used to label cells in vivo irreversibly and 
selectively without disturbing normal mammalian embryonic development. 
In the next chapters we used different Cre expressing lines and crossed 
them with Cre reporter mice to determine the fate of these Cre+-derived 
populations. 

Chapter 2 describes the formation of the atrioventricular valves 
and outflow tract (semilunar) valves. We show that the leaflets of the 
atrioventricular valves, the fibrous continuity and the leaflets of the outflow 
tract valves take origin from the mesenchyme derived from the endocardium. 
The mural leaflets of the mitral- and tricuspid valves are formed by protrusion 
and growth of a sheet of atrioventricular myocardium into the ventricular 
lumen. This is accentuated by expansion and excavation of the underlying 
ventricular myocardium. On the surface of this myocardial sheet the valvar 
mesenchyme forms. The myocardial sheet is subsequently removed by a 
process of apoptosis. This results in a free movable mural valve leaflets. 
The aortic leaflet of the mitral valve, the septal leaflet of the tricuspid valve 
and the fibrous continuity between these leaflets are derived from the inferior 
and superior atrioventricular cushions. We found that the tricuspid septal 
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leaflet is the only leaflet that detaches form from the underlying myocardium 
by a process called delamination. The morphogenetic process underlying 
formation of the atrioventricular valvular apparatus in the mouse was studied 
using a computer 3D reconstruction protocol developed in our laboratoty. A 
new model for valve formation is presented in this chapter.

Many congenital cardiac heart defects include malformation of the 
great arteries of the outflow tract. Hypotheses remain controversial regarding 
the normal development of the outflow tract myocardium. One hypothesis is 
that during development the cells of the myocardial wall of the outflow tract 
transdifferentiate into the mesenchymal cells forming the ‘non-myocardial’ 
arterialized wall of the intrapericardial component of the great arteries. In 
order to determine the embryonic origin of the cells that form the outfow 
tract, transgenic Cre lines have been used in chapter 3 to irreversibly label 
cells derived form the endocardium, myocardium and neural crest. We 
determined the cellular contribution of these cells to the cardiac outflow 
tract as it remodels during embryonic development. Our analysis does 
not support the hypothesis that the myocardial wall of the outflow tract 
transdifferentiates into a ‘non myocardial’ portion of the intrapericardial great 
arteries. In the lineage analysis decribed in chapter 3 we report a population 
of cells which were not derived from any of the three lineages analyzed. This 
previously unrecognized population of cells is contiguous with the outflow 
tract myocardium derived from the pharyngeal mesenchyme of the anterior 
heart field. This population of cells belong to an extended anterior heart field 
that moves into the outflow tract after E10.5. These cells are not recruited to 
the myocardial lineage, but form the walls of the distal outflow tract as it is 
transformed from a single structure into the separate intrapericardial arterial 
trunks.
 In chapter 4 the generation of an Nppa-Cre transgenic mouse line 
is described that carries the Cre gene under the control of an Nppa gene 
fragment. This mouse line drives the expression of Cre selectively in the 
emerging atrial working myocardium of the embryonic heart adjacent to the 
developing sinoatrial node.  Therefore, this transgenic mouse is a tool to study 
gene function specifically in the developing atrial working myocardium. 
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 In chapter 5 an ongoing debate concerning the origin of the sinoatrial 
node has been approached. One view is that the sinoatrial node is derived 
from a continual recruitment of highly proliferating atrial myocardium 
to an initial framework of slowly proliferation conduction system cells. 
The second view is that the sinoatrial node is derived from a dividing pool 
of embryonic nodal myocytes specified already early in development. To 
investigate this issue we used the Nppa-Cre transgenic mouse line described 
in chapter 4 in order to label cells of the developing atrial myocardium. By 
crossing this line with R26R reporter mice, the emerging atrial myocardial 
cells, and their progeny, were labelled irreversibly. The analysis revealed 
that the developing atrial myocardium does not contribute materially to the 
developing sinoatrial node. Proliferation within this sinoatrial node precursor 
pool is confirmed in this chapter. In conclusion, the sinoatrial node is derived 
from a pool of nodal precursors cells already present in the embryonic 
heart tube rather than by continual recruitment from the adjacent working 
myocardium. 
