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English Summary

A substantial number of children is born with congenital heart malformations. 
The spectrum of these malformations is great, ranging from small muscular septal 
defects to gross structural abnormalities. Congenital heart malformations originate 
from errors that occur during embryonic development. Therefore, knowledge of the 
mechanisms of cardiac development is of great importance for understanding the 
basis of congenital heart disease. Heart development is complex and  occurs within 
a rapidly changing and intricate three-dimensional context. Therefore, the growing 
body of mechanistic data regarding heart development can only be fully interpreted 
if also placed within this rapidly changing three-dimensional context. Generation of a 
clear image of this context is traditionally hampered by presentation of either single 
sections, or schematic illustrations. 
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This thesis attempts to clarify the growth of early embryonic heart using three-
dimensional reconstructions to communicate cardiac morphogenesis. Furthermore, 
to gain insights into local proliferation new methods of combining three-dimensional 
(3D) reconstructions with local information on proliferation rates were developed, 
and applied to chicken and mouse heart development. 

In chapter 1, we present excerpts of important embryological studies of the pioneers 
of experimental cardiac embryology of the previous century and relate these insights 
from the past with current observations. For instance, it was recently firmly established 
that the early heart tube gives rise to the left ventricle only, and that the remainder 
of the myocardium is recruited from surrounding mesoderm during subsequent 
development. Also, the cardiac chambers were shown not to be derived from the 
entire looping heart tube, but only from the myocardium at its outer curvatures. In 
this chapter we show that these recent insights could already be deduced from classic 
data.
 Chapter 2: due to the limited regenerative capacity of the adult heart, loss of 
cardiomyocytes leads to irreversible cardiac damage. To resolve this problem, many 
strategies to stimulate cardiac regeneration are under investigation. Translation of 
developmental processes might offer inroads into the development of such strategies 
to repair the adult damaged heart. Most cells of the adult four-chambered heart are 
derived from myocardial, endocardial, and epicardial cells, present at embryonic day 
10 in mouse and day 24 in human. These three cell types are intimately associated 
and their interactions result in a highly coordinated pattern of proliferation and 
differentiation of the developing heart. In this chapter we shortly describe the 
proliferation and differentiation of the embryonic myocardium, starting at early 
heart-field stages and ending at the 4-chambered heart. We will give an overview 
of processes and factors that are involved in the development of the myocardium, 
endocardium and epicardium and the cells that are derived from these lineages.
 Chapter 3 describes the techniques used for the quantification and 
visualization of proliferation rates presented in this thesis. Volume growth and 
proliferation are key processes in heart morphogenesis, yet a clear image of their 
regionalization during development of the heart is lacking. To study the contribution 
of cardiomyocyte proliferation to heart development, a quantitative reconstruction 
method was developed, allowing the local mapping of this morphogenetic process. 
First, a morphological surface reconstruction is made of the heart, using sections 
stained specifically for cardiomyocytes. Then, by a comprehensive series of image 
processing steps, local three-dimensional (3D) information of proliferation is obtained. 
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These local quantitative data are then mapped onto the morphological surface 
reconstruction, resulting in a reconstruction that not only provides morphological 
information (qualitative), but also displays local information on proliferation rate 
(quantitative). 
 In chapter 4 the methods described in the previous chapter are expanded to 
allow the calculation and visualization of actual cell-cycle lengths. Organ development 
is a complex spatial process in which local differences in cell proliferation rate play a key 
role. Understanding this role requires the measurement of the length of the cell cycle 
in every 3D position within the developing organ. Measurement of cell-cycle lengths 
can be accomplished by exposing tissue to two different thymidine analogues for two 
different durations. The current application shows clear heterogeneity in cell cycle 
lengths in different parts of the developing heart. Our method is the first that enables 
the study of local cell cycle parameters in single specimens in a 3D context. It can be 
applied in a wide range of research fields ranging from embryonic development to 
tissue regeneration and cancer research.
