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Scope

Of all life-births, 0.6% is accompanied by moderate to severe congenital heart 
malformations; 2% if potentially serious cases of bicuspid aortic valves are included. 
These high incidences still exclude congenital arrhythmias, “trivial” defects (such as 
self-limiting septal defects), and cardiomyopathies that present later in life [1]. Of 
this high number of children born with congenital heart disease (CHD), many require 
expert care and, not infrequently, multiple operations. They experience a life-time 
hindrance of normal-day activities, and normal personal development is impaired. It 
is easy to imagine that CHD has a major impact on both patient (the child) and his or 
her family. 
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Congenital heart disease originates 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. Such 
understanding is a firm prerequisite for development of eventual treatments of CHD. 
Even more, the mechanisms of cardiac development are also of interest for adult 
cardiac disease [2]. Given the inability of adult myocardium to sufficiently divide 
and thus regenerate new muscle after damage, many researchers are studying the 
mechanisms of embryonic growth to translate these findings to new regenerative 
strategies.
 The heart is the first organ to become functional during embryonic 
development. At 3 weeks in human, 7 days in mouse, and 2 days in chicken 
development, sheets of mesodermal cells differentiate into cardiac muscle. By folding 
and fusion of the mesoderm a tube-like structure is formed, which starts to pump 
soon after its formation. This pumping occurs in a peristaltic fashion and is always 
initialized at the venous inlet of the heart [3,4]. As the vascular system develops in 
connection with the heart, a unidirectional flow is established, by which the forming 
blood cells from the blood islands that cover the yolk sac are distributed throughout 
the embryo. This vascular transport system supplies the embryo with nutrients, which 
it needs to grow. 
 The heart starts as a simple sluggishly pumping tube, composed of primary 
myocardium which is slow conducting and poorly contractile. As the heart grows and 
lengthens, the ventral aspect of the straight heart tube rotates towards the right and 
the heart loops [5]. At the outer curvatures of the looped heart, primary myocardium 
will locally differentiate into the “working” myocardium of the cardiac chambers 
(Figure). This working myocardium upgrades its contractile apparatus [6], allowing for 
stronger contraction. The conduction velocity is also increased by local expression 
of fast-conducting gap-junctions (review: [7]). Remaining poorly differentiated, or 
“primary”, myocardium is located as zones flanking the forming chambers. These 
regions of primary myocardium are connected via the inner curvatures of the heart, 
and are located at the atrioventricular canal, the atrial floor, and the outflow tract. 
They remain slow conducting and function as sphincter-like valves [8]. 
 As the heart develops further, septation occurs to serve the forming 
parallel circuits of the pulmonary and systemic circulation. This division occurs by a 
combination of muscular septation, and division of non-muscular cushion tissue in 
the atrioventricular canal and the outflow tract. In the end, a four chambered heart 
is generated with a concordant attachment of the respective left and right atria 
and ventricles, so enabling the function of the separate systemic and pulmonary 
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circulatory circuits. Remaining primary myocardium will differentiate in the sinu-atrial 
and atrioventicular nodes, whereas fast conducting purkinje fibers form along the 
ventricular septum and trabeculae [9]. 
 The last decades, insight into the molecular mechanisms of normal and 
abnormal development of the heart has increased exponentially [10,11]. An example 
of such a recent insight is the finding that certain T-box transcription factors locally 
inhibit chamber differentiation, thereby retaining primary myocardium in a poorly 
differentiated state and even forcing it to develop into nodal tissue (review: [9,12]). 
Another example is the significant shift in paradigm caused by molecular evidence 
that addition of precursor cells to the myocardial lineage is a mayor parameter of 
cardiac growth [13-18]. 
 The morphogenesis of the heart is complex and occurs rapid. Therefore, 
molecular mechanisms that control heart development can only be fully exploited 
if also placed within this rapidly changing three-dimensional context. Furthermore, 
absence of a clear spatiotemporal image of cardiac morphogenesis, potentially 
leading to discussions based on differences in interpretation, rather than observation. 
Complicating the formation of such an image is that communication of the intricate 
morphogenesis of the heart mostly relied on the presentation of single sections or on 
schematic illustrations. Also, prior to the work presented in this thesis, basic knowledge 
on local proliferation during cardiac development, an important parameter of growth, 
was scarce and conflicting. For instance, both rapid [19] and slow [20] proliferation 
was concluded to be the mode of growth in the early heart.
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Focus of this thesis
This thesis attempts to clarify the growth of early embryonic heart by using three-
dimensional (3D) reconstructions to communicate intricate morphological changes 
during cardiac development. Furthermore, to gain insight into local cardiac 
proliferation new methods of combining 3D reconstructions with local information on 
proliferation rates were developed, and applied to chicken and mouse development. 

In chapter 1, we review classic morphological studies and combine these, now often 
forgotten, findings with recent data on cardiac development. This review shows 
that current concepts of cardiac development are not new, and could have been 
deduced from classic literature. In chapter 2 a review is given of the proliferation, 
differentiation and lineage separation of the cell types of the developing heart. 
Chapter 3 describes the development of the techniques used for the quantification 
and visualization of proliferation rates as they are presented in this thesis. The method 
uses a 3D matrix to determine local BrdU-labelled nuclear fractions (an established 
measure of proliferation rate). Such fractions are then mapped onto morphological 
reconstructions, resulting in a quantitative 3D reconstruction of proliferation rate. In 
chapter 4 the methods described in the previous chapter are expanded enabling the 
calculation and visualization of actual cell-cycle times. This was accomplished by the 
use of two different halogenated thymidine analogues (IdU and CldU) with different 
exposure times. Per location in the embryonic heart, the two different labeling indices 
can then be converted into a local cell-cycle length. Chapter 5 clarifies, using 3D 
reconstructions, the complex morphology of the normal formation of the venous 

Schematic illustration of formation of the four chambered heart by local differentiation of the early heart 
tube. Straight tube: oft – outflow tract, v – primary ventricle. Looping tube: oft – outflow tract, rv – right 
ventricle, lv – left ventricle, ra – right atrium, la – left atrium. Septating heart: ra – right atrium, la – left 
atrium, av-canal – atrioventricular canal, lv – left ventricle, rv – right ventricle. 4-chambered heart: vcs 
– vena cava superior, vci – vena cava inferior, san – sinu-atrial node, ra – right atrium, la – left atrium, avn – 
atrioventricular node, rv – right ventricle, lv – left ventricle, his/purkinje – his bundle / purkinje fibers.
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pole of the heart, leading to insights into the highly variable spectrum of abnormal 
pulmonary venous return. In chapter 6 we apply quantitative 3D reconstructions to 
a series of chicken embryos and show that the early tubular heart forms its chambers 
by a local increase in proliferation, which is preceded by a local increase in myocardial 
cell volume. In chapter 7 we proceed to calculate the proliferation rate of the forming 
ventricle in chicken, and show that this is a very rapidly proliferating structure with 
a doubling time of 8.5 hours. In contrast, we show that the early straight heart tube 
does not proliferate (having a doubling time of 5.5 days), but nevertheless grows 
rapidly. We then show that the precursors of this early heart originate from a single 
pool of cells, and that these precursors are added to both the inflow and the outflow 
of the developing heart. When proliferation is locally inhibited in the proliferative 
growth zone, cardiac defects occur at both the inflow and the outflow pole of the 
heart. In chapter 8 we present a comprehensive overview of the growth of the early 
mouse heart. We clarify the difficult morphology of the mouse heart and show that, 
unlike chicken development, many development processes occur simultaneously. 
Nevertheless, proliferation is shown to drop upon initial myocardium formation, and 
to increase with differentiation into chamber myocardium. Further quantification 
of general and trabecular cardiac growth, along with an overview of the patterns of 
proliferation almost spans the entire gestational period of mouse development. 

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.
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Chapter 1

Current Concepts of Cardiac Development in Retrospect

Gert van den Berg, MSc and Antoon FM Moorman, PhD

Pediatric Cardiololy. 2009 Jul;30(5):580-7

Abstract
Recent research, enabled by powerful molecular techniques, has revolutionized 
our concepts of cardiac development. It was 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. Intriguingly, 
many years ago, classic experimental embryological studies reached very similar 
conclusions. However, with current scientific emphasis on molecular mechanisms, old 
morphological insights became underexposed. Since cardiac development occurs in 
an architecturally complex and dynamic fashion, molecular insights can only fully be 
exploited when placed in a proper morphological context. In this communication we 
present excerpts of important embryological studies of the pioneers of experimental 
cardiac embryology of the previous century, to relate insights from the past to current 
observations.
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Introduction
The introduction of molecular techniques to developmental biology has greatly 
empowered research on cardiac development and has lead to some important 
shifts of paradigm. For instance, it is now firmly established that the initially formed 
heart tube does not contain all prospective cardiac chambers, but that it is mainly 
fated to become the left ventricle, while the remainder of the myocardium is added 
during subsequent development (Figure 1) [1]. Furthermore, the cardiac chambers 
were shown not to originate from circumferential segments around the early straight 
tubular heart, but to balloon out from the outer curvatures of the looping heart 
tube [2]. Remarkably, traditional morphological embryology, relying on limited 
experimental techniques, reached very similar conclusions, as we will show in a few 
examples. 

Figure 1: Changing view of cardiac development. The left illustration shows a heart tube as it was 
previously often depicted: the straight heart tube containing all cardiac compartments as circumferential 
segments. The right illustrations show the straight heart tube with its revised fate: only precursors of the 
future left ventricle are present. The hatched lines indicate the endocardial cell layers. The continuous lines 
indicate the myocardial cell layers. Images are based on Patten and Kramer, 1933 [13].
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With the advent of molecular biology as a powerful and productive discipline in 
embryology, scientific emphasis became largely focused on cellular and molecular 
mechanisms that control the formation of the heart, while the morphological context 
of these processes became of lesser importance. Because the developing heart and its 
precursors rapidly transform in a spatially complex fashion, molecular data can only be 
interpreted in a proper 3D context. It is, therefore, disappointing that morphological 
insights of heart formation are hardly incorporated into current-day molecular 
research on cardiac development. The complexity of interpreting morphological data 
using traditional 2D approaches may be an underlying cause. Fortunately, novel 3D 
reconstructions and other visualization techniques can fill this gap [3].
 It is the goal of this manuscript to place the new concepts of cardiac 
development in the context of classic morphological and physiological insights. We 
will discuss excerpts of the meticulous work of pioneering researchers of cardiac 
development (namely, Bradley Patten, Robert DeHaan and Victoria de la Cruz) to 
investigate whether their views harmonize with recent insights and to explore if 
preexisting morphological insights can stimulate the formulation of new hypotheses.

Fusion of the vitelline veins forms the early heart
The current view on cardiac development is that the heart is formed by cells that 
originate from several embryonic fields [4]. Prior to this notion, however, only a single 
heart-forming region (HFR) was described [5,6]. The classic consensus of formation 
of the early heart tube from this HFR is depicted in Figure 2. With gastrulation, intra-
embryonic mesoderm is formed, which then separates into a splanchnic and somatic 
layer by formation of the coelomic cavity. The somatic mesoderm lines the ectoderm, 
and the splanchnic mesoderm lines the endoderm. Transplantation studies showed 
that the embryonic disc contains a left and a right heart-forming region in its 
splanchnic mesoderm.[5,6] Expression of important cardiac transcription factors such 
as Nxk2.5 [7], Gata4 [8] and e/dHand [9] underlines this cardiogenic capacity.
 The transformation of the HFR into a heart tube is morphologically complex. 
As illustrated by the transverse sections in Figure 2, lateral limits of the heart-forming 
regions luminize [10] and make endothelial cells [11]. This forming lumen is caudally 
contiguous with the vitelline veins, which cover the yolk sac. Cranially, the walls of 
these primitive vitelline veins will start to express sarcomeric proteins [10,12] and will 
fuse in the embryonic midline to form the embryonic heart tube [13-17]. Shortly after 
fusion, the ventral side of the heart tube starts to twitch [18], which is followed shortly 
by rhythmic peristaltic contractions originating from the venous pole [13,19].
The fact that cardiac and vessel precursors reside in neighboring developmental 
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Figure 2: Morphological changes during early heart development. The left column of illustrations 
shows how by folding of the embryo a foregut (show in green) is formed, and how the bilateral heart 
forming region (shown in grey) swing towards ventral and medial to progressively fuse in midline. The right 
column of illustrations shows schematic transverse sections of the changes that occur in the embryo during 
folding. (AIP - anterior intestinal portal, c.c. - coelomic cavity, dm - dorsal mesocardium, ectod - ectoderm, 
endod - endoderm, fg - foregut, HFR - heart-forming region, lat - lateral, med - medial, mesod - mesoderm, 
ng - neural groove, pbw - pericardial back wall, * - contact between endocardium and myocardium ) Images 
are based on Stalsberg and De Haan, 1969 [21] and De Jong et al, 1990 [10].
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territories was also found to be of importance for the molecular control of their 
development. Knock-down of scl or etsrp, transcription factors that promote vessel 
formation, enlarged the heart field and increased the number of cardiomyocytes of 
zebrafish embryos. Conversely, over-expression of these “vessel-genes” reduced the 
heart field and the number of cardiomyocytes [20].

Transformation of the Heart-Forming Region with Folding
A new and important concept in heart development are the proposed multiple heart-
forming fields. Cardiac precursors were shown to be added to both poles of the initially 
formed heart tube [1]. These precursors are thought to take origin from a second 
heart-forming field, primarily located in the coelomic wall that overlies the foregut 
[4]. In the previous century a large body of research was invested into the delineation 
of cardiac precursors within the embryonic disc, and into the transformation of 
these cells into the heart tube [5,6,21]. These studies, however, did not lead to the 
proposition of multiple heart-forming fields.
 As previously pointed out, an explanation for not describing a second source 
of cardiac precursors might lie in the inability to culture embryos up to stages when 
addition of cells to the heart was completed [22]. This experimental disadvantage has 
most likely hampered the observation of the full extent of the heart-forming region. 
Nevertheless, addition at both poles of the heart tube does occur during the time 
frame of culturing. De la Cruz et al excised the early heart tube of an embryo in culture. 
With culturing the pericardial cavity filled at both the venous and arterial pole with 
newly forming myocardium [23]. This indicates that addition from what is currently 
called the second heart-field could have been observed. Why it was not denoted as 
such may lie in the intricacy of the morphological transformations of the HFR during 
embryonic folding. 
 Folding can be regarded as the process by which both the cranial and lateral 
aspects of the embryonic disc bend inwards (Figure 2) [21]. By this process the foregut 
is formed as a pocket in the endoderm and the left and right HFR swing towards 
midline, thus forming the heart tube (Figure 2). Inspection of the morphogenetic 
transformation of the HFRs (sections in Figure 2) shows that the lateral parts of the 
heart-forming regions fuse and luminize to form the ventral aspect of the heart tube. 
The medial parts of the heart fields, however, remain to contact the endoderm and 
will become the pericardial back-wall. It is this back wall that is now said to contain 
the second heart field. The contact between the medial and lateral mesoderm can 
later be recognized as the dorsal mesocardium. After rupture of this mesocardium, 
the medial mesoderm only contacts the heart tube at its venous and arterial poles.
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These morphological details indicate that the original HFR is not the equivalent to 
the first heart-field, and contains (at least a part of ) the recently described second 
heart-field. In line with this notion, previous radio-labeling of one side of the “classic” 
HFR showed unilateral marking of the endocardium, the myocardium, and of the 
pericardial back wall [24]. Moreover, migration studies by Rosenquist and DeHaan 
already clearly showed that the original HFR contributes to both poles of the heart [6]. 

Developmental plasticity of the Heart-Forming Region  
A reason for classical embryologists not to segregate the HFR into more fields might 
be that they adhered to a stricter definition of an embryonic field. Such a field was 
defined to be an “area of tissue within which a certain process, such as [induction of 
an organ] occurs” [25]. In other words, cells within a limb-field are committed to form 
a limb, within an eye-field to form an eye, and within a heart-field to form a heart. 
Therefore, if one would propose multiple fields within the HFR this, by definition, 
would imply each proposed field to be committed to a specific fate. This, however, 
not appeared to be the case. 
 De Haan and co-workers transplanted tissue within the classic heart forming 
regions. In normal development, caudal tissue from the HFR forms myocardium that 
expresses an atrium-specific myosin and has a relatively high beat-rate, while cranial 
tissue will form ventricular myosin-expressing myocardium with a lower beat rate. 
Interestingly, relocated cells adapted to the phenotype of their new surroundings: 
cranial tissue increased in beat rate when grafted caudally, while caudal tissue 
gave rise to ventricular myosin-expressing myocardium after being placed cranially 
[26,27]. From these experiments DeHaan and coworkers concluded that “although 
pre-cardiac mesoderm is spatially organized to form particular cardiac tissues (...), the 
cells are not irreversibly committed (...) to a pre-determined pattern of physiological 
differentiation.” [28]. This argues against a subdivision of the original heart-forming 
regions into distinct fields.
 The current separation of the HFR into multiple fields has, however, proven 
to be useful. It has lead to knowledge of the molecular control of the formation of 
cardiomyocytes from precursors, which might be translated to regeneration-based 
therapeutics for heart disease. The underlying morphological mechanism of these 
observations might possibly be better explained otherwise. Classic studies support 
a model of a gradual formation of the heart from a single heart-forming region, 
which, with embryonic folding, is moulded in such a way that it can only add cells 
to the heart via its inflow and its outflow. The concept of just a single heart field is 
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also supported by recent observations showing that marker genes of the second 
heart-field are already expressed in the first heart-field [29-31]. Our own lineage and 
proliferation studies also indicate a gradual formation of the heart tube from a single 
focus of rapidly proliferating cells in the splanchnic mesoderm [32].