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Samenvatting in het nederlands
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Aangeboren hartafwijkingen zijn een van de meest voorkomende vormen van 
aangeboren afwijkingen bij mensen. De prevalentie is tot 1 % bij pasgeboren 
kinderen en 10-20% bij doodgeboren neonaten. In veel van de gevallen 
is de oorzaak van deze malformaties onduidelijk. Dit heeft als oorzaak 
dat het tot op de dag van vandaag niet duidelijk is hoe de verschillende 
hartcompartimenten, die later het volwassen hart gaan vormen, worden 
samengesteld tijdens de embryonale ontwikkeling. Om aangeboren hart 
afwijkingen beter te kunnen begrijpen, hebben we basale kennis nodig 
over het mechanisme hoe deze verschillende cel typen het volwassen 
hart vormen. Een studie waarin de verschillende cardiale cel typen tijdens 
de embryonale ontwikkeling worden gevolgd om hun uiteindelijke doel/
bestemming te bepalen in het volwassen hart, zal meer helderheid geven 
in hoe de verschillende hart compartimenten ontwikkelen die het volwassen 
hart gaan vormen. Zo’n  studie wordt een “lineage”-studie genoemd. In dit 
proefschrift zijn experimenten gedaan waarbij cellen gentisch zijn gelabeld 
van het zich ontwikkelende myocard, het epicard het endocard en neurale 
lijst. Deze embryonale hartcel typen zijn gevolgd tijdens de embryonale 
ontwikkeling om zodoende hun einddoel te bepalen in het volwassen hart. 
Door de jaren heen hebben verschillende wetenschappers verschillende 
methoden gebruikt om een “lineage”-analyse uit te voeren. In Hoofdstuk 1 
wordt, na een korte introductie over hart ontwikkeling, een overzicht gegeven 
van de verschillende technieken/methoden die gebruikt zijn om de bijdrage 
te bepalen van de verschillende celtypes aan het uiteindelijke volwassen 
hart.
 In dit proefschrift is het cre/lox systeem gebruikt om cellen te labellen 
tijdens de embryonale ontwikkeling. Dit systeem labelt cellen selectief en 
irreversibel in vivo gedurende de embryonale periode, zonder dat het daarbij 
de normale ontwikkeling van het zich ontwikkelende zoogdier hart verstoort. 
In de volgende hoofdstukken hebben we diverse transgene muizen lijnen 
gebruikt die Cre tot expressie brengen, elk op hun specifieke manier. Wij 
hebben elk van deze verschillende Cre-muizen lijnen gekruist met een Cre-
reporter muizen lijn om zodoende het einddoel van deze Cre-dochter cellen 
te bepalen in het volwassen zoogdier hart.
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 Hoofdstuk 2 beschrijft de formatie van de atrio-ventriculair kleppen 
alsook de kleppen van het uitstroom gebeid van het hart (vanaf nu: de outflow 
tract). We laten zien dat de klepbladen van de atrio-ventriculair kleppen, de 
“fibrous continuity” en de kleppen van de outflow tract hun herkomst vinden 
in het bindweefsel dat afkomstig is van het endocard. De murale klepbladen 
van de mitraal en de tricuspidaal kleppen worden gevormd doordat een 
uitsteeksel van atrioventriculair myocard in het ventriculaire lumen fungeert 
als soort “mal” voor de zich ontwikkelende klepblad. Dit proces wordt 
geaccentueerd door uitzetting en uitholling van het daaronder liggende 
ventriculair myocard. Aan het oppervlak van het zich ontwikkelende klepblad 
vormt zich het klepbindweefsel. De myocardiale mal wordt vervolgens 
verwijderd door apoptoisis. Dit resulteert in zich vrij bewegende murale 
klepbladen. Het aortale klepblad van de mitraal klep, het septale klepblad 
van de tricuspidaal klep en de fibrous continuity ontstaan uit het inferieure en 
superieure atrio-ventriculair kussens. Wij zagen dat het  septale klepblad van 
de tricuspid klep het enige klepblad is dat delamineert van het onderliggende 
myocard. De morphogenetische processen die ten grondslag ligt aan het 
zich ontwikkelende atrioventriculair kleppen is bestudeerd door gebruik te 
maken van 3D reconstructie methode dat ontwikkeld is in ons lab. Een nieuw 
model van klepontwikkeling is beschreven in dit hoofdstuk.