 Chapter 5 clarifies, using 3D reconstructions, the complex morphology 
of the normal formation of the venous pole of the heart. Knowledge of the normal 
formation of the heart is crucial for the understanding of cardiac pathologies and 
congenital malformations. Many malformations occur at the venous pole of the heart, 
involving the pulmonary and systemic veins. Development of the pulmonary vein 
and the sinus venosus is subject to longstanding debate. To facilitate understanding, 
we present a 3D study of the developing venous pole in the chicken embryo, showing 
our results in an interactive fashion, which permits the reader to form an independent 
opinion. We clarify how the pulmonary vein separates from a greater vascular plexus 
within the splanchnic mesoderm. The systemic venous sinus, in contrast, develops at 
the junction between the splanchnic and somatic mesoderm. We discuss our model 
with respect to normal formation of the heart, congenital cardiac malformations, and 
the phylogeny of the venous tributaries.
 In chapter 6 we study increase in cell size and proliferation of myocytes, both 
key processes in cardiac morphogenesis, yet their regionalization during development 
of the heart has been described only anecdotally. Quantitative 3D reconstructions 
were made of embryonic chicken hearts ranging in development from the fusion of 
the heart-forming fields to early formation of the chambers. These reconstructions 
reveal that the early heart tube is recruited from a pool of rapidly proliferating 
cardiac precursor cells. The proliferation of these small precursor cells ceases as they 
differentiate into overt cardiomyocytes, producing a slowly proliferating straight 
heart tube composed of cells that increase in volume. The largest cells were found 
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at the ventral side of the heart tube, which corresponds to the site of the forming 
ventricle, as well as the site where proliferation was shown to reinitiate. 
 In chapter 7 we further investigated proliferation during early chicken heart 
formation. Firstly, we determined the cell cycle length of primary myocardium of the 
early heart tube to be 5.5 days, showing that this myocardium is non-proliferating 
and implying that initial heart formation occurs solely by addition of cells. In line with 
this, we showed that the heart tube rapidly lengthens at its inflow by differentiation of 
recently divided precursor cells. To track the origin of these cells, we made quantitative 
3D reconstructions of proliferation in the forming heart tube and the mesoderm of its 
flanking coelomic walls. These reconstructions showed a single, albeit bilateral, center 
of rapid proliferation in the caudomedial pericardial back wall. Cell tracing showed 
that cells from this caudal growth center, besides feeding into the venous pole of the 
heart, also move cranially via the dorsal pericardial mesoderm and differentiate into 
myocardium at the arterial pole. Inhibition of caudal proliferation indeed impairs the 
formation of both the atria and the right ventricle. These data show how a proliferating 
growth center in the caudal coelomic wall elongates the heart tube at both its venous 
and arterial pole, providing a morphological mechanism for early heart formation.
 In chapter 8 we present an in-depth overview of the growth of the early 
mouse heart. Much of our current knowledge on cardiac development is derived from 
the mouse model, permitting molecular analyses along with genetic lineage tracing 
in the mammalian heart. Such studies can only be fully exploited when supplemented 
with a clear insight into the growth of the mouse heart, which is currently lacking. 
Therefore, we assessed the patterns of proliferation in the forming mouse heart and 
in its adjacent splanchnic mesoderm, known to contribute to the forming heart. 
To contribute to the 3D insight of early mouse heart, a series of morphological 
reconstructions is presented. As in chicken, we show that the splanchnic mesoderm is 
highly proliferative and that upon recruitment to the cardiac lineage the proliferation 
rate drops. Proliferation locally increases at the sites of chamber formation, generating 
heterogeneous patterns of proliferation. Further quantitative analyses show a gradual 
decrease in proliferation rate of the ventricular walls with progression of development, 
and a base-to-top decline in proliferation in the trabeculae. Comparison between 
the left and right sides of the heart tube imply differential addition of cells to the 
myocardial lineage as a cellular mechanism of rightward looping. 
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Taken together, the work presented in this thesis adds to an understanding of cardiac 
growth and forms a comprehensive spatiotemporal description of the development of 
the heart. A mini-disc containing interactive versions of most of the 3D reconstructions 
presented in the above mentioned chapters is added to this thesis. The reader is 
encouraged to use these interactive reconstructions to form a comprehensive spatial 
image of cardiac morphogenesis.