The fate of a gradually lengthening heart tube 
As a consequence of the ongoing recruitment to the heart the initially formed 
heart tube does not contain all prospective cardiac components. Recent data have 
shown that this early tube only gives rise to the future left ventricle [1]. An important 
parameter for the understanding of the growth of the heart tube is the regionalization 
of proliferation. In other words, is the inherent proliferation-rate of early myocardium 
sufficient to account for the growth of the heart? 
 Previous publications with respect to this subject are scarce and 
contradicting, stating slow [33] as well as rapid [34] proliferation of the early heart 
tube. However, novel developed techniques [35] have enabled us to show that newly 
forming myocardium of embryos of both chicken [32,36] and mouse [unpublished 
results] embryos does not proliferate. These studies further underline that early 
cardiac growth can only be achieved by recruitment of cardiomyocytes. This, and the 
notion of the left ventricular fate of the early heart, can also be deduced from classic 
observations, as we will show below.
 Figure 3 summarizes several experiments by De la Cruz et al [37-39]. The 
early heart was labeled at both its arterial and venous edges, i.e. at the pericardial 
reflections. The initially placed cranial label could be observed to move caudal. This 
movement was recently also observed in the developing mouse heart [40]. Further 

Figure 3: The fate of the early heart tube. A summary of experiments from De La Cruz, et al.[37-39] The 
early heart tube was labeled and reincubated. A) and B) show ventral views of a straight and looping heart 
tube, respectively. C) shows a right view of a chamber-forming heart, and D) gives a ventral view of a four-
chambered heart, showing the inflow of the left ventricle and the outflow of the right ventricle. (LA - left 
atrium, LV - left ventricle, PT - pulmonary trunk, RA - right atrium, RV - right ventricle)
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tracing such an early cranial label, showed its presence in the ventricular septum. This 
observation was confirmed by recent cell tracings at our lab [41]. A label placed in 
the outflow tract at a later stage ended up in the right ventricular free wall, showing 
that the right ventricle is formed by cardiomyocytes that are added to the heart at the 
arterial pole. At the venous pole, an early label could be traced to the left ventricular 
free wall of the four-chambered heart, while the later label was found in the left 
atrium, upstream of the mitral valve. So, these tracing-experiments not only show 
addition of myocardium at both poles of the heart tube, but also demonstrated that 
the initial tube is fated to become the left ventricle. 
 Because the heart tube is gradually formed by a caudal progression of the 
fusion of the left and right HFRs (Figure 2), the fate of a caudally placed label will 
depend on the time of placement. The initial point of fusion, however, will form the 
ventricular septum, as indicated by the earliest cranial label. Recent genetic lineage 
analysis in mouse, performed in our lab, reached a similar conclusion [42].

Chamber formation: the ballooning model
In the previous paragraphs we discussed that not all cardiac chambers are present in 
the myocardium of the early heart tube. Further complicating the concept of heart 
development is that not all myocardium of the growing heart tube will form chambers. 
Although often schematically represented, the chambers do not differentiate as 
circumferential segments along the length of the heart tube, but rather as modules 
perpendicular to the axis of the looping heart tube. This mechanism of heart 
development was dubbed the ballooning model [2]. Although conceptually more 
complex than most schematics, the ballooning model offers an excellent example 
of how a morphological model can lead to the unraveling of molecular mechanisms 
underlying heart formation. 
 Apart from displaying slow proliferation, newly formed myocardium is also 
poorly differentiated. It has underdeveloped sarcomeres and is weakly electrically 
coupled, leading to a sluggishly contracting tube. The phenotype of this myocardium 
resembles the nodes of the adult conduction system [2]. During development, a 
subset of the heart tube further differentiates into the working myocardium of the 
chambers. This process initiates specifically at the outer curvature of the looping heart 
tube [43,44]. Why this process initiates at this location might be explained by the local 
intimate association of the endocardium and myocardium. 
As illustrated in the sections of Figure 2, the fusion of the primitive vitelline veins 
occurs in the ventral midline of the embryo. With this fusion, the endothelial layers 
also adjoin ventrally, where they contact the forming myocardium. In the heart, the 
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endothelial cell-layer is called the endocardium. With looping of the heart tube, 
the contact between endocardium and myocardium becomes located at the outer 
curvature. It has recently become clear that Notch-signaling from the endocardium 
causes the myocardium to trabeculate [45], a hallmark of ventricular differentiation 
and only occurring at the outer curvature. Notch signaling depends on cell-cell 
contact, thus limiting this mechanism to the outer curvature.

Figure 4: The ballooning model. A reconstruction of Cx40 expression (shown in blue) in the heart of a 
mouse at ED 9.5. Panel A shows the entire reconstruction; in panels B, C and D the OFT is removed. (AVC 
- atrioventricular canal, IC - inner curvature, LA - left atrium, LCV - left caval vein, LV - left ventricle, OFT - 
outflow tract, PhAA - pharyngeal arch arteries, RA - right atrium, RCV - right caval vein, RV - right ventricle).
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Recent work from our lab showed that, prior to trabecularization, myocytes of the outer 
curvature of the looped heart enlarge in volume and then reinitiate proliferation [36]. 
This observation may suggest that cell-size controlled pathways might be important 
for myocyte proliferation and concomitant differentiation. At the proliferating outer 
curvatures, the myocardium also shows a local increase of conduction velocity [46], 
coinciding with the initiation of expression of Gap-junctional proteins, such as Cx40 
(Figure 4). Also, the contractile apparatus of the chambers further develops at the 
outer curvatures [43]. Myocardium of the inner curvature, the atrioventricular canal 
and the outflow tract remains poorly differentiated, resembling nodal myocardium. 
 The inner/outer curvature differentiation of the heart tube is tightly regulated 
by T-box transcription factors [47]. Tbx2 and Tbx3 were found to be specifically 
expressed in the above described underdeveloped regions of the heart tube. Over-
expression of Tbx2 in mice resulted in a failure of chamber differentiation [48]. Tbx3 is 
closely related to Tbx2 and is expressed in the developing conduction system of the 
heart [49]. Ectopic expression of this transcriptional repressor in working myocardium 
of the atria provoked an up-regulation of sinus node specific genes. Moreover, 
electrophysiological analysis of these atria showed ectopic nodal tissue [50].  
 The ballooning model is based on the recognition that cardiomyocytes of 
the initially formed heart tube resemble the nodes of the adult conduction system. 
The notion that, after looping of the heart tube, this phenotype is retained at the 
inner curvatures was supported by the observation that transcriptional repressors 
were expressed at the inner curvatures. These observations, and further functional 
analyses, provided insights into the formation of the sinus node which may offer 
clinical inroads regarding the development of bio-artificial pacemakers [50].
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Conclusion
The ballooning model shows that the integration of morphological and physiological 
insights with recent molecular findings can lead to the unraveling of developmental 
mechanisms. Unfortunately, these old insights seldom are combined with current 
research on cardiac formation from precursors. The view that classic embryologists 
had of the developing heart is strikingly similar to the currently proposed models. 
This is nicely illustrated by a quote from an article by Bradley Patten from 1933: “The 
tubular heart is not formed all at once. (..) We must clearly recognize the fact that the 
part of the heart which we know in comparative anatomy as the sinus venosus is not 
established until after the ventricle and the atrium have been formed.” [13].
 Although lacking the power of molecular techniques, classic experiments 
have resulted in solid insights into the development of the heart, which are still 
proving to be valid. It is therefore worthwhile to incorporate molecular observations in 
a morphological frame-work, rather than using such observations for the postulation 
of new models of heart formation. 
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Introduction
Due to the limited regenerative capacity of the adult heart, loss of cardiomyocytes 
leads to irreversible cardiac damage. For instance, heart muscle that is lost after 
a myocardial infarction is replaced by fibroblasts, which will form a fibrotic scar. 
This scar warrants the structural integrity of the damaged cardiac wall, but also 
predisposes for arrhythmias [1] and does not contribute to the cardiac output. 
Subsequent hypertrophy and dilation of the heart progresses into congestive cardiac 
failure. To resolve this problem, many strategies to stimulate cardiac regeneration are 
under investigation. A challenge of current cardiac developmental biology is to offer 
inroads into the development of new strategies to stimulate myocardial growth and/
or differentiation, to repair the damaged heart. 
 Many processes that occur during cardiac development, if re-activated, 
could be of great importance to the repair of the adult failing heart. These processes 
comprise the differentiation of mesodermal cells into myocardium [2], the re-initiation 
of proliferation of the forming myocardial chambers [3], and the diversification of 
cardiomyocytes into the components of the conduction system and the chambers 
[4]. Another important process is the separation of the distinct cardiac lineages, such 
as cardiomyocytes and cardiac fibroblasts, from the same precursor pool [5,6]. 
 The non-myocardial cells that reside in the heart might be interesting with 
respect to the development of new regenerative strategies. Although cardiomyocytes 
make up the bulk of the myocardial volume, the non-myocytes are the most numerous 
cells. In the adult heart 30% of the cells are cardiomyocytes, while the remaining 
70% of the cells are non-myocardial [7]. These non-myocardial cells comprise the 
endocardium, the endothelium and the smooth muscle cells of the coronary vessels, 
the epicardium, cells present in the valves, and the cardiac fibroblasts [8]. Except for 
the endocardial cells, these cells have not always been present in the heart, but were 
added, during development, via the pro-epicardium [9-12]. 
The pro-epicardium is a villous structure that is formed at the inflow of the heart, at 
9.5 days of development in mice and 22 days in humans (Carnegie Stage 10). Until this 
stage, the heart tube lays naked within the pericardial cavity (figure 1). Pro-epicardial 
cells protrude into the pericardial cavity and attach to the tubular heart, where they 
spread over the myocardium, to cover the heart with an epicardium. From this stage 
onwards the heart thus contains an endocardial inner layer, an epicardial outer layer 
and a myocardial layer in between (figure 1). During further development, these 
three layers will contribute to almost all cell types that are present in the adult heart. 
Besides the cells derived from these layers, some additional cell types will be added to 
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the heart. Firstly, mesenchymal cells at the systemic inflow and around the pulmonary 
veins will differentiate into myocardium [13,14]. Secondly, neural crest-derived cells 
will populate the heart at various sites  [15]. And finally a small contribution of 
hematopoietic cells to the heart has been reported [16]. 
 Nonetheless, most cells of the adult four-chambered heart are derivatives of 
the myocardial, endocardial, and epicardial cells, present at day 10 in mouse and day 24 
in human. These three cell types are intimately associated with one another and their 
interactions result in a highly coordinated pattern of proliferation and differentiation 
of the developing heart. Insights into these processes undoubtedly will lead directly, 
or indirectly, to novel hypotheses on how to approach cardiac regeneration. 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 derivatives of these lineages. For more detailed information regarding embryonic 
heart formation the reader is referred to other textbooks and reviews [4,9,17-19].
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separated by cardiac jelly. The primitive heart tube still lies naked within the pericardial cavity. At 9.5 days of 
development, epicardial cells are added to the developing heart via a structure called the pro-epicardium, 
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Myocardium
Formation of the early heart tube
After gastrulation, the flat embryo consists of three germ layers. These are, going from 
ventral to dorsal, the endoderm, mesoderm, and ectoderm. The mesoderm separates 
into a somatic and a splanchnic layer by the formation of the coelomic cavity. It is the 
initially flat splanchnic mesoderm, which faces the endoderm, that forms the primitive 
heart tube by several morphological transitions and differentiation steps (figure 2). 
Firstly, the splanchnic mesoderm starts to form the bilateral vitelline veins, which 
bulge out from the splanchnic part of the coelomic wall into the coelomic cavity. 
Then, by the process of folding, the cranial and the lateral aspects of the embryonic 
disc bend inwards. This forms the foregut as a pocket in the endoderm, and brings the 
left and right vitelline veins in the midline, where they fuse to form the primary heart 
tube. The mesodermal walls of the fused vessels have started to express sarcomeric 
proteins [20] and will, shortly after, initiate slow waves of peristaltic contractions, 
always starting at the venous pole of the heart [21]. Progressive folding and fusion of 
the vitelline veins lengthens the primary heart tube in the direction of its venous pole, 
while, at the same time, cells are also added to the arterial pole of the heart (Reviewed 
in: [22]).
 The myocardium of the early heart tube was previously reported to be 
slow-proliferating [23,24]. Recent work from our laboratory showed the myocardium 
of the early chicken heart to have a cell-cycle time of 5.5 days; therefore, this early 
cardiac tube should be considered a non-proliferating structure [25]. The number of 
cardiomyocytes within this early heart tube, however, was shown to increase rapidly 
during the same developmental time-frame [24]. These observations indicate that 
the early heart grows by addition of precursor cells to the myocardial lineage. The 
precursors that form the heart are currently attributed to two distinct developmental 
fields [26]. The so-called first heart-field is considered to give rise to the linear heart 
tube and to contain the precursors for the left ventricle and atrioventricular canal, 
while a second heart-field contains the precursors for the rest of the heart, added to 
both the venous and arterial pole of the heart. It needs to be noted that the distinction 
between a first and second heart-field is debated.
 For instance, the hallmarking gene of the second heart field, Islet1 [27], was 
recently found to be already expressed in the precursors of the primary heart tube 
[28]. Also, classic transplantation studies of the precardiac mesoderm argue against 
an early specification of the fate of subsets of this mesoderm [29]. The concept of a 
first and second heart field may therefore better be considered to be a working model, 
rather than a concept of two discrete embryological entities [30]. Our own studies 
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proliferation, while caudal mesoderm proliferates rapidly. At stage 9, fusion of mesoderm progressed in 
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of cardiac growth in chicken further underline this concept. Within the splanchnic 
mesoderm, outside the non-proliferating early heart tube, a single center of rapidly 
dividing cells was observed caudally and medially to the inflow of the heart tube 
(figure 3) [25]. This growth center dispatches cells laterally and medially. The lateral 
cells were added to the inflow pole of the heart, while the medial cells moved, via 
the pericardial back wall, to the arterial pole of the heart [25,31]. Recent observations 
further showed that cells from the second heart-field also contribute to extra-cardiac 
structures, such as mesenchyme within the aortic arches [32,33]. This indicates that 
the cells within this field do not have an exclusive cardiac potential, and harmonizes 
with the observation that the cells that lie even more medial to the proliferating 
growth center contribute to the pharyngeal arch mesoderm [31,34,35].
 Altogether, these observations strongly point towards a model in which 
the second heart-field should be considered to be a spatio-temporal separation of 
a greater heart-forming region within the splanchnic mesoderm. The lateral cells 
of this region are the first to exit the cell-cycle and will form the primary heart tube 
with folding, while the medial mesoderm continues to proliferate and gradually adds 
cells to both the inflow and outflow of the heart. Be that as it may, the notion that an 
extra-cardiac, heart-forming region provides the precursor cells for the forming heart 
could be of great clinical interest from the stance of cardiac regeneration. That is, if 
the factors that orchestrate this embryonic formation of heart muscle from an extra-
cardiac source of cells could also be employed in the adult, damaged heart.