 Veel congenitale hart afwijkingen betreffen malformaties van de 
grote arteriën van de outflow tract. De hypothesen ten aanzien van de 
normale ontwikkelingen van de outflow tract blijven tegenstrijdig. Een van 
de hypothesen tav normale ontwikkeling van de outflow tract is dat het 
mesenchym van de outflow tract wordt gevormd door transdifferantiatie van 
myocardiale cellen. In hoofdstuk 3 is beschreven wat de cellulaire bijdrage 
is aan de embryonale outflow tract van endocardiale cellen, myocardiale 
cellen en cellen van de neurale lijst. Dit is gedaan door gebruik te maken 
van diverse Cre muizen lijnen. Onze hypothese steunt niet de hypothese 
dat myocardiale deel van de outflow tract transdifferentieert in het non-
myocardiale deel van de grote vaten van de outflow tract. In hoofdstuk 3 
beschrijven we een nieuwe populatie van cellen die niet afkomstig zijn van 
een van de drie gelabelde cellijnen (dwz myocard, endocard en neurale lijst). 
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Deze voorheen nog niet erkende populatie van cellen is continu met het 
outflow tract myocard dat afkomstig is van het pharyngeaal msenenchym van 
anteriore hart veld. Deze cellen worden niet gerecruteerd aan het myocard 
maar zullen de vaatwanden van de outflow tract gaan vormen.
 In hoofdstuk 4 is de Nppa-Cre lijn beschreven waarin Cre is 
ingebouwd in de Nppa promoter. Deze transgene muizenlijn brengt Cre tot 
expressie selectief in de zich ontwikkelende myocard van de atria maar niet in 
de sinus knoop. Deze lijn is daarom geschikt om gen functie te onderzoeken 
specifiek in de ontwikkelende atria.
 In hoofdstuk 5 wordt een aspect van de ontwikkeling van de sinus 
knoop besproken waarover veel discussie en onenigheid bestaat in de 
literatuur. Een hypothese over de ontwikkeling van de sinus knoop is dat er 
sprake is van continue bijdrage snel proliferatief atriaal myocard aan intitieel 
raamwerk van langzaam delende cellen van het geleidingssysteem. Een 
tweede hypothese is dat de volwassen sinusknoop ontstaat uit een langzaam 
delende populatie van embryonale nodale myocardcellen die al aanwezig 
zijn vroeg in de embryonale ontwikkeling. Om dit te onderzoeken hebben 
we gebruik gemaakt van de Nppa-Cre transgene muizenlijn die beschreven 
is in hoofdstuk 4 om cellen te labellen van het zich ontwikkelende atrium. 
Door deze lijn de kruisen met de R26R reporter muizen lijn, worden cellen 
van het ontwikkelende atrium gelabeld. Hierdoor kunnen deze cellen 
gevolgd worden gedurende de ontwikkelingen en kan er worden bekeken 
of er inderdaad bijdrage is van embryonaal atriaal myocard aan de zich 
ontwikkelende sinusknoop. De analyse onthulde dat er geen bijdrage wordt 
geleverd van atriaal myocard aan de ontwikkeling van de sinusknoop. Ook 
hebben we geconstateerd dat er proliferatie plaatsvindt in de sinusknoop 
zelf. Concluderend stellen we dat de sinusknoop afkomstig is van een pool 
van nodale precursor cellen de al aanwezig zijn in het embryonale hart buis.
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klein gezellig gesprekje. 