Formation of the Cardiac Chambers and the Cardiac Conduction System
In the heart, different types of myocardium exist; most notably the working 
myocardium of the chambers, and the myocardium of the conduction system, such 
as the nodes and the bundles. For regenerative therapies it is of great importance to 
introduce the proper myocardial cell type at the right place in the heart. For instance, 
myocardial conduction cells are needed to repair the sinus node, while the same cells 
might lead to life-threatening arrhythmias when placed in the ventricles, trying to 
improve the pump function of the chambers after a myocardial infarction. Below we 
will discuss the formation of the chamber- and conduction myocardium during the 
development of the heart.
The tubular heart is a relatively undifferentiated structure, containing no chambers 
and propelling blood from its venous to its arterial pole in a peristaltic fashion. The 
phenotype of this myocardium is dubbed “primary” [4]. Primary myocardium displays 
low contractility, contains few sarcomeres, and expresses low-conductance gap-
junctions composed of Connexin (Cx) 45 and Cx30.3 [36], resulting in slow conduction 
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of the wave of depolarization. The phenotype of the myocardial cells of the tubular 
heart resembles that of the cells of the adult, so-called central conduction system, 
which comprises the sinus- and atrioventricular node. 
With progression of development, the straight heart tube will loop towards the right. At 
the so-created outer curvatures of the looped heart, cardiomyocytes locally reinitiate 
proliferation, resulting in the expansion of the future chambers.[24] The myocardium 
of the forming chambers not only starts to proliferate, but will also differentiate, 
as it increases its number of sarcomeres, starts to express high-conductance gap-
junction subunits like Cx40 and Cx43 [36], and its sarcoplasmic reticulum becomes 
functional [37]. The phenotype of this myocardium is called “working” myocardium 
[4]. The concept of local differentiation and expansion of the cardiac chambers at 
the outer curvatures of the looped heart tube, and local maintenance of nodal-like 
myocardium at the inner curvature, atrioventricular canal, and outflow tract is dubbed 
the ballooning model of chamber formation (figure 4) [4].
 The maintenance of the primary phenotype and the slow rate of proliferation 
is achieved by the action of the transcription factors Tbx2 and Tbx3 [38].  Tbx3 
is selectively expressed in the developing and mature conduction system [39]. 
Indeed, mature sinuatrial node cells resemble embryonic “primary” myocytes [4,40]. 
Intruigingly, deficiency of Tbx3 in the myocardium results in expansion of the 
expression of working myocardial genes (i.e. Cx40, Cx43, Nppa and Scna5a) into the 
sinus node domain [38]. Forced expression of Tbx3, on the other hand, results in ectopic 
development of functional pacemaker tissue and extended cushion formation [38] 
Not all cells that initially expressed Tbx2 or Tbx3 become conduction system. Tbx2-
positive atrioventricular myocardial cells of mice labeled between E8 and E9.5 not 
only give rise to the definitive atrioventricular node, but also to the adjacent working 
myocardium of the left ventricular free wall [41]. 
 The restriction of Tbx2, and possibly Tbx3, to the atrioventricular canal and 
the concomitant demarcation of the domains of primary and working myocardium 
is mediated by BMP-signaling. BMP2 is sufficient to activate Tbx2 and Tbx3 [42]. 
The absence of Tbx2 in the working myocardium is regulated by another T-box 
transcription factor; Tbx20. Tbx20 is required for the formation of the heart tube 
and the chambers [43]. Deficiency of Tbx20 leads to widespread ectopic expression 
of Tbx2 in the entire heart tube [44]. It has been shown that Tbx20 directly binds to 
Smad, thereby inhibiting the inductive signal downstream of BMP on the promoter of 
Tbx2 [45].
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The ballooning model of chamber formation shows how chambers and conduction 
myocardium develop from the primary heart tube by local transcriptional repression. 
Among others, this concept provided valuable insights into the molecular control of 
sinus node formation that may very well be translated to new techniques with respect 
to the development of bio-artificial pacemakers. So far we discussed the growth and 
differentiation of the myocardium in the developing heart. Below we will describe the 
differentiation and addition of the other cell types that are present in the adult four-
chambered heart.

Figure 4: The ballooning model. This figure shows a ventral view of a reconstruction of expression of 
Connexin 40, a marker of working myocardium, in a mouse heart of 9.5 days of development. Note how 
Connexin40 is only expressed in myocardium at the outer curvatures, while the primary myocardium at the 
inner curvatures remains devoid of expression. Panel A shows the entire reconstruction; in panels B, and C 
the OFT is removed. (AVC - atrioventricular canal, IC - inner curvature, LA - left atrium, LCV - left caval vein, LV 
- left ventricle, OC - outer curvature, OFT - outflow tract, PhAA - pharyngeal arch arteries, RA - right atrium, 
RCV - right caval vein, RV - right ventricle)
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Endocardium
Separation of endocardial and myocardial cells from the precardiac mesoderm
The first cardiac specification during development is the formation of pre-cardiac 
mesoderm from mesoderm. This pre-cardiac mesoderm then separates into the 
myocardial and endocardial lineage, occuring at 4 days of development in mice [46]. 
The differentiation of pre-cardiac mesoderm into these two lineages starts cranially 
[46], and induction of this cardiac gene program is regulated by paracrine signals from 
the endoderm and the ectoderm, like Activins [47], Bone Morphogenetic proteins 
(BMPs) [48,49], Fibroblast growth Factors (FGFs) [46,50], Wnts [51-53], and inhibitors 
of Wnts, like Dickkopf1 [54,55]. Members of the Transforming Growth Factor β (TGF 
β) family and Vascular Endothelial Growth Factors (VEGFs) induce the expression of 
endocardial genes [46]. 
 The signals necessary for differentiation of mesoderm into pre-cardiac 
mesoderm, and subsequent separation into endocardium and myocardium, are also 
utilized to direct embryonic stem cells into the myocardial and endocardial lineages [2]. 
The stimulating paracrine effect of endodermal cells during myocardial development 
is also applied in stem cell biology, where endoderm-like cells are used in co-culture 
with human embryonic stem cells to stimulate myocardial differentiation [56,57]. 
Development of cushion mesenchyme
In the linear heart tube the endocardial and myocardial layer are separated by 
cardiac jelly. Cardiac jelly is an extracellular matrix secreted by the cardiomyocytes. 
With ongoing development, the cardiac jelly further disappears in the regions where 
the atria and ventricles will develop. This allows for a direct contact between the 
endocardial and myocardial cells, leading to a fundamental different process in the 
atrioventricular canal and outflow tract, compared to the working myocardium of 
the chambers. Within the atrioventricular canal and the outflow tract, the cardiac jelly 
expands and becomes populated by mesenchymal cells [58-61].  
 The understanding of the contribution of specific cell lineages to the 
developing heart has benefited from the use of genetic labeling strategies in mice 
(figure 5) [62]. In this labeling strategy two mouse lines are interbred. In one mouse, 
the expression of a gene called Cre (Causes Recombination Event) is driven by a tissue-
specific promoter. The second mouse contains a reporter, i.e. β-galactosidase, driven 
by a ubiquitous promoter. The transcription of this reporter, however, is blocked by 
the presence of a stop-site, flanked by LoxP sites. Upon expression of Cre, the two 
LoxP sites recombine, resulting in a permanent removal of the stop-site. As a result the 
ubiquitous promoter now drives expression of the reporter gene. This genomic change 
is irreversibly inherited, and, consequently, all daughter cells will continue to express 
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the reporter, irrespective of the continuation 
of the expression of Cre. Subsequently, the 
lineage of recombined cells can be visualized 
by the expression of the reporter protein 
(Figure 5). The results obtained in these lineage 
tracing analyses depends on the promoter 
used to drive Cre, and on the sensitivity of 
detection of the reporter. A detailed discussion 
of the potential pitfalls of this system, however, 
falls beyond the scope of this chapter. 
 The contribution of endocardium-
derived cells to the heart has been investigated 
using Cre, driven by the Tie2 promoter, which is 
specifically activated in endocardium [63,64]. 
Endocardium-derived cells were found to 
materially contribute to almost all cells of the 
atrioventricular valves, the chordae tendineae, 
and to some cells of the semilunar valves [65]. 
The mesenchymal cells that populate the 
atrioventricular canal cushions are formed from 
the overlaying endocardium by a process called 
Epithelial-to-Mesenchymal-Transformation 
(EMT). During EMT, endocardial cells loosen 
their epithelial context and migrate into the 
cardiac jelly, thereby forming the cardiac 
cushion mesenchyme. BMP2, secreted by the 
atrioventricular canal myocardium, induces 
Notch2-positive endocardial subpopulation to 
undergo EMT [66]. TGFβ2 regulates loosening 
of this population from their epithelial context 
and their concurrent migration into the cardiac 
jelly (figure 6) [67-69].  
Figure 5: Cre-Lox lineage analysis Panel A illustrates two transgenic mice that are crossed in a Cre-Lox 
lineage analysis. In Mouse I, Cre is targeted into an endogenous gene of interest, or Cre is driven by a tissue 
specific promoter. Mouse II carries a ubiquitous promoter that does not drive expression of a reporter gene 
(here bGal) because of a stop sequence that is flanked by loxP sites. After breeding of mouse I and II, in 
their progeny the sequence between the loxP sites recombines wherever Cre is expressed. This deletes the 
stop sequence that prevents bGal expression. As a result, bGal is active in all cells in which Cre is, or once 
has been, expressed. bGal can then be visualized using a specific stain to show the lineage of the cells that 
expressed the Cre-coupled gene of interest. (See Fig. B and C)
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In the outflow tract cushions, initially, the majority of the mesenchymal cells are cardiac 
neural crest-derived [65,70-72]. Endocardium-derived mesenchymal cells, only have 
a small contribution to the proximal part of the outflow tract cushions [65,73]. In the 
proximal portion of the cushions, the neural crest-derived mesenchymal cells become 
dispersed and disappear by apoptosis. Concomitant with the observed apoptosis, the 
proximal outlet septum becomes populated by cardiomyocytes, both by migration of 
flanking myocardial cells, and by differentiation of mesenchymal cells into this region 
[74-77]. In the distal part of the outflow septum, the neural crest-derived cells remain  
in place and contribute to the intra-pericardial part of the aorta and the pulmonary 
trunk [15].  

Figure 6: Intercellular signaling of endocardial, myocardial and epicardial cells. At 
day 8.5 in mice, the cardiac jelly has disappeared in developing chambers of the heart. In 
the atrioventricular canal myocardium (gray), the transcriptional repressors Tbx2 and Tbx3 
are expressed, which is stimulated by the action of the growth factor BMP2. At 10 days of 
development, the cardiac jelly of the cushions of the atrioventricular canal become populated 
by mesenchymal cells derived from Notch2-positive endocardial cells (orange). In the cardiac 
chambers, the differentiation and proliferation of myocardial cells in the trabecules is stimulated 
via an interaction between endocardial and myocardial cells via Notch2-Delta4 signaling in the 
endocardium, which is stimulated via the receptor ErbB and the growth factor BMP10. The 
mesenchyme of the cushions of the atrioventricular canal has transformed into valves. At 14 
days of development, the epicardium (green) has covered the myocardium and has formed 
Epicardial Derived Cells (EPDCs).  Paracrine signals from the myocardium stimulate EPDCs 
to differentiate into cells of the coronary vessels and cardiac fibroblast. Via an intercellular 
interaction, cardiac fibroblasts stimulate cardiomyocytes of the compact zone to proliferate.
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The capacity of the adult endocardium to initiate EMT and produce mesenchymal cells 
was recently described. Upon pressure overload, induced by Trans-Aortic Banding, the 
adult endocardium (re-)initiated EMT, resulting in the formation of cardiac-fibroblasts, 
and leading to cardiac fibrosis [78]. This process could be inhibited by BMP7, and be 
stimulated by TGFβ1. Insight into this mechanism might be of importance for the 
development of a therapy for cardiac fibrosis, a major problem in cardiac disease.  

Interplay between endocardial and myocardial cells
Due to the absence of cardiac jelly in the atria and ventricles, a direct contact exists 
between endocardium and myocardium. This contact allows a cellular interaction, 
which is important in the initiation of differentiation of working myocardium, and, 
amongst others, is manifested by the formation of trabecules. In the endocardium, 
signaling via Delta4 and Notch1 is necessary [79]. Downstream of Delta-Notch1 
signaling, production of Neuregulin is activated in the endocardium. Neuregulin 
stimulates, via ErbB, differentiation and proliferation of myocardial cells, resulting in 
formation of the trabecules. In this process BMP10 is necessary for the proliferation of 
the myocardial cells that populate the trabecules (figure 6) [66]. 
 These signaling pathways form important inroads to develop strategies to 
re-initiate proliferation in the adult cardiomyocytes. Recently, it has been shown, 
in mice, that adult cardiomyocytes can be induced to proliferate by stimulation of 
neuregulin1/ErbB4 signaling [80].

Epicardium
Separation of the epicardial lineage from the pre-cardiac mesoderm
Although the pro-epicardium contributes to the majority of the non-myocardial cells 
of the adult heart, (pro-)epicardial cells, like myocardial cells, are derivatives of the pre-
cardiac mesoderm. Using the Cre-lox system in mice [5,81]. and DiI labeling in chicken 
[6] it was shown that pro-epicardial cells separate from the myocardial lineage. 
 (Pro-)epicardial and myocardial cells of the inflow are formed from T-box 
transcription factor (Tbx18)-positive cells directly adjacent to the heart.[6] Induction 
of Tbx18 and Wilms Tumor 1 (WT1), another transcription factor that marks the 
epicardium, in the pre-cardiac mesoderm is initiated by signals derived from the 
liver at stage 11 in chicken embryos [82]. Transplantation of the liver bud to another 
location in the mesoderm induced ectopic expression of Tbx18 or WT1 in the adjacent 
mesoderm, pointing to the hepatocytes of the forming liver as a potential source of 
the inducing factors [82]. The separation of myocardial or pro-epicardial cells from 
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this common precursor is regulated by an intracellular interaction between BMP- and 
FGF-signaling pathways [6]. In this process several EMT-related genes, like WT1 and 
Snail are activated [83,84]. Cellular polarity also plays a crucial role in the development 
of the pro-epicardium, as deletion of the mammalian homolog of the Caenorhabditis 
elegans polarity proteins, PAR3, results in defective epicardial development [85]. 
 In the pro-epicardium, at least two different cell types can be detected: 
mesothelial cells that cover the pro-epicardial villi, and, along with accumulations 
of extracellular matrix, mesenchymal cells within the villi. The epithelial cells contact 
the myocardium and, subsequently, migrate over the ‘naked’ heart tube to cover 
it entirely. Retinoic acid, its receptor RXRα [86-89], and genes involved in cell-cell 
interactions, like VCAM1 and α4-integrin are indispensable for the contact between 
the epicardium and myocardium [90,91], as well as for the migration of epicardial cells 
over the myocardium [92,93]. The transcription factors GATA4 and WT1 were shown 
to be important for the formation of the epicardium, as disruption of these genes 
resulted in aberrant formation of the pro-epicardium [94]. 

Development of the sub-epicardial mesenchyme
From 11.5 days of development in mouse, and 33 days in human, when the myocardium 
is largely covered with epicardial cells, a subset of epicardial cells undergoes EMT, 
leading to the formation of the so-called Epicardium Derived Cells (EPDCs). EMT in 
the epicardium starts at the base of the ventricles and proceeds towards the apex 
[95]. Like in endocardial cells, FGFs and TGFs stimulate EMT in the epicardium [12]. 
In mice deficient for the zinc-finger transcription factor, Friend of GATA 2 (FOG2), the 
epicardium does not undergo EMT. This process is rescued by transgenic expression of 
Fog2 in the myocardium, suggesting that signals from the myocardium are important 
in the regulation of epicardial EMT [96,97]. 
 EPDCs either reside within the subepicardial space or migrate into the 
myocardium. The Fibroblast Growth Factor Receptor type 1 (FGFR1) is indispensable 
for EPDC migration into the myocardium [98]. EPDCs contribute to the interstitial 
fibroblasts, the coronary vessels, and may have a contribution to the atrioventricular 
valves (Figure 1) [65,99,100]. In the adult situation, the accumulation of subepicardial 
mesenchyme has largely disappeared, except in the atrioventricular junction, thereby 
forming the annulus fibrosis, which is of major importance in the electrical insulation 
of the atria and ventricles. 
 From genetic lineage tracing analyses, using the promotors of both Tbx18 
and WT1, it was recently concluded that, during development, the epicardium 
significantly contributes to the myocardial lineage.  Seven to ten percent of the 
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cardiomyocytes, located within the interventricular septum and dispersed throughout 
the ventricular wall, were indicated to originate from the epicardium [81,101]. Tbx18, 
however, is not only expressed in the epicardium, but also becomes active in  the 
cardiomyocytes of the ventricular septum itself. Therefore, the concluded presence 
of epicardium-derived cardiomyocytes within the septum, traced using Cre under 
control of the Tbx18-promotor [101], was questioned, and recently disproven [102].  
Nevertheless, lineage-positive cardiomyocytes were also detected within other 
areas of the heart, like the ventricular free wall and the ventricular wall adjacent to 
the atrioventricular junction. Intriguingly, lineage tracing of the epicardium, using an 
inducible WT1 Cre, also identified lineage-positive myocardial cells throughout the 
myocardium. Thus far, myocardial WT1 expression has not been reported, suggesting 
an epicardial contribution to the myocardial component of the heart. If confirmed, 
these studies indicate that the (embryonic) epicardium contributes for a minor part 
to the myocardial component of the heart. This capacity would make the (embryonic) 
epicardium a highly interesting cell type for the development of new regenerative 
therapies.  
 