 Dan kom ik nu bij mijn collega’s in het AMC. Tijdens het schrijven 
van dit dankwoord kenden wij elkaar nog niet zo lang. Toch wil ik zeker even 
kwijt dat ik nu al merk dat ook in het “grote boze” AMC de werksfeer op de 
afdeling cardiologie erg prima en zeer collegeaal is. Ook nu weer ga ik met 
veel plezier naar het AMC, dank daarvoor! 
 Dan mijn paranimfen. Chris Ramakers, Cissie! Gozert, dank voor 
alle relativering en wonderschone momenten gedurende het werk in het 
lab (en ook de entrez nous na het lab waarin ik qua roddels op de hoogte 
werd gehouden), soms had ik werkelijk tranen in mijn ogen met kaakpijn 
van het lachen, prima was in het bijzonder de mooie tijd op de nieuwmarkt. 
Nu klinisch chemicus in opleiding....top dat je dat voor elkaar hebt gekregen 
want daar zijn echt weinig opleidingsplaatsen van in Nederland, tis je toch 
maar weer gelukt. Zijn we toch allebei opleidingsassistent. Veel succes met 
het vinden van een huis, wellicht tegen het drukken van dit proefschrift woon 
je in het mooie zuiden van Nederland. 
 Robert Hakvoort, Robbie! Dank voor de mooie vakanties (ik hoop 
dat er nog meer zullen volgen). En het is inderdaad waar: van alle mensen 
in mijn omgeving ken jij mijn vrouw langer dan dat ik haar ken. Je zit nu 
in een prachtige maatschap hebt een prachtige vrouw, een zoon en een 
dochter....what more do you want!! Wanneer jij in de lutherse kerk? 
 Jackie, meu amore, mijn schone braziaanse vrouw, ik kan het nu 
in het Nederlands schrijven want dat begrijp je nadat je met je braziliaanse 
temperament ingeburgerd bent in nederland.....Door alles wat wij samen 
hebben meegemaakt is mijn leven met jouw tot nu toe alleen maar mooier 
geworden.....Pffff, woorden schieten tekort voor wat ik nog steeds voel voor 
jou....Dank voor het geven van een zoon, Samuel, we zijn zo gelukkig met 
z’n drie-tjes!!  
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 En dan iemand waar ik echt echt echt alles aan te dank heb.....mams. 
Mams voor een deel draag ik dit boek op aan jou....Onvergetelijk is het 
engelen geduld en de hulp die ik kreeg van jouw (en ook een beetje van paps 
hoor) om me door de eerste jaren van mijn midelbare school te helpen.... 
de details kennen we, die hoef ik hier niet te noemen. Dat heeft werkelijk 
de mijlpaal, zo niet het fundament, gezet waarop alles is opgebouwd en wat 
daarna kwam....met als vuurpijl dit proefschrift....mams, ik ben je eeuwig 
dankbaar, dank je wel.
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Figure 1. Detection of Cre mRNA in aMHC-Cre embryos by RTPCR (A). Whole mount X-gal stained E9.5 
embryos (B, C). Serial sections of an E13.5 aMHC-Cre/R26R mouse heart stained for b-Galactosidase 
(D) and Serca2 protein (E). Serial sections of an E12.5 Tie2-Cre/R26R mouse heart stained for b-
Galactosidase (F) and Serca2 protein (G). Comparable sections of an E12.5 Tie2-Cre/R26R mouse 
heart stained for b-Galactosidase (H) and nuclear fast red (I). Serial sections of an E11.5 Tie2-Cre/R26R 
mouse heart stained for b-Galactosidase (J) and Serca2 protein (K). Bars = 100 mm. AS, atrial septum; 
AV-C, atrioventricular cushion; LA, left atrium; RA, right atrium; LV, left ventricle; RV, right ventricle; IVS, 
interventricular septum; en, endocardium; ep, epicardium.
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Figure 2. Fate of the myocardial lineage in the mature heart. Serial sections of an E17.5 aMHC-Cre/R26R 
mouse heart stained as indicated (A, B). Serial sections of a newborn aMHC-Cre/R26R heart stained 
as indicated (C, D). Enlargement of the papillary muscle region (box) of panels A and B (E, F). Serial 
sections of an E17.5 aMHC-Cre/R26R mouse heart stained as indicated (G, H). Sections of a newborn 
aMHC-Cre/R26R heart stained for b-Galactosidase activity (I, J). Bars = 100 mm. AFC; atrioventricular 
fibrous continuity; AVB, atrioventricular bundle; Ao, aorta; PT, pulmonary trunk; aovl, aortic valve leaflet; 
pvl, pulmonary valve leaflet; mml; mitral mural leaflet; msl; mitral septal leaflet; tsl, tricuspid septal leaflet. 
Other abbreviations as in Fig. 1.
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Figure 3. Fate of the endocardial lineage in the mature heart. An E17.5 Tie2-Cre/R26R mouse heart 
stained for b-Galactosidase (A). Enlargements of panel A (boxes) as indicated (B, C, D). Serial sections 
of an E17.5 Tie2-Cre/R26R mouse heart stained as indicated showing a papillary muscle - cord junction 
(E, F) and interventricular septum (G, H). Sections of an E17.5 Tie2-Cre/R26R mouse heart stained for 
b-Galactosidase activity (I, J), showing the endocardial components of the aortic and pulmonary valves, 
respectively. Bars = 100 mm. et, endothelium. Other abbreviations as in Fig. 1, 2.
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Figure 4. Fate of the neural crest lineage and proepicardial lineage in the heart. Wnt1-Cre/R26R embryos 
of stages E9.5 (A), E11.5 (B) and E13.5 (C) stained for b-Galactosidase. Sections of an chicken-quail 
chimeras (D, E, F). Gray arrows indicate quail cells outside the leaflets, black arrows within the leaflets. 
Bars = 100 mm. LA left atrium; V, ventricle; sAV-C, superior atrioventricular cushion; iAV-C, inferior 
atrioventricular cushion; OFT, outflow tract; OFT-C, outflow tract cushion; Myo, myocardium; tmv, tricuspid 
mural leaflet. Other abbreviations as in Fig. 1-3. 
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Figure 5. A fully reconstructed E11.5 heart with virtual plane of sectioning, gray is myocardium, yellow is 
cushion mesenchyme (A). Computer generated section showing interior of heart, including top-view used 
in panel D (B). A schematic drawing of a top-view of the atrioventricular valves at E14.5 (C). Orange is 
myocardium lined by a very thin layer of mesenchyme that was not reconstructed (see black arrows in 
panels H and I). Pink is mesenchyme supported by myocardium, yellow is mesenchyme not supported by 
myocardium (C). Top-view of imaginary sections of an E11.5 heart showing the myocardium (grey) and 
the cushion mesenchyme (yellow) where the cushion mesenchyme is non-transparent (D) or transparent, 
showing the contact surface between myocardium and mesenchyme (E). The white arrowheads indicate 
the mural myocardial sheets. The same for an E12,5 (F, G) and an E14.5 heart (H, I). The inferior and 
superior cushions fuse at E12.5 (#). Note the growth of the lateral cushions from E12.5 onwards (white 
arrow heads), and the contact between the cushions and interventriclular septum at E14.5 (asterisk and 
yellow arrow heads). The distance between the white arrowheads, indicating the size of the AVC, is given 
in the bottom-left corner. Bars = 100 mm. Abbreviations as in Fig. 1, 4.
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Figure 6. Three-dimensional reconstruction of the myocardial Tbx3-expressing region (red) in the 
atrioventricular canal region at E 12.5. Frontal view of a virtual section. The black arrow indicates the 
ventricular border of the tricuspid gully (A). View on top of the AVC with cushions (yellow) (B) and without 
(C). Detection of indicated mRNA by in situ hybridisation at E 9.5 (D), E10.5 (E) and E12.5 (F-I). Detection 
of indicated mRNAs by in situ hybridisation of an E12.5 heart (J-M). The box in panel J depicts area 
shown in K-M. Section K is caudal to M. The tricuspid and mitral ‘gullies’ are visible (red arrow heads) and 
express Tbx3. Note the orientation of the trabeculae (green arrow heads). The box in panel M depicts 
area shown in F-I. Bars = 100 mm. Abbreviations as in Fig. 1-4.