Development of the coronary vasculature
Between day 11.5 and 13.5 in mice, and day 33 and 44 in human, the coronary plexus 
is formed from EPDCs within the subepicardial space. This plexus later is remodeled 
into the mature coronary vessels [94]. Hypoxia is supposed to be an important 
initiating factor in the formation of the coronary tree [103]. FGFs secreted from 
adjacent myocardium are important players in the development of the coronary 
vasculature. These FGFs initiate a base to apical wave of Hedgehog signaling within 
the epicardium that covers the ventricles, thereby inducing the expression of pro-
angiogenic factors, like Vascular Endothelial Growth Factors A, B and Angiotensin 
[104]. WT1 also is involved in the vascularization of the heart by transactivating the 
TrkB neutrophin receptor (figure 6) [105]. 
 As already discussed, EPDCs contribute to the cells of the coronary plexus. 
The contribution to the endothelial cells of the coronary vessels, however, is still 
controversial. Chicken quail chimeras showed coronary endothelial cells being 
derived from the pro-epicardium [11,106,107]. Genetic lineage analysis using WT1 as 
a drive of Cre also showed positive coronary endothelial cells, while the comparable 
analysis using Tbx18-Cre did not [81,101]. The absence of positive endothelial cells in 
the Tbx18 lineage might be explained by the presence of Tbx18 negative, Flk1 positive 
cells within the pro-epicardium. These discrepancies might be resolved by recent 
observations suggesting distinct differences in the development of coronary arteries 
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as compared to coronary veins. These analyses indicate that the coronary arterial 
capillary plexus forms by vasculogenesis in the subepicardial mesenchyme, while the 
coronary veins primarily develop by angiogenesis of the inflow endocardium into the 
subepicardial space (unpublished observation J. M. Perez-Pomares & V. Portillo)
 Important processes for the development of the coronary arteries are used 
in the  development of regenerative therapies. For example, activation of Hedgehog 
signaling in adult mice is used to stimulate coronary neovasculogenesis to improve 
the oxygenation of ischemic myocardium [104]. The adult epicardium has also been 
shown to be a source for vascular progenitors. Neovascularization of the ischeamic 
heart by epicardium-derived cells was shown to be enhanced by stimulation with 
Thymosin ß4 [108]. These observations support the idea that reactivation of the 
adult epicardium to neovascularize the heart after ischemic disease is a realistic and 
promising option. 

Interplay between epicardial and myocardial cells
Signals from the endocardium induce the development of trabecules [66,79], whereas 
signals from the epicardium stimulate the formation of the compact myocardium 
(figure 6) [66]. Removal of the (pro-)epicardium in chicken results in a thin myocardial 
wall of the chambers, and an arrest of coronary development [95]. Retinoic Acid, 
its receptor RXRalpha, and Epo are important players in the mitogenic interaction 
between epicardium and myocardium [86,109-111]. Mice deficient for RXRalpha or 
Raldh2 (important in the intracellular production of Retinoic Acid), die early during 
development, showing ventricular hypoplasia [112,113]. Epicardial derived FGF 9, 16 
and 20 signal to the myocardium via the FGFR receptors type 1c and 2c, regulating 
myocardial proliferation. FGF9 expression in the epicardium is induced by Retinoic 
Acid (figure 6) [94,95]
 Besides paracrine signals directly from the epicardium, it was recently shown 
that cardiac fibroblasts, which are derived from the epicardium, also influence the 
proliferation of myocardial cells in the compaction zone. Myocardial cells of the 
compaction zone are stimulated to proliferate by direct cellular interaction via the 
ß1-integrin receptor with fibronectin, collagen, and heparin binding EGF-like growth 
factor (HBEGF) produced by the cardiac fibroblasts (figure 6) [114]. 
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Cardiac regeneration; a matter of cardiomyocytes?
To compensate for myocardial loss caused by ischemia or other damage, the 
heart needs to regenerate cardiomyocytes. Most approaches to improve cardiac 
function after loss of cardiomyocytes have focused on the regulation of myocardial 
differentiation of stem cells of various sources, which are injected into the failing heart. 
These approaches did transiently improve cardiac function [115], but the formation 
of new cardiomyocytes from these cells has hardly been observed, most probably 
due to the limited integration and survival of these cells in the myocardium [116]. 
An alternative approach would be to recruit myocardial cells from non-myocardial 
lineages in the adult heart. With lessons learned from analyzing cardiac development 
it might become possible to manipulate these non-myocardial cells to differentiate 
into myocardial cells after damage, thereby possibly inducing a regenerative response 
from endogenous populations of cells, already present at the location where they are 
needed. 
 Although the prevailing dogma poses that the heart is a terminally 
differentiated organ, recent reports have shown that the human heart is able to 
form new cardiomyocytes during life. In a very elegant study of Bergmann and co-
workers, a virtual pulse-chase experiment was used to calculate the turnover of adult 
cardiomyocytes [117]. The incorporation of carbon-14, generated by nuclear bomb 
tests during the Cold War, into the genomic DNA was used to determine the turnover 
of human cardiomyocytes. A turnover of 1% per year at the age of 25 was observed, 
decreasing to 0.45% per year at the age of 75. These observations imply that during a 
normal life span approximately 50% of the cardiomyocytes are renewed. These results 
are not in line with the assertion that the cardiomyocytes that are present in our heart, 
are those that we were born with. These results also show that cardiomyocytes do 
not proliferate at a high rate [118]. It should be noted that the study of Bergmann 
and co-workers does not necessarily imply that the newly formed cardiomyocytes are 
derived by proliferation of existing cardiomyocytes. This newly formed muscle might 
be derived from the non-myocardial component of the heart, or even from an extra-
cardiac source. 
 Taken together, stimulation of the (very limited) capacity of the adult heart 
to regenerate cardiomyocytes seems a prerequisite for cardiac rejuvenation. A first 
attempt to do so requires that the source of these newly formed cardiomyocytes 
should be assessed. A genetic fate-mapping study, in mice, showed that, after 
myocardial injury, newly formed cardiomyocytes are not recruited from the 
myocardial component of the heart [119]. This indicates that proliferation of existing 
cardiomyocytes is not the source of the newly formed cardiomyocytes during adult 
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life. It also has been shown that the endocardial lineage does not contribute to the 
myocardial component in adult hearts after myocardial stress [78]. Endocardium-
derived cells were, however, found to contribute fibroblasts, resulting in cardiac 
fibrosis. From a developmental point of view, the epicardium might be a potential 
source of myocardial cells. As discussed above, epicardial derived cells contribute to 
the myocardial lineage during development [81]. 
 This notion is further underscored by the finding that the adult epicardium 
is reactivated after cardiac damage in zebrafish, a species that is able to regenerate 
their heart [120]. We do note, however, that fish, like amphibians and reptiles, have 
low pressure hearts, and, consequently, lack a compact myocardium, which enables a 
higher regenerative capacity. 
Whether the epicardium also plays this role in mammals has not been shown yet, 
although, some evidence suggests that the epicardium plays a role in mammalian 
cardiac regeneration [121-124]. For instance, the locations of niches of cardiac 
progenitor cells found in the adult heart might suggest a role for the adult epicardium 
in the regenerative response of the heart. In the atria, atrioventricular junction, and 
around the apex of the heart, more cardiac progenitor cells were found compared 
to other areas of the heart [125]. These sites are also the locations were a myocardial 
contribution of epicardial derived cells to myocardial cells was found in the Tbx18 and 
WT1 lineage studies discussed above [81,101]. Our own studies, as yet unpublished, 
show that the epicardium overlying these parts of the adult heart, still expresses 
embryonic genes like WT1 and Tbx18. 
 Unraveling the source of the limited endogenous regenerative capacity of the 
mammalian heart, as well as the development of approaches to stimulate this process, 
will be a great challenge for the coming decades. Undoubtedly, understanding of the 
mechanisms that drive cardiac development will be instrumental in this search.



49

Reference List
(1)  van Dessel PF, de Bakker JM, van Hemel NM, Linnenbank AC, Jessurun ER, et al. (2001) Pace mapping 

of postinfarction scar to detect ventricular tachycardia exit sites and zones of slow conduction. J 
Cardiovasc Electrophysiol 12: 662-670.

(2)  Yang L, Soonpaa MH, Adler ED, Roepke TK, Kattman SJ, et al. (2008) Human cardiovascular progenitor 
cells develop from a KDR+ embryonic-stem-cell-derived population. Nature 453: 524-528.

(3)  van Amerongen MJ, Engel FB. (2008) Features of cardiomyocyte proliferation and its potential for 
cardiac regeneration. J Cell Mol Med 12: 2233-2244.

(4)  Moorman AFM, Christoffels VM. (2003) Cardiac chamber formation: development, genes and 
evolution. Physiol Rev 83: 1223-1267.

(5)  Zhou B, von GA, Ma Q, Rivera-Feliciano J, Pu WT. (2008) Nkx2-5- and Isl1-expressing cardiac progenitors 
contribute to proepicardium. Biochem Biophys Res Commun 375: 450-453.

(6)  van Wijk B, van den Berg G, Abu-Issa R, Barnett P, van der Velden S, et al. (2009) Epicardium and 
myocardium separate from a common precursor pool by crosstalk between bone morphogenetic 
protein- and fibroblast growth factor-signaling pathways. Circ Res 105: 431-441.

(7)  Vliegen HW, van der Laarse A, Cornelisse CJ, Eulderink F. (1991) Myocardial changes in pressure 
overload-induced left ventricular hypertrophy. A study on tissue composition, polyploidization and 
multinucleation. Eur Heart J 12: 488-494.

(8)  Nag AC, Cheng M, Crandell TF. (1981) Competence of embryonic mammalian heart cells in culture: 
DNA synthesis, mitosis and differentiation. Cytobios 30: 189-208.

(9)  van den Hoff MJB, Kruithof BPT, Moorman AFM. (2004) Making more heart muscle. Bioessays 26: 248-
261.

(10)  Munoz-Chapuli R, Macias D, Gonzalez-Iriarte M, Carmona R, Atencia G, et al. (2002) The epicardium 
and epicardial-derived cells: multiple functions in cardiac development. Rev Esp Cardiol 55: 1070-
1082.

(11)  Wessels A, Perez-Pomares JM. (2004) The epicardium and epicardially derived cells (EPDCs) as cardiac 
stem cells. Anat Rec 276A: 43-57.

(12)  Winter EM, Gittenberger-de Groot AC. (2007) Epicardium-derived cells in cardiogenesis and cardiac 
regeneration. Cell Mol Life Sci 64: 692-703.

(13)  Christoffels VM, Mommersteeg MTM, Trowe MO, Prall OWJ, de Gier-de Vries C, et al. (2006) Formation 
of the venous pole of the heart from an Nkx2-5-negative precursor population requires Tbx18. Circ 
Res 98: 1555-1563.

(14)  Mommersteeg MTM, Brown NA, Prall OWJ, de Gier-de Vries C, Harvey RP, et al. (2007) Pitx2c and Nkx2-
5 are required for the formation and identity of the pulmonary myocardium. Circ Res 101: 902-909.

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

(16)  Zhang Z, Huynh T, Baldini A. (2006) Mesodermal expression of Tbx1 is necessary and sufficient for 
pharyngeal arch and cardiac outflow tract development. Dev 133: 3587-3595.

(17)  Moorman AFM, van den Berg G, Anderson RH, Christoffels VM. (2009) Early Cardiac Growth and the 
Ballooning Model of Cardiac Chamber Formation. In: Graham A, editor. Heart Development and 
Regeneration (Richard P. Harvey and Nadia Rosenthal).USA: Elsevier.

(18)  Abu-Issa R, Kirby ML. (2007) Heart field: from mesoderm to heart tube. Annu Rev Cell Dev Biol 23: 45-
68.

(19)  Brand T. (2003) Heart development: molecular insights into cardiac specification and early 
morphogenesis. Dev Biol 258: 1-19.

(20)  Tokuyasu KT, Maher PA. (1987) Immunocytochemical studies of cardiac myofibrillogenesis in early 
chick embryos. I. Presence of immunofluorescent titin spots in premyofibril stages. J Cell Biol 105: 
2781-2793.

(21)  Patten BM, Kramer TC. (1933) The initiation of contraction in the embryonic chicken heart. Am J Anat 
53: 349-375.

(22)  van den Berg G, Moorman AF. (2009) Concepts of cardiac development in retrospect. Pediatr Cardiol 
30: 580-587.

(23)  Sissman J. (1966) Cell multiplication rates during development of the primitive cardiac tube in the 
chick embryo. Nature 210: 504-507.

(24)  Soufan AT, van den Berg G, Ruijter JM, de Boer PAJ, van den Hoff MJB, et al. (2006) Regionalized 
sequence of myocardial cell growth and proliferation characterizes early chamber formation. Circ Res 
99: 545-552.

(25)  van den Berg G, Abu-Issa R, de Boer BA, Hutson MR, de Boer PA, et al. (2009) A caudal proliferating 
growth center contributes to both poles of the forming heart tube. Circ Res 104: 179-188.

(26)  Buckingham M, Meilhac S, Zaffran S. (2005) Building the mammalian heart from two sources of 



50

myocardial cells. Nat Rev Genet 6: 826-837.
(27)  Cai CL, Liang X, Shi Y, Chu PH, Pfaff SL, et al. (2003) Isl1 identifies a cardiac progenitor population that 

proliferates prior to differentiation and contributes a majority of cells to the heart. Dev Cell 5: 877-
889.

(28)  Prall OWJ, Menon MK, Solloway MJ, Watanabe Y, Zaffran S, et al. (2007) An Nkx2-5/Bmp2/Smad1 
negative feedback loop controls heart progenitor specification and proliferation. Cell 128: 947-959.

(29)  de Haan RL, Fujii S, Satin J. (1990) Cell interactions in cardiac development. Dev Growth Differ 32: 233-
241.

(30)  Rochais F, Mesbah K, Kelly RG. (2009) Signaling pathways controlling second heart field development. 
Circ Res 104: 933-942.

(31)  Abu-Issa R, Kirby ML. (2008) Patterning of the heart field in the chick. Dev Biol 319: 223-233.
(32)  Durland JL, Sferlazzo M, Logan M, Burke AC. (2008) Visualizing the lateral somitic frontier in the 

Prx1Cre transgenic mouse. J Anat 212: 590-602.
(33)  Waldo KL, Hutson MR, Ward CC, Zdanowicz M, Stadt HA, et al. (2005) Secondary heart field contributes 

myocardium and smooth muscle to the arterial pole of the developing heart. Dev Biol 281: 78-90.
(34)  Tzahor E. (2009) Heart and craniofacial muscle development: a new developmental theme of distinct 

myogenic fields. Dev Biol 327: 273-279.
(35)  Nathan E, Monovich A, Tirosh-Finkel L, Harrelson Z, Rousso T, et al. (2008) The contribution of 

Islet1-expressing splanchnic mesoderm cells to distinct branchiomeric muscles reveals significant 
heterogeneity in head muscle development. Dev 135: 647-657.

(36)  Kreuzberg MM, Willecke K, Bukauskas FF. (2006) Connexin-mediated cardiac impulse propagation: 
connexin 30.2 slows atrioventricular conduction in mouse heart. TCM 16: 266-272.

(37)  Moorman AFM, Schumacher CA, de Boer PA, Hagoort J, Bezstarosti K, et al. (2000) Presence of 
functional sarcoplasmic reticulum in the developing heart and its confinement to chamber 
myocardium. Dev Biol 223: 279-290.

(38)  Hoogaars WM, Engel A, Brons JF, Verkerk AO, de Lange FJ, et al. (2007) Tbx3 controls the sinoatrial 
node gene program and imposes pacemaker function on the atria. Genes Dev 21: 1098-1112.

(39)  Mommersteeg MTM, Hoogaars WMH, Prall OWJ, de Gier-de Vries C, Wiese C, et al. (2007) Molecular 
pathway for the localized formation of the sinoatrial node. Circ Res 100: 354-362.

(40)  de Haan RL. (1961) Differentiation of the atrioventricular conducting system of the heart. Circulation 
24: 458-470.

(41)  Aanhaanen WT, Brons JF, Dominguez JN, Rana MS, Norden J, et al. (2009) The Tbx2+ primary 
myocardium of the atrioventricular canal forms the atrioventricular node and the base of the left 
ventricle. Circ Res 104: 1267.

(42)  Yamada M, Revelli JP, Eichele G, Barron M, Schwartz RJ. (2000) Expression of chick Tbx-2, Tbx-3, and 
Tbx-5 genes during early heart development: evidence for BMP2 induction of Tbx2. Dev Biol 228: 95-
105.

(43)  Stennard FA, Costa MW, Elliott DA, Rankin S, Haast SJ, et al. (2003) Cardiac T-box factor Tbx20 directly 
interacts with Nkx2-5, GATA4, and GATA5 in regulation of gene expression in the developing heart. 
Dev Biol 262: 206-224.

(44)  Singh MK, Christoffels VM, Dias JM, Trowe MO, Petry M, et al. (2005) Tbx20 is essential for cardiac 
chamber differentiation and repression of Tbx2. Dev 132: 2697-2707.

(45)  Singh R, Horsthuis T, Farin HF, Grieskamp T, Norden J, et al. (2009) Tbx20 interacts with smads to 
confine tbx2 expression to the atrioventricular canal. Circ Res 105: 442-452.