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Figure 7. Serial sections of an E 11.5 mouse heart stained as indicated (A, B) and stained for PCNA and 
nuclear fast red to visualize all cells (C). Arrows indicate area of low PCNA staining in the atrioventricular 
myocardium. Serial sections of an E16.5 mouse heart stained as indicated. Note the low level of PCNA 
expression in the AVN (D, E). Apoptosis (cleaved caspase-3 detection) in the mesenchyme at E14.5 
(F, G), myocardium below the mesenchyme at E15.5 (H-J) and E16.5 (K-L). Bars = 100 mm. AVN, 
atrioventricular node. Other abbreviations as in Fig. 1, 2, 4.
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Figure 8. A model for mural valve development. The Tbx3 expressing (red) atrioventricular canal 
myocardial starts to form a protrusion in the direction of the ventricular lumen. By E10.5 the protrusion 
becomes well visible at the left and right sides. The underlying ventricular myocardium (gray) expands 
outwards and forms holes and trabeculae, thus excavating the region behind the protrusion and creating 
a movable leaflet. After E11.5 the endocardium or thin layer of mesenchyme (yellow) lining the myocardial 
protrusion locally increases in mass by proliferation to form the lateral AV cushions, which subsequently 
will form the fibrous component of the mural leaflets. After E14.5 the myocardium of the leaflet will 
disappear by programmed cell death (pcd). Amyo, atrial myocardium; Vmyo, ventricular myocardium. 
Other abbreviations as in Fig. 1.  
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Figure 1 Analysis of the changing myocardial border of the developing outflow tract. A and D show whole 
mount in situ hybridization of mouse hearts of ED10.5 and ED14.5, respectively, using the probe b-MHC. 
The black doted line indicates the pericardial reflection and the red dotted line the contours of the aorta 
and pulmonary trunk. B,C,E and F show ED14.5 transgenic αMHC-Cre/R26R mouse hearts in which the 
myocardial component is visualized using Serca2 and the Cre-dependent reporter expression of lacZ 
(B,E) or EGFP (C-F). Cryo-sections of transgenc aMHC-Cre/R26R mice in which the cardiomyocytes 
are stained for Serca2 (G) and lacZ activity (H). LacZ (I) and Serca2a (J) mRNA expression are shown 
by in situ hybridization. The dotted black line indicates the border between the myocardium and the 
intrapericardial portion of the aorta. Bars = 100 mm. Abbreviations:  Ao indicates aorta; LA, Left Atrium; 
LV, left ventricle; OFT, outflow tract; pt, pulmonary trunk; RA, right atrium; RV, right ventricle.
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Figure 2 Panel A. Sagittal section through an ED 9.5  (35 somite) transgenic Wnt1-Cre/R26R embryo.  