(46)  Lough J, Sugi Y. (2000) Endoderm and heart development. Dev Dyn 217: 327-342.
(47)  Mangiacapra FJ, Fransen ME, Lemanski LF. (1995) Activin A and transforming growth factor-beta 

stimulate heart formation in axolotls but not rescue cardiac lethal mutants. Cell Tissue Res 282: 227-
236.

(48)  Ladd AN, Yatskievych TA, Antin PB. (1998) Regulation of avian cardiac myogenesis by activin/TGFbeta 
and bone morphogenetic proteins. Dev Biol 204: 407-419.

(49)  Schultheiss TM, Burch JBE, Lassar AB. (1997) A role for bone morphogenetic proteins in the induction 
of cardiac myogenesis. Gene Dev 11: 451-462.

(50)  Alsan BH, Schultheiss TM. (2002) Regulation of avian cardiogenesis by Fgf8 signaling. Dev 129: 1935-
1943.

(51)  Schneider VA, Mercola M. (2001) Wnt antagonism initiates cardiogenesis in Xenopus laevis. Genes 
Dev 15: 304-315.

(52)  Marvin MJ, Di Rocco G, Gardiner A, Bush SM, Lassar AB. (2001) Inhibition of Wnt activity induces heart 
formation from posterior mesoderm. Genes Dev 15: 316-327.

(53)  Nakamura T, Sano M, Songyang Z, Schneider MD. (2003) A Wnt- and beta -catenin-dependent 
pathway for mammalian cardiac myogenesis. Proc Natl Acad Sci U S A 100: 5834-5839.

(54)  Monaghan AP, Kioschis P, Wu W, Zuniga A, Bock D, et al. (1999) Dickkopf genes are co-ordinately 



51

expressed in mesodermal lineages. Mech Dev 87: 45-56.
(55)  Pfeffer PL, De Robertis EM, Izpisua-Belmonte JC. (1997) Crescent, a novel chick gene encoding a 

Frizzled-like cysteine-rich domain, is expressed in anterior regions during early embryogenesis. Int J 
Dev Biol 41: 449-458.

(56)  Mummery C, Ward-van Oostwaard D, Doevendans P, Spijker R, van den Brink S, et al. (2003) 
Differentiation of human embryonic stem cells to cardiomyocytes: role of coculture with visceral 
endoderm-like cells. Circulation 107: 2733-2740.

(57)  Beqqali A, Kloots J, Ward-van OD, Mummery C, Passier R. (2006) Genome-wide transcriptional 
profiling of human embryonic stem cells differentiating to cardiomyocytes. Stem Cells 24: 1956-1967.

(58)  Kolditz DP, Wijffels MC, Blom NA, van der LA, Hahurij ND, et al. (2008) Epicardium-derived cells in 
development of annulus fibrosis and persistence of accessory pathways. Circulation 117: 1508-1517.

(59)  Eisenberg LM, Markwald RR. (1995) Molecular regulation of atrioventricular valvuloseptal 
morphogenesis. Circ Res 77: 1-6.

(60)  Ramsdell AF, Markwald RR. (1997) Induction of endocardial cushion tissue in the avian heart is 
regulated, in part, by TGFb-3-mediated autocrine signaling. Dev Biol 188: 64-74.

(61)  Markwald RR, Eisenberg CA, Eisenberg L, Trusk T, Sugi Y. (1996) Epithelial-msenchymal transformations 
in early avian heart development. Acta Anat 156: 173-186.

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

(63)  Constien R, Forde A, Liliensiek B, Grone HJ, Nawroth P, et al. (2001) Characterization of a novel EGFP 
reporter mouse to monitor Cre recombination as demonstrated by a Tie2 Cre mouse line. Genesis 30: 
36-44.

(64)  Kisanuki YY, Hammer RE, Miyazaki J, Williams SC, Richardson JA, et al. (2001) Tie2-Cre transgenic mice: 
a new model for endothelial cell-lineage analysis in vivo. Dev Biol 230: 230-242.

(65)  de Lange FJ, Moorman AFM, Anderson RH, Manner J, Soufan AT, et al. (2004) Lineage and 
morphogenetic analysis of the cardiac valves. Circ Res 95: 645-654.

(66)  Wagner M, Siddiqui MA. (2007) Signal transduction in early heart development (II): ventricular 
chamber specification, trabeculation, and heart valve formation. Exp Biol Med (Maywood ) 232: 866-
880.

(67)  van Wijk B, Moorman AFM, van den Hoff MJB. (2007) Role of bone morphogenetic proteins in cardiac 
differentiation. Cardiovasc Res 74: 244-255.

(68)  Niessen K, Karsan A. (2008) Notch signaling in cardiac development. Circ Res 102: 1169-1181.
(69)  Snarr BS, Kern CB, Wessels A. (2008) Origin and fate of cardiac mesenchyme. Dev Dyn 237: 2804-2819.
(70)  Jiang X, Rowitch DH, Soriano P, McMahon AP, Sucov HM. (2000) Fate of the mammalian cardiac neural 

crest. Dev 127: 1607-1616.
(71)  Hutson MR, Kirby ML. (2007) Model systems for the study of heart development and disease. Cardiac 

neural crest and conotruncal malformations. Semin Cell Dev Biol 18: 101-110.
(72)  Hutson MR, Kirby ML. (2003) Neural crest and cardiovascular development: a 20-year perspective. 

Birth Defects Res Part C Embryo Today 69: 2-13.
(73)  Ya J, van den Hoff MJ, de Boer PA, Tesink-Taekema S, Franco D, et al. (1998) Normal development of the 

outflow tract in the rat. Circ Res 82: 464-472.
(74)  van den Hoff MJB, Kruithof BPT, Moorman AFM, Markwald RR, Wessels A. (2001) Formation of 

myocardium after the initial development of the linear heart tube. Dev Biol : 61-76.
(75)  van den Hoff MJB, Moorman AFM, Ruijter JM, Lamers WH, Bennington RW, et al. (1999) 

Myocardialization of the cardiac outflow tract. Dev Biol 212: 477-490.
(76)  Kruithof BPT, van den Hoff MJB, Tesink-Taekema S, Moorman AFM. (2003) Recruitment of intra- and 

extracardiac cells into the myocardial lineage during mouse development. Anat Rec A Discov Mol Cell 
Evol Biol 271: 303-314.

(77)  Moralez I, Phelps A, Riley B, Raines M, Wirrig E, et al. (2006) Muscularizing tissues in the endocardial 
cushions of the avian heart are characterized by the expression of h1-calponin. Dev Dyn 235: 1648-
1658.

(78)  Zeisberg EM, Tarnavski O, Zeisberg M, Dorfman AL, McMullen JR, et al. (2007) Endothelial-to-
mesenchymal transition contributes to cardiac fibrosis. Nat Med 13: 952-961.

(79)  Grego-Bessa J, Luna-Zurita L, del Monte G., Bolos V, Melgar P, et al. (2007) Notch signaling is essential 
for ventricular chamber development. Dev Cell 12: 415-429.

(80)  Bersell K, Arab S, Haring B, Kuhn B. (2009) Neuregulin1/ErbB4 signaling induces cardiomyocyte 
proliferation and repair of heart injury. Cell 138: 257-270.

(81)  Zhou B, Ma Q, Rajagopal S, Wu SM, Domian I, et al. (2008) Epicardial progenitors contribute to the 
cardiomyocyte lineage in the developing heart. Nature 454: 109-113.

(82)  Ishii Y, Langberg JD, Hurtado R, Lee S, Mikawa T. (2007) Induction of proepicardial marker gene 
expression by the liver bud. Dev 134: 3627-3637.



52

(83)  Carmona R, Gonzalez-Iriarte M, Perez-Pomares JM, Munoz-Chapuli R. (2001) Localization of the Wilm’s 
tumour protein WT1 in avian embryos. Cell Tissue Res 303: 173-186.

(84)  Carmona R, Gonzalez-Iriarte M, Macias D, Perez-Pomares JM, Garcia-Garrido L, et al. (2000) 
Immunolocalization of the transcription factor Slug in the developing avian heart. Anat Embryol 
(Berl) 201: 103-109.

(85)  Hirose T, Karasawa M, Sugitani Y, Fujisawa M, Akimoto K, et al. (2006) PAR3 is essential for cyst-
mediated epicardial development by establishing apical cortical domains. Dev 133: 1389-1398.

(86)  Sucov HM, Dyson E, Gumeringer CL, Price J, Chien C, et al. (1994) RXRa-mutant mice establish a 
genetic basis for vitamin A signalling in heart morphogenesis. Gene Dev 8: 1007-1018.

(87)  Kastner P, Messaddeq N, Mark M, Wendling O, Grondona JM, et al. (1997) Vitamin A deficiency and 
mutations of RXRalpha, RXRbeta and RARalpha lead to early differentiation of embryonic ventricular 
cardiomyocytes. Dev 124: 4749-4758.

(88)  Kubalak SW, Hutson DR, Scott KK, Shannon RA. (2002) Elevated transforming growth factor beta2 
enhances apoptosis and contributes to abnormal outflow tract and aortic sac development in 
retinoic X receptor alpha knockout embryos. Dev 129: 733-746.

(89)  Xavier-Neto J, Shapiro MD, Houghton L, Rosenthal N. (2000) Sequential programs of retinoic acid 
synthesis in the myocardial and epicardial layers of the developing avian heart. Dev Biol 219: 129-141.

(90)  Gurtner GC, Davis V, Li H, McCoy J, Sharpe A, et al. (1995) Targeted disruption of the murine VCAM1 
gene: essential role of VCAM-1 in chorioallentoic fusion and placentation. Gene Dev 9: 1-14.

(91)  Yang JT, Rayburn H, Hynes RO. (1995) Cell adhesion events mediated by a4 integrins are essential in 
placental and cardiac development. Dev 121: 549-560.

(92)  Pae SH, Dokic D, Dettman RW. (2008) Communication between integrin receptors facilitates epicardial 
cell adhesion and matrix organization. Dev Dyn 237: 962-978.

(93)  Sengbusch JK, He W, Pinco KA, Yang JT. (2002) Dual functions of [alpha]4[beta]1 integrin in epicardial 
development: initial migration and long-term attachment. J Cell Biol 157: 873-882.

(94)  Lavine KJ, Ornitz DM. (2009) Shared circuitry: developmental signaling cascades regulate both 
embryonic and adult coronary vasculature. Circ Res 104: 159-169.

(95)  Lavine KJ, Ornitz DM. (2007) Rebuilding the coronary vasculature: hedgehog as a new candidate for 
pharmacologic revascularization. TCM 17: 77-83.

(96)  Crispino JD, Lodish MB, Thurberg BL, Litovsky SH, Collins T, et al. (2001) Proper coronary vascular 
development and heart morphogenesis depend on interaction of GATA-4 with FOG cofactors. Genes 
Dev 15: 839-844.

(97)  Tevosian SG, Deconinck AE, Tanaka M, Schinke M, Litovsky SH, et al. (2000) FOG-2, a cofactor for GATA 
transcription factors, is essential for heart morphogenesis and development of coronary vessels from 
epicardium. Cell 101: 729-739.

(98)  Pennisi DJ, Mikawa T. (2009) FGFR-1 is required by epicardium-derived cells for myocardial invasion 
and correct coronary vascular lineage differentiation. Dev Biol 328: 148-159.

(99)  Manner J. (1999) 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 255: 212-226.

(100)  Gittenberger-de Groot AC, Vrancken Peeters MPFM, Mentink MMT, Gourdie RG, Poelmann RE. (1998) 
Epicardium-derived cells contribute a novel population to the myocardial wall and the atrioventricular 
cushions. Circ Res 82: 1043-1052.

(101)  Cai CL, Martin JC, Sun Y, Cui L, Wang L, et al. (2008) A myocardial lineage derives from Tbx18 epicardial 
cells. Nature 454: 104-108.

(102)  Christoffels VM, Grieskamp T, Norden J, Mommersteeg MT, Rudat C, et al. (2009) Tbx18 and the fate of 
epicardial progenitors. Nature 458: E8-E9.

(103)  Krishnan J, Ahuja P, Bodenmann S, Knapik D, Perriard E, et al. (2008) Essential role of developmentally 
activated hypoxia-inducible factor 1alpha for cardiac morphogenesis and function. Circ Res 103: 
1139-1146.

(104)  Lavine KJ, White AC, Park C, Smith CS, Choi K, et al. (2006) Fibroblast growth factor signals regulate 
a wave of Hedgehog activation that is essential for coronary vascular development. Genes Dev 20: 
1651-1666.

(105)  Wagner N, Wagner KD, Theres H, Englert C, Schedl A, et al. (2005) Coronary vessel development 
requires activation of the TrkB neurotrophin receptor by the Wilms’ tumor transcription factor Wt1. 
Genes Dev 19: 2631-2642.

(106)  Perez-Pomares JM, Macias D, Garcia-Garrido L, Munoz-Chapuli R. (1997) Contribution of the primitive 
epicardium to the subepicardial mesenchyme in hamster and chick embryos. Dev Dyn 210: 96-105.

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



53

(108)  Smart N, Risebro CA, Melville AA, Moses K, Schwartz RJ, et al. (2007) Thymosin beta4 induces adult 
epicardial progenitor mobilization and neovascularization. Nature 445: 177-182.

(109)  Merki E, Zamora M, Raya A, Kawakami Y, Wang J, et al. (2005) Epicardial retinoid X receptor alpha is 
required for myocardial growth and coronary artery formation. Proc Natl Acad Sci U S A 102: 18455-
18460.

(110)  Stuckmann I, Evans S, Lassar AB. (2003) Erythropoietin and retinoic acid, secreted from the epicardium, 
are required for cardiac myocyte proliferation. Dev Biol 255: 334-349.

(111)  Chen THP, Chang TC, Kang JO, Choudhary B, Makita T, et al. (2002) Epicardial induction of fetal 
cardiomyocyte proliferation via a retinoic acid-inducible trophic factor. Dev Biol 250: 198-207.

(112)  Niederreither K, Vermot J, Messaddeq N, Schuhbaur B, Chambon P, et al. (2001) Embryonic retinoic 
acid synthesis is essential for heart morphogenesis in the mouse. Dev 128: 1019-1031.

(113)  Niederreither K, Subbarayan V, Dolle P, Chambon P. (1999) Embryonic retinoic acid synthesis is 
essential for early mouse post- implantation development. Nat Genet 21: 444-448.

(114)  Ieda M, Tsuchihashi T, Ivey KN, Ross RS, Hong TT, et al. (2009) Cardiac fibroblasts regulate myocardial 
proliferation through beta1 integrin signaling. Dev Cell 16: 233-244.

(115)  Schachinger V, Assmus B, Erbs S, Elsasser A, Haberbosch W, et al. (2009) Intracoronary infusion of 
bone marrow-derived mononuclear cells abrogates adverse left ventricular remodelling post-
acute myocardial infarction: insights from the reinfusion of enriched progenitor cells and infarct 
remodelling in acute myocardial infarction (REPAIR-AMI) trial. Eur J Heart Fail 11: 973-979.

(116)  Freund C, Mummery CL. (2009) Prospects for pluripotent stem cell-derived cardiomyocytes in cardiac 
cell therapy and as disease models. J Cell Biochem 107: 592-599.

(117)  Bergmann O, Bhardwaj RD, Bernard S, Zdunek S, Barnabe-Heider F, et al. (2009) Evidence for 
cardiomyocyte renewal in humans. Science 324: 98-102.

(118)  Beltrami AP, Urbanek K, Kajstura J, Yan SM, Finato N, et al. (2001) Evidence that human cardiac 
myocytes divide after myocardial infarction. N Engl J Med 344: 1750-1757.

(119)  Hsieh PC, Segers VF, Davis ME, MacGillivray C, Gannon J, et al. (2007) Evidence from a genetic fate-
mapping study that stem cells refresh adult mammalian cardiomyocytes after injury. Nat Med 13: 
970-974.

(120)  Lepilina A, Coon AN, Kikuchi K, Holdway JE, Roberts RW, et al. (2006) A dynamic epicardial injury 
response supports progenitor cell activity during zebrafish heart regeneration. Cell 127: 607-619.

(121)  Winter EM, Grauss RW, Hogers B, van TJ, van der GR, et al. (2007) Preservation of left ventricular 
function and attenuation of remodeling after transplantation of human epicardium-derived cells into 
the infarcted mouse heart. Circulation 116: 917-927.

(122)  Gherghiceanu M, Popescu LM. (2009) Human epicardium: ultrastructural ancestry of mesothelium 
and mesenchymal cells. J Cell Mol Med .

(123)  Limana F, Zacheo A, Mocini D, Mangoni A, Borsellino G, et al. (2007) Identification of myocardial and 
vascular precursor cells in human and mouse epicardium. Circ Res 101: 1255-1265.

(124)  Di Meglio F, Castaldo C, Nurzynska D, Romano V, Miraglia R, et al. (2009) Epicardial cells are missing 
from the surface of hearts with ischemic cardiomyopathy: A useful clue about the self-renewal 
potential of the adult human heart? Int J Cardiol .