Cells of neural crest origin are entering the distal outflow tract (black arrows).  Cells in the proximal 
cushion (star) are not marked by the transgene. Note the non-staining area (star) in the region ventral 
to the developing lung buds. B. shows a section through the distal outflow tract of a E 10.0 (36 somite) 
transgenic Wnt1-Cre/R26R embryo.  Cells derived from the neural crest surround the lumen (black 
arrows). C. shows a sagittal section through an ED 10.5 transgenic Tie2-Cre/R26R embryo. The cells of 
the endocardium stain blue (arrows).  The mesenchyme of the atrioventricular cushions is also positive 
(asterisk). Bars = 100 mm. A indicates atrium; LAp, left atrial appendage; RAp, right atrial appendage; Li, 
Liver. Other abbreviations as in figure 1
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Figure 3  Coronal sections through ED 11.5 embryos. A. Transgenic Wnt1-Cre/R26R embryo 
demonstrating neural crest derived cells populating the outflow cushions (star), Neither the walls of 
the distal outflow tract (arrows) nor the mesenchymal cells of the atrioventricular cushions  show Cre-
dependent reporter expression of lacZ . B. Cardiac myocardium, stained with the antibody Serca2.  The 
distal part of the outflow segment has lost its myocardial phenotype (black arrowhead). The distal border 
of the OFT myocardium is indicated by the black arrows. C. Transgenic Tie2-Cre/R26R embryo shows 
that the epithelium and the sub-epithelial mesenchyme of the outflow cushions show Cre-dependent 
reporter expression of lacZ (star). The mesenchyme of the atrioventricular cushions also shows strong 
expression. Bars = 100 mm. AV-C indicates atrioventricular cushion; IVS; interventricular septum. Other 
abbreviations as in figure 1
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Figure 4 Previously unidentified population of cells forms the intrapericardial arterial trunk of the outflow 
tract. Panel A shows LacZ positive cells in Wnt1-Cre/R26R positive embryos located in the sub-endothelial 
walls of the vessel wheras the endothelial wall remains free of LacZ expressing cells. B. shows LacZ 
expression in the endothelial layer of the vessel wall Tie2Cre/R26R embryos. C. No LacZ expressing cells 
are observed in aMHC-Cre/R26R embryos within the walls of the intrapericardial trunks or the walls of the 
valvar sinuses. Bars = 100 mm. en indicates endothelial layer. Other abbreviations as in Figure 1.
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FIG. 1. Schematic diagram of the Nppa-Cre construct. The nlsCre fragment containing a nuclear 
localization signal and a consensus Kozak signal was inserted into the start codon of the Nppa gene. 
The 0.7 kbp proximal promoter that is sufficient to drive expression in both atria and ventricles of the 
developing heart (green) and the NRSE (red) are indicated. S: SpeI; H: HindIII (A). Cre recombinase 
activity in Nppa-Cre / R26R double heterozygous mice of three different transgenic lines visualized in 
whole mount heart-lung preparations of young adult mice. All three lines showed Cre-recombination 
indicated by b-galactosidase activity specifically in the atria. Lines 1 and 4 additionally show some 
recombination in the ventricles (B). LA, left atrium; RA, right atrium, LV, left ventricle; RV, right ventricle; 
PT, pulmonary trunk; AO, aorta; Lu, lung, WT, wild type. 
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FIG. 2. Cre recombinase activity in Nppa-Cre / Z/EG double heterozygous embryos. Panel B shows the 
fluorescence in the embryo of panel A. EGFP fluorescence was visible in the atria whereas the rest of 
the embryo only showed auto-fluorescence (A, B). Cre-dependent EGFP activity was only observed in 
the atria and inflow tract (C, D). Also Nppa-Cre4 shows Cre-mediated recombination predominantly in 
the atria and inflow tract, and limited recombination in the ventricles (E, F). H, heart; LA, left atrium; RA, 
right atrium; LV, left ventricle; RV, right ventricle; OFT, outflow tract; LSH, left sinus horn; RSH, right sinus 
horn.
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FIG. 3. Cre activity in the Nppa-Cre3 line is first visible at E10.5 in the developing heart in the atria and 
to a lesser extent in the left ventricle. No recombination was observed in the atrioventricular canal, in the 
outflow tract, or outside the heart during development (A-C). Recombination by Cre was observed in the 
atria and only very limited in the ventricles (D). X-gal staining is also present in the inflow tract. Scale 
bar=0.1mm (F, G). Cre mediated recombination occurs selectively in the myocardium (brown staining) 
whereas the endocardium and the epicardium remained free of X-gal staining (E). Myocardium was 
detected with an antibody to SERCA2a (E, brown color). H, heart; LA, left atrium; RA, right atrium; LV, left 
ventricle; RV, right ventricle; OFT, outflow tract; PA, pharyngeal arch; My, myocardium; En, endocardium; 
Ep, epicardium; IFT, inflow tract, LSH, left sinus horn; VV, venous valve. Scale bar = 0.1 mm.