(125)  Urbanek K, Cesselli D, Rota M, Nascimbene A, De AA, et al. (2006) Stem cell niches in the adult mouse 
heart. Proc Natl Acad Sci U S A 103: 9226-9231.





55

Chapter 3

3D Measurement and Visualisation of Morphogenesis: 
Applied to Cardiac Embryology

A.T. Soufan, G. van den Berg, P.D. Moerland, M.M.G. Massink, M.J.B. van den Hoff, A.F.M. 
Moorman, J.M. Ruijter

J Microsc. 2007 Mar;225(Pt 3):269-74.

Abstract
Volume growth and proliferation are key processes in heart morphogenesis, yet their 
regionalization during development of the heart has been described only anecdotally. 
To study the contribution of cardiomyocyte proliferation to heart development, a 
quantitative reconstruction method was designed, 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 information 
of proliferation is obtained. These local quantitative data are then mapped onto the 
morphological surface reconstruction, resulting in a reconstruction which not only 
provides morphological information (qualitative), but also displays local information 
on proliferation rate (quantitative). The resulting 3D quantitative reconstructions 
revealed novel observations regarding the morphogenesis of the heart.
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Introduction
The imaging of development has been described as ‘especially challenging because 
embryonic growth, tissue translocation and deformation result in a shifting terrain 
with moving landmarks that confound the analysis’ [1]. This is certainly true for the 
embryonic heart. The murine heart grows in width from 250 µm at embryonic day 
(E) 8.5 to 1.5 mm at E14.5 [2], which is an increase in volume from 2.5 nl to 1.3 µl 
in a few days. Despite this 500-fold increase in volume, the small size of the heart is 
still limiting the application of most molecular imaging techniques [3]. Because of 
the required level of detail and the limited penetration of staining agents in whole 
mount staining procedures, the use of serially sectioned biological material and 3D 
computer reconstructions is unavoidable [3,4]. Even though the time-dimension is 
lost in fixed specimens, the preservation of the true 3D geometry makes sectioning 
techniques extremely powerful for the study of embryonic development [1]. 
 The rapid and intricate changes in cardiac morphology during embryogenesis 
are due to morphogenetic processes such as cell division and cell growth. Although 
a multitude of studies on cardiac cell proliferation exist, these studies present data 
outside a morphological context, or in a context which is hard to comprehend (for 
review see Soufan et al. [5]). Therefore, a 3D reconstruction protocol was developed 
to visualize and study the contribution of cell proliferation to cardiogenesis. This 
protocol is broken down into a qualitative (i.e. morphology) and quantitative (i.e. 
cell proliferation) method. The qualitative method identifies myocardium (i.e. cardiac 
muscle cells), resulting in a surface reconstruction. The quantitative method relies on 
a specific staining method to identify individual (proliferating) myocardial nuclei. The 
number of proliferating and non-proliferating nuclei is then systematically measured, 
providing local 3D information on cell proliferation rate. Mapping of these local data 
onto the morphological surface reconstruction results in a reconstruction that not 
only conveys morphological information, but is supplemented with quantitative 
morphogenetic data.
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Methods
The 3D quantitative reconstruction protocol is broken down into two parts:  a qualitative 
(morphological) reconstruction method and a 3D quantitative measurement method. 
Alignment, reconstruction and subsequent visualization of the images were done 
using the data analysis and geometry reconstruction program Amira (version 3.1; 
TGS Template Graphics Software, www.tgs.com). Image processing was done using 
Image-Pro Plus (version 5.0.2.9; Media Cybernetics, www.mediacy.com). In the current 
paper, the procedure is illustrated on a Hamburger and Hamilton stage 12 chicken 
embryo. The 3D quantitative reconstruction procedure was successfully applied to a 
time-series of embryos (n=10) ranging from stage 10 to 12 [5].

Histology
Sectioning
Detailed histology protocols have been published previously [6]. In short, the embryos 
were isolated, fixed, embedded in paraplast and cut into 7 µm thick serial sections 
which were mounted on 3-aminopropyltriethoxy-silane–coated slides. The chicken 
eggs were injected (in the yolk) with 100 µl of a 10 mg/ml solution of BrdU (5-Bromo-
2’-deoxyUridine) in physiological salt solution (0.75 mOsmol/l). The embryos were 
thus exposed to BrdU for 4 hours prior to isolation. 

Staining
The sections were deparafinized, rehydrated in a graded alcohol series and epitope 
retrieval was achieved by immersing the sections in 0.5 M HCl for 5 minutes, followed 
by a washing step of 3 x 5 minutes in PBS. The sections were then incubated overnight 
with a mixture of a mouse monoclonal antibody against BrdU (Becton Dickinson) 
diluted 1:100 in PBS with 0.05% Tween-20 (PBST) and a rabbit monoclonal antibody 
against cTnI (HyTest Ltd., Turku, Finland) diluted 1:250 in PBST. The sections were 
washed 3 x 5 minutes in PBS and incubated for 3 hrs in a mixture consisting of two 
labelled secondary antibodies and a nuclear stain. The secondary antibodies were 
goat-anti-mouse antibody coupled to Alexa 568 and goat-anti-rabbit antibody 
coupled to Alexa 647 (Molecular probes), both diluted 1:100 in PBST. The nuclear stain 
was Sytox Green (Molecular Probes), diluted 1:30,000 in PBST. All incubation steps 
using fluorochromes were shielded from light to prevent photo-bleaching. After 
incubation, the sections were washed in PBS for 3 x 5 minutes and mounted with 
Vectashield (Vector Laboratories Inc).
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Figure 1:  Reconstructions illustrating the main steps in the quantitative reconstruction process. The 
morphological reconstruction results in a surface reconstruction of the myocardium (A). Identification of 
all myocardial nuclei (green) and the dividing nuclei (red) results in a 3D reconstruction that cannot be 
interpreted quantitatively (B). A 3D measurement protocol (see text) results in local proliferation data (C).

Confocal microscopy and image registration
The triple-stained sections were scanned at 10x magnification using a confocal 
scanning laser microscope (CSLM, MRC1024, Bio-Rad Microscopy Division, Helmstead, 
United Kingdom). To avoid spill-over of the fluorochromes, the sections were scanned 
sequentially using the specific laser lines and detection bands corresponding to the 
three individual fluorescent dyes. To reduce noise, the images were captured using 
the Kalman setting (4x). The Bio-Rad native .pic files produced by the CSLM contain a 
8-bit greyscale image for each channel, i.e. the fluorescence of Sytox Green, Alexa 568 
and Alexa 647, which correspond to the nuclei of all cells, nuclei of BrdU positive cells 
and myocardium, respectively. The images count 1024 pixels in x- and y-direction, 
each measuring 1.22µm. 
 The three 8-bit greyscale layers contained in the .pic files, were split into 
separate .tiff files to facilitate further image-processing. Thus, for every embryo three 
stacks of greyscale images are produced; myocardium (blue stack), BrdU positive nuclei 
(red stack) and all nuclei (green stack). The stacks were colour-coded for convenience. 
The images of the blue stack, displaying the myocardium, were registered using the 
align-module of Amira. Amira uses an iterative optimization algorithm based on grey-
value correlation. Images failing to register automatically were manually aligned. 
The align-module only applies affine transformations, i.e. rotation and translation 
operations. After complete registration of the blue stack, the same translation and 
rotation parameters were applied to the red and green stack. 
Morphological reconstruction method
The qualitative reconstruction method described below is a prerequisite for the 
quantitative reconstructions, but can also be used to obtain a morphological 
developmental series containing volume growth information [2].  
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Tissue separation
The surfaces used for the morphological reconstruction are based on the expression 
of cardiac Troponin-I [7] (cTnI), a specific protein expressed in heart muscle cells 
(myocardium) [8]. Separation of the myocardium from background was achieved 
through a custom-written thresholding macro. Comparison of the computer macro 
with human operators revealed that the macro performed sufficiently precise to be of 
practical use in the reconstruction procedure.

3D Noise removal and visualization.
The resulting stack of binary images was converted into a label-set, which is an 
Amira native file. Using Amira, information between the sections (z-direction) was 
interpolated to obtain isotropic voxels. The label-set was further smoothed and, after 
removal of histological artefacts (mainly gaps), converted into a 3D mesh of polygons 
(surface) which were visualized in 3D using a SurfaceView module (Fig. 1A).
 
3D measurement procedure
The procedures used in the qualitative reconstruction method can be used to obtain 
and visualize binary images of individual nuclei. However, such a direct display of 
all nuclei cannot be readily interpreted in terms of cell proliferation rate (cf. Fig. 1B). 
To obtain and convey such continuous information, the quantitative reconstruction 
method was developed. By means of a measurement of the number of nuclear 
profiles, local quantitative data were obtained. These can be mapped onto the surface 
obtained by the above morphological method thereby facilitating visualization and 
interpretation of cardiomyocyte proliferation.

Profile identification
The thresholded and binarized myocardium (blue) stack was used to mask the red 
and green stacks containing the nuclear profiles using a binary AND operation. This 
effectively removes all non-myocardial nuclei from the images in the red- and green 
stack while original pixel values in the nuclei within the myocardium are preserved. 
To quantify the number of nuclear profiles within the masked images, the profiles 
were identified and reduced to binary information in the form of an individual pixel 
(the centroid) per profile. The cell identification procedure was compared with human 
operator cell counting which showed that the automatic counting of nuclear profiles 
was sufficiently precise. 
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Local 3D Measurement.
The three binary stacks of processed images are merged into one stack of 8-bit images. 
The resulting stack of images thus contains combined binary information on the area 
of myocardium, the centroids of BrdU positive nuclear profiles and the centroids of 
all nuclear profiles. To convey the information in this stack in an interpretable way 
and to derive quantitative data, a 3D measurement procedure was implemented. A 
macro in Image-Pro Plus loads the entire stack of fused images into an x-y-z matrix 
(x and y equals the total image width and height, z equals the number of images). 
Subsequently this matrix is diced into cubes of 21x21x21 µm3 of tissue volume 
spanning 3 sections. From the pixel value histogram in each of these measurement 
cubes, the total number of nuclear profiles (N) and the number of BrdU positive 
nuclear profiles (NP) are derived. Using these values, the BrdU labelling index (LI = NP 
/ N) in each cube was calculated. The LI is encoded as an 8-bits integer number and 
exported to a new image resulting in a stack of images containing labelling index 
information (Fig. 1C).

3D visualization of cellular data
Amira has the functionality to project a block of 8-bits information (Fig. 1C) onto 
a surface (Fig. 1A). By projecting the 8-bits proliferation rate data onto the original 
myocardium surfaces (Fig. 1A) coupled to a colour-map, we obtained 3D quantitative 
reconstructions (Fig. 2A) in which the morphology of the heart -as well as- quantitative 
information on proliferation is presented. 

Results
Noise removal in local 3D Measurements
The initial quantitative reconstructions obtained by the above-described method 
contained a lot of noise (Fig. 2A), due to the low number of profiles being counted in 
each measurement cube (i.e. 21x21x21 µm3). These low counts result in discontinuities 
in the labelling index, especially at the periphery of the heart. To reduce the noise 
it was decided to increase the sample size, by measuring in a larger volume and to 
project the calculated data into the centre cube of the sample volume. In figure 2A, 
the measurement and projection cube were the same. The size of the measurement 
cube was step-wise increased by including 1, 2, 3, or 4 neighbouring cubes in x-, y-, 
and z- direction leading to sample volumes of 33 up to 93 cubes. The quantitative 
reconstructions of the labelling index data resulting from the inclusion of 1, 2 and 3 
neighbours are shown in figure 2B, C and D, respectively.
An adverse effect of sampling in a larger volume is the loss of detailed information 
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and the inclusion of structures across a lumen. Therefore, it was required to select 
the optimal sampling size. Because of the wide range of labelling indices in the 
heart, a precision for the LI of 0.5 ± 0.075 was deemed sufficient. From the normal 
approximation of the binomial distribution, it can be calculated that such a precision 
can be reached with 95% confidence with 171 or more profiles per sample. The 
cumulative distribution plots of the number of profiles per sampling volume in 
the systematic series of quantitative reconstructions (Fig. 3) showed that 88% of 
the sampling cubes including 2 neighbours, dubbed S2, contain more than 171 
profiles. Thus, in only 12% of the S2 quantitative reconstruction (Fig. 2C), the required 
quantitative precision would not be reached. The size of the S2 sampling cube (1053 
µm3) was also deemed acceptable biologically because no smaller structures can be 
distinguished given the resolution of the morphological path of the reconstruction 
process. Thus, by measuring in a cube of 1053 µm3 and by mapping the quantitative 
information onto the 213 µm3 centre cube of the sampling volume, the noise in the 
quantitative reconstructions could be reduced, without reducing the effective spatial 
resolution.

Figure 2:  The 3D quantitative 
reconstructions using different 
sampling strategies in the 
local measurement step. In all 
reconstructions the projection 
cube (see text) is 213µm3. The 
figure shows reconstructions 
in which the measurement 
cube is the same size as the 
projection cube (A; S0), in which 
the measurement cube includes 
1 neighbouring cube in the x- y- 
and z-direction (B; S1; 33 cubes; 
633µm3), 2 layers of neighbours 
(C; S2; 53 cubes; 1053µm3), and 
3 layers of neighbours (C; S3; 
73 cubes; 1473µm3). The colour 
bar indicates the corresponding 
proliferation rate. Note that 
by increasing the size of the 
measurement cube, noise is 
reduced and the real spatial 
distribution of the proliferation 
pattern is recovered.
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Figure 3: Cumulative frequency 
plot of the number of nuclear 
profiles counted in measurement 
cubes of increasing size. The 
measured volume for each of the 
traces is given as ‘times projection 
cube’ (see text and Fig. 2). This 
cumulative plot was used to 
determine the percentage of cubes 
containing more than 171 profiles 
(dotted line), which is the number 
of profiles required to estimate a 
labelling index of 0.5 with a 95% 
confidence interval of 0.075. In 
the reconstructions based on 
measurement cubes of 1, 33, and 53 cubes, the percentage of the local measurements that did not fulfil this 
precision criterion are 100%, 95%, and 12%, respectively. Therefore, in the reconstruction based on the 53 
cubes, 88% of the labelling index information reached the required precision.

Biological Implementation
The current protocol was applied to gain 
insight into cell proliferation of the embryonic 
chicken heart. A timed series (n=10) of multiple 
reconstructions of cell division was made. 
The local changes in proliferation displayed a 
clear spatiotemporal pattern, yielding novel 
insights into the process of cardiac chamber 
formation [5]. For example, at stage 12 of 
chicken development (Fig. 4), regions of low 
and high proliferation are clearly identifiable. 
At this embryonic stage, the linear heart tube 
is undergoing rightward looping, attaining the 
classical c-shape. Two fast proliferating regions 
can be identified next to the low dividing parts 
of the tube: at the caudal side, at which the 
blood enters the heart (i.e. the inflow tract), 
and at the site where the primitive ventricle 
starts to balloon out. The latter observation 
supports the notion that the primitive ventricle 
balloons out due to an increase in cell-number 
[9-11] The inflow tract is composed of rapidly 
dividing cells, which is a novel observation 
and fits with the theory that in this region 
newly formed mesenchyme differentiates into 
myocardium [5].