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Figure 1.
Onset of Cre recombinase mediated activity of LacZ in Nppa-Cre/R25R double heterozygous mice. 
b-galactosidase positive cells are detected selectively in the myocardium of the atria already at E10.5 
(arrows A-C) and not in the atrioventricular canal (arrowheads C). Massive recombination is observed at 
E11.5 (D). A indicates atrium; H, heart; L, Limb; PA, pharyngeal arches; SH, sinus horns; V, ventricle; LV, 
left ventricle; RV right ventricle; oft, outflow tract.
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Figure 2.
In vivo labeling of the atrial myocardium. Serial sections of an E12.5 NppaCre / R26R mouse heart 
(A-E) stained as indicated.  X-gal staining was observed in the myocardium of the atria (A, D) in a 
pattern complementary to that of Tbx3 (B) and similar to that of Cx40 (E). cTnI was used to detect the 
myocardium (C). Comparable sections of E12.5 wild type embryos show that the pattern of Hcn4 (F) is 
complementary to Cx40 (G). Bars = 100 mm. RSCV indicates right superial caval vein; RA, right atrium. 
Other abbreviations as in Figure 1.



Figure 3.
Fate of the atrial myocardial lineage. Serial sections of an E17.5 Nppa-Cre / R26R mouse heart stained 
as indicated (A-E). The b-gal activity (A, C and D) is very similar to that of Cx40 (B, E). Comparable 
sections of wild type hearts at E16.5 show that the pattern of Cx40 (F) is strictly complementary to that of 
Hcn4 (G).  The adult hearts stained for b-gal activity show a sharp border between the lacZ positive atrial 
myocardium and the sinoatrial node as defined by the lack of expression of Cx43/Nppa (H, K). The pattern 
of LacZ is similar to the pattern of Nppa (I, L) and Cx43 (J). 

180  |  Chapter 5



Figure 4.
Detection of PCNA positive cells in the developing sinoatrial node region. Serial sections of an E11.5 
wild type hearts stained as indicated in the sinoatrial node region (arrow in A). Panel B shows PCNA 
staining in the myocardium of the ventricles. Sections of an E16.5 embryonic mouse heart stained for 
PCNA (C,F). Adjacent sections were stained for Cx40 (D, G) and Hcn4 (E, H) to detect the sinoatrial node 
region.  Note the low level of PCNA expression in the AVN (I and J) and the high level of staining in the 
compact myocardium (B). Bars = 100 mm. AVN indicates atrioventricular node. Other abbreviations as 
in Figure 1.
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Figure 5.
Detection of Phospho-Histon H3 shows proliferation in the sinoatrial node region during development. 
Phospho-Histon H3 positive cells were detected at E12.5 (arrows in A) and E17.5 (arrows in E). Serial 
sections were stained for Hcn4 (B,F) to detect the developing sinoatrial node region. More frequent 
Phospho-Histon H3 labelling was detected in the myocardium of the ventricles at E12.5 (C) and the atria 
at E17.5 (D). Bars = 100 mm. Other abbreviations as in Figure 1.
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Figure 6. 
Cell counting of the sinoatrial node in the developing embryonic heart. Sections were stained with 
haematoxyline to count cells at E12.5 (A) and E17.5 (C). The myocardium in which the sinoatrial node 
develops is stained for Hcn4 at E12.5 (B) and 17.5 (C). Bars = 100um. Other abbreviations as in Figure 1.
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Figure 7.
Two models for development of the cardiac sinoatrial node. A. Model 1: the cardiac conduction system 
develops by progressive and localized recruitment of multipotent cardiomyogenic cells to the developing 
network of specialized cardiac tissues. B. Model 2: the sinoatrial node develops from outgrowth from 
a prespecified precursor pool of myocardial cells which proliferates to gain size. Already very early in 
development there is early specification and segregation of the sinoatrial mode lineage from the atrial 
myocardial lineage.
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