Figure 4: 3D quantitative reconstructions. 
Ventral (A) and dorsal (B) views of regional 
differences in labelling index in a stage 12 
embryonic chicken heart. The labelling index 
is coded according to the colour bar. Note 
that the inner curvature displays the slowest 
proliferation. Expansion of the outer curvature 
region corresponds to the development of the 
ventricle in its earliest stage. The caudal region 
is composed of cells which display a very high 
proliferation rate. In this region recruitment 
of the myocardial cells from the surrounding 
mesenchyme occurs. (Abbreviations: IFT - 
inflow tract, OFT - outflow tract, PV - primitive 
ventricle.)
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Discussion
3D reconstructions have recently shown significant potential in unravelling key 
aspects of morphological changes during cardiac development [2,12-16]. Regarding 
cellular proliferation in the early chicken heart, the pioneering studies of Sissman 
and Stalsberg in the 1960s have provided a wealth of meticulous observations on 
cellular proliferation [9,10]. These and other data, however, can only fully be exploited 
if incorporated into an approachable 3D context. It can even be argued, that the 
divergent opinions that exist regarding the cellular mechanisms underlying formation 
of the cardiac chambers take their origin from misinterpretations of the complex 3D 
architecture of the developing heart. To remedy this situation, a comprehensive 3D 
quantitative reconstruction protocol was developed and applied to early chicken 
cardiac development [5]. The protocol contains two automated procedures, one to 
identify myocardium on the basis of cardiac troponin I expression, the other to identify 
individual nuclei and reduce them to centroids. Both procedures were compared with 
human operators and showed that they were sufficiently precise (to be published).
The observed cell proliferation rate is dependent on the identification of myocardial 
nuclei. Fibroblasts have not yet entered the embryonic heart at the stages studied and 
the cardiomyocytes are still mononuclear [17], as the chicken cardiomyocytes become 
multinuclear only after hatching [18]. We have previously shown that ignoring the 
size difference between proliferating and quiescent cells does not significantly affect 
the estimation of proliferation rate [19]. The thymidine analogue BrdU is incorporated 
into dividing cells in the S-phase and can thus be used as a marker for proliferation. 
The labelling index, defined as fraction of labelled nuclei, is linearly related to the BrdU 
exposure time and reciprocal with the cell cycle length [20]. Therefore, with constant 
exposure time and S-phase length, the labelling index -with the current measurement 
protocol- can be regarded as a direct estimate of proliferation rate.
 The current 3D quantitative reconstruction protocol can easily be adapted 
for the study of other morphogenetic processes (e.g. apoptosis) and can be applied 
to other organisms [19].
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Abstract 
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 position of the 3D structure. This measurement 
can be accomplished by exposing the developing embryo to two different thymidine 
analogues for two different durations, in which the exposure times partly overlap. 
This paper presents a method and a dedicated computer program to measure the 
resulting labelling indices and subsequently calculate and visualize local cell cycle 
lengths within the 3D morphological context of a developing organ. By applying this 
method to the early developing heart, we show a large difference in cell cycle lengths 
between the early heart tube and the adjacent mesenchyme of the pericardial wall. 
Later in development, a local increase in cell size was found to be associated with an 
increase in proliferation rate, i.e. a decrease in cell cycle length, in the region where 
the chamber myocardium starts to develop. This application 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.
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Introduction
To understand growth and morphogenesis during embryonic development it is 
essential to know local differences in morphogenetic parameters like cell size, cell 
cycle length and growth fraction. BrdU-labelling of proliferating cells in the embryo 
has been used to demonstrate local differences and stage-dependent changes in 
labelling indices in the developing heart [1-4]. These labelling indices have been 
interpreted to reflect proliferation rate. However, when the labelling index results 
from the staining of an event that only occurs during a specific phase of the cell 
cycle, the index merely indicates the fraction of cells in that phase. This not only holds 
for phosphorylated histone H3 staining to identify cells in M-phase [3] or counting 
of mitotic figures [1], but also for modern molecular approaches [5]. The obtained 
results do not allow for the calculation of cell cycle length or proliferation rate 
because multiple time-based parameters are unknown. E.g. the index resulting from 
counting the number of nuclei that have been labelled during the S-phase is not only 
dependent on the duration of the exposure to the label, but also on the length of the 
cell cycle and S-phase [6]. The dependence on exposure time hampers the comparison 
of such labelling indices between experiments. On the other hand, the use of different 
exposure times enables the calculation of cell cycle length and S-phase length [4,6,7]. 
In these studies, several embryos were exposed to a single radioactive or halogen-
conjugated thymidine analogue for different lengths of time before sacrifice. The 
relation between labelling index, exposure time, cell cycle length and S-phase length 
is described by a linear equation: LI = (TS+Texp)/TC (Fig. 1) [6]. The slope and intercept 
of this relation can be used to calculate the cell cycle length and S-phase duration, 
respectively. However, the application of this procedure resulted in average estimates 
of these parameters within a region of interest [4,7]. For estimation of local cell cycle 
lengths in a developing organ or embryo it is required to apply a 3D registration of the 
different specimens [6], which is close to impossible in complex and fast developing 
organs such as the heart. However, by exposing a single embryo to two distinct labels 
and different exposure times, the differential exposure time theorem for the study of 
cell cycle length can be applied to a single organ or specimen. 
 In this report we apply this method to the calculation and visualization of 
local cell-cycle lengths (in vivo, one embryo) in 3D reconstructions from sections. We 
describe the differential nuclear incorporation of two different halogenated thymidine 
analogues (IdU and CldU) in one tissue [8]. Also, software for the detection of labelled 
nuclei, the spatial determination of labelling fractions and the derivation of local 
cell cycle length is presented. We apply this technique to early heart development, 
showing that the cells in the early heart tube have a long cycle length and that 



69

chamber development is marked by a local increase in proliferation rate with cell 
cycle lengths as short as 8 hours.

Material & Methods 
Chicken embryos were obtained by timed incubation of fertilized eggs (Drost 
Loosdrecht B.V.), and staged according to Hamburger and Hamilton [12]. Equimolar 
solutions of CldU and IdU were prepared. 8.6 mg CldU (Sigma, nr. C6891) was 
dissolved per ml of sterile physiological salt solution. 23 mg of IdU (Sigma, nr. I7125) 
was dissolved in 1 ml of 0.1 N NaOH and then neutralized with 0.8ml of 1.5% NaCl and 
0.2ml of 0.3 N HCl. This resulted in a 11.5mg/ml IdU solution.
 To expose the embryos to the two thymidine analogues, 100 μl of IdU solution 
was injected into the yolk sack of incubated chicken eggs which were placed back 
into the incubator. After 3 hours, an injection with 100 μl of CldU solution followed. 
After another hour, the embryos are isolated and washed in chicken physiological salt 
solution (0.719%).
 The embryos were then fixed in Methanol-Acetone-Water (40/40/20 vol/
vol), followed by dehydration, embedding in paraplast and sectioning at 7 μm. 
Antigen were retrieved by 5 min of pressure cooking in antigen unmasking solution 
(Vector H3300). Each section was exposed overnight to a mixture of anti-IdU (mouse-
monoclonal anti-BrdU; BD, 347580), anti-CldU (rat-monoclonal anti-BrdU; Serotec, 
OBT0030CX) and anti-cTnI (rabbit polyclonal; HyTest, 4T21/2) followed by incubation 
for at least 2 hrs with a mixture of the fluorescent antibodies goat-anti-mouse-Alexa 
680, goat-anti-rat-Alexa 568, goat-anti-rabbit-Alexa 405 (Invitrogen) and Sytox green 
488 (Invitrogen). Image acquisition was performed with a fluorescent microscope 
using a 4 channel setup (Leica DM6000, Chromaphor).
Morphological 3D reconstructions were made using Amira (Visage Imaging) as 
previously described [10]. The myocardium was segmented based on cTnI expression; 
the dorsal mesoderm flanking the heart was manually segmented. Both structures 
were separately used as masks for cell counting. Cell counting was performed in 
sub-volumes (referred to as boxels) to ensure that enough nuclei were counted to 
reach reliable labelling indices [11]. Cell counting and cell cycle length computation 
were done using a custom written Matlab (Version 2009a, The Mathworks) program 
(available under GPL licence). For each experiment, the detection limit was re-
calibrated, compensating for experiment dependent variation. This calibration was 
done by setting the detection thresholds for IdU to a value where the fraction IdU-
labelled nuclei within the CldU labelled population approached 0.928.
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The resulting quantitative information was imported into Amira and projected onto 
the morphological reconstruction. These reconstructions were incorporated into an 
interactive 3D pdf file [20]. A cluster analysis was performed on boxels using cell size 
and cycle length as variables. K-means clustering was applied on standardized data 
using squared Euclidean distance as distance measure.

Results
Differential exposure time theorem
The principle of the differential exposure time theorem is illustrated in Fig. 1. The 
main assumptions are similar to those of the exposure of different specimens: the 
dividing cells are assumed to be in a random phase of the cell cycle, cell cycle length 
is constant and the population does not increase in size during the exposure time 
[7]. Under these assumptions, all cells pass once through the cell cycle when 1 TC has 
passed and thus the slope of the line that connects the end of the (sorted) S-phases is 
equal to 1/TC (Fig. 1). This slope is also equal to the difference in labelling fraction (∆F) 
divided by the difference in exposure time (∆T) (red triangle in Fig. 1) which allows the 
calculation of TC as ∆T/∆F. 

Figure 1: Graph to illustrate 
the differential exposure 
time theorem. The graph is 
based on a simulation of 500 
nuclei with a fixed S-phase 
length and cell cycle length 
randomly entering S-phase. 
The S-phases are then sorted 
and plotted in gray. The Y-axis 
has a length of 1 (all cells). The 
X-axis has a length of one cell 
cycle (TC). The slope of the line 
formed by the end points of 
the S-phases is therefore by 
definition 1/TC. Thymidine 
analogues are incorporated 
during the S-phase (between 
the black lines). The fraction 
of labelled nuclei is thus 
determined by the length of 
the S-phase plus the time of 
exposure to the thymidine 
analogue divided by the total 
length of the cell cycle [6]. 
When two different exposure 

times are applied, either by two different thymidine analogues or in two different animals, the difference 
(∆F) in labelled nuclei is determined by the difference in exposure time (∆T) (red triangle). Because the 
slope of this relation equals 1/TC, the cell cycle length can be calculated (red box). Similarly, the length of the 
S-phase can be determined from the slope in the blue triangle and the calculated TC (blue box). 
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Figure 2: Cross-reactivity and validation of 
antibody staining
Section of an embryo exposed to IdU shows 
specific staining using an antibody against IdU 
(Panel A). When an antibody against CldU is 
used there is no aspecific staining visible (Panel 
C). When an embryo is exposed to CldU and an 
antibody agains IdU is used some cross reactivity 
is observed (Panel B). Panel D shows specific 
staining for CldU. Panel E shows the relation 
between the number of nuclei labelled for IdU 
and CldU at equal exposure times. There was no 
significant difference between 2 and 4 hours of 
exposure time. The linear relation shows a high 
correlation coefficient (R2 = 0.991) and detection 
of 7.2% less IdU than CldU positive nuclei. 
(Abbreviations: ift - inflow tract, nt - neural tube, 
oft - outflow tract, v - ventricle)

Histology of Iodo- and ChlorodeoxyUridine 
A requirement for quantitative analysis of proliferation is the equimolar administration 
of IdU and CldU [8]. Because the antibody against IdU showed a low cross reaction to 
CldU (Fig. 2B) and the antibody against CldU with IdU did not cross react (Fig. 2C) we 
chose to expose the embryos for 4 hours to IdU, the last hour combined with exposure 
to CldU. As a result, all CldU labelled nuclei were also IdU-labelled which made cross 
reactivity between the IdU antibody and CldU irrelevant. 
Calibration and validation
Double labelling experiments with equal exposure time to IdU and CldU demonstrated 
that at equal exposure times the number of detected IdU-positive nuclei was 0.928 
(95% CI: 0.919-0.938) times the number of CldU-positive nuclei (Fig. 2E). Since this 
was a constant difference, independent of exposure time, a 7.2% compensation was 
implemented in the calculation of the IdU-positive fraction that is used in further 
calculations.
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Detection of nuclei
Nuclei could be detected because a nuclear staining was applied. After localizing all 
nuclei, it was determined whether the individual nuclei were positive for IdU and/or 
CldU (Fig. 3A). Prior to the detection of nuclei, noise and background were removed 
by application of a small Wiener filter to the image and by subtracting a moving 
average, respectively. The latter step is fundamental as it makes the detection of nuclei 
independent from gradients of background staining, which are present in biological 
samples. The obtained local maxima image was thresholded, resulting into a binary 
image in which the majority of the objects will be single nuclei. However, nuclei in 

Figure 3: Image analysis and visualisation. Panel A shows a schematic overview of the image processing 
steps involved in the identification of nuclei and recognition of IdU- and CldU-positive nuclei. Using a Sytox 
green staining all nuclei could be detected. For each nucleus within the region of interest (myocardium), the 
algorithm measures the signal in and around the nucleus in the IdU and CldU channels. The measurement 
of the local background excluded the locations at which other nuclei were detected. When the signal in 
the nucleus is at least a standard deviation above the background, the nucleus is classified as positively 
labelled. Panel B shows how the quantitative information can be projected onto a reconstruction or onto 
the original section. Each unit in the boxel representation has a volume of approximately 213 µm3, and is the 
central boxel of the sampling volume of approximately 1053 µm3 that is required for reliable measurement 
of the labelling index [11].
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close proximity to each other might have fused to larger binary objects. To resolve 
these objects, the median object area was computed. Objects larger then twice the 
median area were considered to be possibly multiple nuclei and were separated 
as described [9]. In short, this processing involved gray value erosion, dilation and 
reconstruction. 
 After correct localization of the nuclei it was determined whether the nuclei 
are positively stained for IdU, CldU or both (Fig. 3A). We defined a positive staining 
when the mean intensity of the IdU or CldU signal in the nucleus was at least the 
mean standard deviation of all background regions higher than its local background; 
thus for every detected nucleus the difference in mean intensity of the nucleus and 
its local background were standardized with respect to the overall background. This 
relatively computational intensive method was necessary because of the speckled 
nuclear staining pattern of CldU and in particular IdU (Fig. 3A). 

Calculation and Visualization
To calculate cell cycle length in 3D volumes, aligned stacks of images were required 
[10,11]. Calculations were done in sub-volumes of 1053 µm3, which contain enough 
nuclei to determine reliable labelling indices [11]. To preserve spatial resolution, 
results were projected into smaller volumes of 213 µm3, to which we will refer as 
boxels. Cell cycle lengths were determined using the formulas in Figure 1 (see also 
mathematical appendix).
 Two ways of visualization are possible (Fig. 3B). The most intuitive way of 
visualisation is a 3D visualisation in which the quantitative information is projected 
onto the morphological reconstruction. Another option is to project the quantitative 
information onto the original segmented sections. 

Application in early cardiac development
The early primary myocardium at stage HH9 (according to Hamburger and Hamilton 
[12] showed low proliferation rates with cell cycle lengths beyond 32 hours whereas 
neighbouring caudal anddorsal mesoderm displayed a much higher proliferation 
rate with cell cycle lengths as short as 8 hours (Fig. 4A and supplemental 3D-pdf file). 
Three stages (20hrs) later in development at HH12 the, now beating, S-shaped heart 
showed a highly localized band at the outer curvature (Fig. 4B and supplemental 
3D-pdf file) with a similar high proliferation rate, corresponding to the known onset 
of formation of the chambers. The primitive myocardium, which is still present at the 
inflow, outflow and inner curvature, showed large areas with cell cycle lengths of over 
32 hours. At the caudal part of the dorsal mesoderm, relatively high proliferation rates 
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persisted. At stage HH16 (Fig. 4C and supplemental 3D-pdf file), high proliferation 
rates were not only found in the embryonic ventricle, but also in the newly forming 
atria. However, the primitive myocardium retained it low proliferation rate. 
 A cluster analysis was performed on the boxels based on the average cell 
size [3] and cycle lengths in each boxel (Fig. 5). In the HH12 myocardium, this revealed 
three clusters of boxels with small fast-cycling cells, larger slow-cycling cells and large 
fast-cycling cells, respectively. Spatial mapping of the resulting clusters of boxels 
showed separated populations (Fig. 5). At the inflow and outflow regions of the heart, 
the small rapidly proliferating cells were found, whereas the large and fast cycling 
cells were located at the developing ventricle. The medium sized slowly proliferating 
cells were found in the remaining primitive myocardium.

Figure 4: Application in 
heart development. 3D 
visualisation of cell cycle 
length in the heart at 
stages HH9 (Panel A), HH12 
(Panel B) and HH16 (Panel 
C) of chicken embryonic 
development. For HH16 the 
quantitative reconstructions 
of the individual labelling 
indices for CldU and IdU on 
which the cycle lengths are 
based are shown. Note the 
heterogeneity in cell cycle 
lengths in different parts 
of the heart at every stage. 
Interactive versions of the 
3D-reconstructions can be 
found in the supplemental 
3D-pdf file.
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Discussion
Methodological considerations
Traditionally, cell cycle parameters were determined by pulse-chase experiments or 
differential exposure times using (radioactive) thymidine analogues in vivo or in vitro 
[13-15]. Another approach to determine cell cycle lengths is to use different exposure 
times to a single thymidine analogue, either by single [4,6,16] or by repetitive injections 

[7,17]. For the latter approaches it is 
necessary to measure labelling indices 
in different specimens. The average cell 
cycle length in different compartments 
is then determined from the labelling 
indices derived from at least two different 
time points [6]. The most important 
innovation of the current study is the 
application of this differential exposure 
time theorem to determine local cell cycle 
lengths in a single specimen preserving 
the 3D morphology. Therefore it was no 
longer necessary to subdivide a specimen 
into compartments [4,7,17], which might 
introduce a bias based on preconceptions, 
or to align different specimens [6] by 
which biological variation between 
specimens is a source of error. This 
approach was made possible by the 
independent detection of two different 
non-radioactive thymidine analogues 
[8,14]. Moreover, the implementation of 
measurements in sub-volumes (boxels) 
of tissue [6,11] circumvents the variability 
in cell cycle length in different parts of the 
heart because within each boxel the cells 
can be assumed to share similar history 
and properties. The size of the sampling 
volumes was chosen to yield the number 
of cells required for reliable determination 

Figure 5: Cell size - cell cycle length clustering 
and visualisation. Panel A shows a cluster analyses 
of boxels based on their cell volume and cell cycle 
length. Panel B shows the same classified boxels 
plotted in the HH12 myocardium reconstruction. 
Although spatial information was not used in the 
cluster procedure, the resulting clusters show clear 
spatial continuity.
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of a labelling fraction [11] and thus determines the spatial resolution of the resulting 
quantitative reconstructions. The numerical precision of the measurement is only 
determined by the total number of cells not the labelled cells [11].
 When measuring cell cycle lengths, an important factor to keep in mind is 
the growth fraction which is the fraction of actively cycling cells. The mathematical 
appendix shows that disregarding the growth fraction results in the population 
doubling time instead of cell cycle length. To quantify and model growth, the 
numerical impact of cell cycle length combined with the growth fraction is equal to 
the impact of population doubling time. However, when studying the regulation of 
growth, one should consider that the fraction of cycling cells and the actual length 
of the cell cycle are different biological parameters. Measurement of local cell cycle 
lengths requires that, together with the labelling indices, the growth fraction at each 
position is determined using a cell cycle marker like Ki67 [18].
 The observed cell cycle length is not biased when the thymidine analogues are 
not instantly incorporated in cycling cells as we show in the mathematical appendix. 
However, the actual underestimation of the observed S-phase length would have 
been equal to such an incorporation lag. In an experiment with different exposure 
times, we observed that from 15 minutes BrdU exposure onwards the resulting BrdU 
incorporation follows a linear relation (data not shown). This also shows that a 15 
minutes exposure time is enough to reach a reliably detectable level of incorporation; 
in cell culture, IdU and CldU uptake required only 2 min [14].
 When exposure times are longer than the time between the end of the 
S-phase and the actual cell division, the population of labelled cells increases as a 
result of division of labelled cells [13]. Therefore, the exposure time should be shorter 
than the length of the G2 plus M-phase. When this criterion is not met, cycle lengths 
will be underestimated (see mathematical appendix).
 Using a series of exposure times to determine cell cycle length assumes that 
the cells are a randomly cycling population with constant cell cycle length [6,7,17]. 
This is, however, not the case at every location in the heart. We know for instance that 
cells move from the highly proliferative growth centre in the flanking mesoderm into 
the low proliferative heart tube [4]. At the borders between the growth centre and 
the heart tube, the cell cycle length increases. However, when the labelling indices 
are measured in boxels, the more homogeneous sub-populations of cells in each 
boxel will in most cases fulfil these assumptions. In the border zone, results will still 
be affected by the changing cell cycle length during the exposure time. Therefore, in 
developmental studies results should always be interpreted in the context of known 
morphogenetic processes.
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The method also assumes that the measurements are done in a closed population of 
cells. As long as cells move as a coherent sheet of cells, the local measurement is not 
affected by this movement. However, migrating cells, such as neural crest cells, cross 
into other tissues, and may change the population during the thymidine exposure. 
In many cases this problem can be tackled using specific markers to define the tissue 
of interest. In our current approach we used a cTnI staining to select myocardial 
tissue and only counted nuclei in cTnI expressing cells. This approach can be used to 
study proliferative behaviour of any sub-population of cells playing a role in organ 
development.

Biological application
In the caudal part of the dorsal mesoderm flanking the heart we found high 
proliferation rates. This is in agreement with previously described high labelling 
indices [4] and the high percentage of mitotic figures in this region [1]. In this part 
of the mesoderm we found cycle lengths that are similar to the previously described 
7-7.5 hours for rat mesoderm [19].
 The short cell cycle lengths found in the developing ventricle are also in 
agreement with the high labelling indices described previously [3,4]. This embryonic 
ventricle shows relatively high proliferation rates, although we found slightly longer 
cycle lengths than the average of 8.5 hours found by using a cumulative BrdU labelling 
in different animals [4]. The latter low estimate is likely to be the result of exposure 
times to BrdU (up to 6 hours) being probably longer than the summed lengths of the 
G2 and S-phase. 
 Soufan and co-workers found a relation between cell size and BrdU labelling 
index showing small cells with high labelling indices at the inflow and ouflow region, 
medium sized cells with low labelling indices in the primitive myocardium and large 
cells with high labelling indices at the developing ventricle [3]. We found the same 
populations after clustering of cell cycle lengths and cell size, indicating that the small 
cells added to the heart first have to grow before proliferation is reinitiated in the 
ventricle.
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Concluding remarks
Although we were not yet able to distinguish the actual cell cycle length from 
population doubling time, the current application shows clear heterogeneity in 
population doubling times 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.
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Chapter 5

Development of the pulmonary vein and the systemic 
venous sinus: an interactive 3D overview
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Abstract
Knowledge of the normal formation of the heart is crucial for the understanding of 
cardiac pathologies and congenital malformations. The understanding of early cardiac 
development, however, is complicated because it is inseparably associated with other 
developmental processes such as embryonic folding, formation of the coelomic cavity, 
and vascular development. Because of this, it is necessary to integrate morphological 
and experimental analyses. Morphological insights, however, are limited by the 
difficulty in communication of complex 3D-processes. Most controversies, in 
consequence, result from differences in interpretation, rather than observation. An 
example of such a continuing debate is the development of the pulmonary vein and 
the systemic venous sinus, or “sinus venosus”. To facilitate understanding, we present 
a 3D study of the developing venous pole in the chicken embryo, showing our results 
in a novel 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.
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Introduction
Early cardiac development is inseparably associated with the formation of the 
embryonic venous systems. Initially, the embryonic vasculature consists only of 
bilaterally paired vitelline veins, located between the endoderm of the yolk sac 
and the splanchnic mesoderm. These vitelline veins fuse in the embryonic midline, 
forming a ventral vessel [1,2]. The primary heart tube is formed as the walls of this 
vessel differentiate into myocardium [3] (review: [4]). With subsequent growth of 
the embryo proper, there is development of the cardinal and the umbilical venous 
systems. In those species relying on lungs for the oxygenation of blood, there is also 
formation of a pulmonary vein or veins. During the development of these vessels, 
and their connection to the heart, the myocardium grows and changes shape by a 
combination of proliferation [5,6], and addition and muscularization of precursor 
cells [7-10]. Many malformations of the cardiac inflow have their origin in this early 
developmental period, during which numerous processes intertwine both spatially 
and temporally. These abnormalities range from simple deformities, such as persisting 
communications across the oval foramen, to complex malformations involving 
abnormal drainage of the pulmonary vein to extra-cardiac sites [11]. 
 Despite this obvious clinical relevance, the long-established morphological 
examination of the development of the inflow has yet to produce consensus, as 
illustrated by the ongoing discussion regarding the relation between development 
of the pulmonary vein and the systemic venous tributaries [12,13]. The reasons for 
such ongoing disputes lie in part in the lack of use of molecular markers to distinguish 
between cell types [14], but also reflect the difficulty of communicating complex three-
dimensional processes. Together, these ongoing problems prevent the emergence of 
a clear morphological concept of development of the venous inflows that could serve 
as a scaffold for further study. To provide such morphological insights, we conducted a 
three dimensional study of the developing venous pole of the heart in the chick, using 
specific markers for myocardium and working myocardium of the chambers. We have 
used chicken embryos as our experimental model because of the prominence of the 
vitelline veins, and the flatness of the blastoderm. These features result in a reduced 
complexity of general embryonic morphology, and are shared with human embryos. 
The resulting reconstructions are presented via a novel interactive 3D-technique.
 The reconstructions show how the pulmonary vein develops by separation 
from a greater venous plexus, which is located within the splanchnic mesoderm. The 
systemic venous tributaries, in contrast, develop laterally on the junction between 
the splanchnic and somatic mesoderm by muscularization of the mesenchyme that 
surrounds the common cardinal veins. We show how this model of development can 
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explain the known clinical variability of abnormal pulmonary venous return. Using this 
model, we also discuss the origin of the pulmonary circulation from a phylogenetic 
perspective. Although our proposed model of development is not novel in itself, we 
submit that our three-dimensional and interactive presentation will help in resolving 
the debate about the formation of the systemic and pulmonary venous tributaries.

Background to concepts of development of the venous inflow
Prior to presentation of our observations, we firstly discuss existing studies regarding 
formation of the cardiac venous inflow. Classical cardiac embryologists had a profound 
knowledge of early cardiac development. A great deal of these publications is now 
relatively obscure, but remains of significance for current-day research. Figure 1 offers 
an overview of classic and current knowledge regarding the formation of the venous 
inflows. 
 After gastrulation, the embryo can be represented as a trilaminar disc 
made up of endoderm, mesoderm, and ectoderm. The heart tube, and its venous 
tributaries, are derivatives of the mesoderm. With formation of the coelomic cavity, 
lateral plate mesoderm separates into splanchnic and somatic layers, which line 
the endoderm and the ectoderm, respectively. The lateral edges of the splanchnic 
mesoderm gradually lumenize to form the vitelline veins. These veins basically are 
bilateral gutters of splanchnic epithelia that both contain an endothelial tube. These 
endothelial tubes are caudally contiguous with the blood islands that reside in the 
extra-embryonic mesoderm covering the yolk sac. As the embryo folds, the paired 
vitelline veins progressively fuse in the embryonic midline. The walls of these fused 
veins express cardiac sarcomeric proteins [2,15], and, shortly following fusion, start 
to contract rhythmically [16], thus forming the so-called primary heart tube (review: 
[4]). It needs to be noted that these vitelline veins do not proliferate, and that the 
heart tube is gradually formed by a progressive addition of rapidly dividing cells from 
bordering splanchnic mesoderm [9]. The vitelline veins continue to fuse subsequent 
to formation of the heart tube, becoming the portal vein. Together with the umbilical 
veins, the portal vein contributes to the hepatic vascular bed [17,18].
 Because the primary myocardial heart tube forms by the fusion of two epithelial 
gutters, it is initially unclosed dorsally, where the so-called dorsal mesocardium 
connects the heart to the splanchnic mesoderm that overlies the embryonic pharynx. 
This mesocardium is the only site through which vessels or additional tissue can 
dorsally enter the heart (Figure 1, panel 5). Prior to folding, this “pharyngeal” mesoderm 
was located medially to the lumenizing mesoderm of the vitelline veins. Upon fusion 
of the left and right coelomic cavity, the mesoderm which was originally located 
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laterally to the vitelline veins will form 
the so-called ventral mesocardium, a 
transient structure that disintegrates 
shortly after the fusion of the vitelline 
veins [2]. At this point in development, 
the functional embryonic circulatory 
system is comparable to that of 
primitive organisms [19]. Blood from 
the blood islands is transported 
through the embryo by a heart that 
is nothing more than a sluggishly 
contracting ventral vessel that overlies 
an endodermal gut. Subsequent to 
this developmental stage, the other 
systemic venous systems, namely the 
cardinal and umbilical veins, develop, 
as further explained below.
 At the level of the anterior 
intestinal portal, the ventral 
mesocardium becomes contiguous 
with the lateral mesocardial 
connections. These lateral connections, 
although rarely discussed in literature, 
form an important landmark in 
embryonic development, as they 
reflect the contact between the 
somatic and splanchnic layers of the 
mesoderm [18,20]. Besides playing 
an important role in separating the 
embryonic coelomic cavity, these 
lateral mesocardial connections also 
Figure 1: Transition of trilaminar embryonic disc during early development. (1) Trilaminalar embryonic 
disc after gastrulation; lateral plate mesoderm resides between the endoderm (green) and the ectoderm 
(black). (2) Lateral plate mesoderm separates in a splanchnic (blue) and a somatic (red) layer by formation 
of the coelomic cavity (violet). (3) The lateral edges of the splanchnic mesoderm luminize, forming bilateral 
vitelline veins. (4) By folding the lateral edges of the embryonic disc move inwards, creating the interior 
intestinal portal. The persisting contact between the somatic and splanchnic mesoderm is called the lateral 
mesocardium. (5) Fusion of the bilateral vitelline veins generates the primary heart tube. The point of fusion 
is recognized as the ventral mesocardium. The medial splanchnic mesoderm becomes the pericardial back 
wall, which is connected to the heart tube via the dorsal mesocardium. (6) Ventral view of the primary heart 
tube. The height of cross sections (4) and (5) is indicated by arrows. (Abbreviation - vv: vitelline vein)
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envelop the forming common cardinal veins [18]. These latter veins, lying in somatic 
mesoderm [20], facilitate the venous drainage from the embryo proper. They receive 
blood from the superior and inferior cardinal veins, as well as the umbilical veins, 
which run in the lateral body wall. In chicken embryos, the umbilical veins return 
blood from the allantois. Eventually, a discrete “sinus venosus”, or systemic venous 
sinus, is formed by myocardial differentiation of the mesenchyme that surrounds the 
common cardinal veins, and by incorporation of these structures into the pericardial 
cavity [10,21]. In both chicken and mouse embryos, this mesenchyme expresses 
Tbx18, and is devoid of Nkx2-5 expression. Knock-out of the Tbx18-gene in mouse 
disrupted both formation of the sinus horns and separation of the coelomic cavity 
[21].
 The fourth venous system that becomes connected to the cardiac inflow is the 
one that drains the developing lungs. As already discussed, the relation between the 
pulmonary vein and the systemic venous tributaries has been subject to longstanding 
debate, specifically as to whether the pulmonary vein becomes connected to the left 
atrium directly (review: [22]), or via the tributaries of the sinus venosus (review: [23]). 
Although at first glance semantic, the consequences of these different views are very 
relevant with respect to the etiology of cardiac disease. If the pulmonary vein did 
originate from the systemic venous sinus, the pulmonary myocardium would share 
its lineage with myocardium that forms the sinus node, a view [23] used to explain 
the frequent occurrence of arrhythmias that originate from the pulmonary orifices in 
the left atrium [24]. Although recent lineage analyses convincingly demonstrated a 
distinct origin of the myocardium of the systemic and pulmonary venous tributaries 
[21], opposing views are still put forward [12]. Since clarification of the spatial 
intricacies of the development of these regions of venous inflow might resolve these 
differences, we undertook our 3D-analysis of this clinically important region.
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Methods
Experimental Animal Handling & In Situ Hybridisation
According to Dutch law (“Wet op de dierproeven”), embryos are not covered by the 
definition of experimental animals until a viable age is reached. In chicken, this occurs 
at around 21-23 days of development. Our study did not include chicken embryos 
older than 5 days of development. Therefore, approval of an ethic committee was 
not necessary. Chicken embryos were acquired by timed incubation of fertilized eggs, 
obtained from a local hatchery. After isolation, the embryos were staged according to 
the system proposed by Hamburger and Hamilton [25], fixed in 4% PFA, dehydrated 
with a series of graded alcohol, cleared with butanol, and embedded in paraplast. 
After embedding, the embryos were sectioned at either 12 or 14 µm. Using in situ 
hybridization (ISH) [26], serial sections were sequentially stained for the presence 
of mRNA of cardiac Troponin I (cTnI) [27] and Connexin40 (Cx40) (GenBank no: 
NM_205504, kindly provided by dr. T. Mikawa). 

Figure 2: 3D reconstruction from sections. The left panel shows two exemplary ISH-stains of expression 
of cTnI and Cx40, translated and rotated to alignment. Note that the line that indicates the splanchnic 
plexus, and the textual annotations were later added for the sake of clarity. Using Amira, the signals of 
gene-expression and the general tissue background were transformed into a 3D reconstruction. The 
presented colors indicate the same structures throughout the remainder of the article. Note that yellow is 
used to indicate both the cardiac cushions after invasion with mesenchyme, but also for mesoderm that 
is of unclear splanchnic or somatic descent. (Abbreviations - 3D: three dimensional, AVC: atrioventricular 
canal, cTnI: cardiac Troponin I, Cx40: Connexin 40)
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Image Analysis & 3D Reconstructing
Digital images of the stained sections were made using bright-field illumination (Zeiss 
Axiophot microscope, coupled to Leica DFC321 camera). For 3D-reconstruction, the 
digital images were loaded into Amira (Visage Imaging, Inc.) and appointed a voxel 
size appropriate to section thickness and optical magnification. Images were rotated 
and translated to alignment. Subsequent to this alignment, the embryonic structures 
and the domains of gene-expression were segmented into binary labels, using 
general tissue contrast and specific signal from ISH-staining (Figure 1). Due to the 
sequential staining of the sections, the ISH-signals were interpolated over 3 sections. 
After inclusion of all segments, the labels were resampled to iso-volumetric voxel 
dimensions, and smoothed in the y and z orientations. These smoothed data-sets 
were transformed into a surface by triangulation. The number of triangles was then 
reduced to 7600, and the resulting surface itself smoothed using the SmoothSurface 
module of Amira. For 2D presentation, snapshots of the reconstructions were taken 
in Amira, and laid out and annotated using Illustrator CS3 (Adobe Systems, Inc.). For 
3D-presentation, the Amira-surface files were converted into three-dimensional pdf-
files with Acrobat 3D (Adobe Systems, Inc.). Using java-scripts, we prepared a custom 
interface for the use of the functionality of Acrobat 3D [28]. 
Definitions
In order to discuss the development of the pulmonary vein with respect to the atrial 
chambers and the systemic venous sinus, it is imperative to define these structures 
accurately. The atrial myocardium is produced by local differentiation at the caudal 
part of the primary heart tube. A clear sign of this differentiation is the increase in 
the velocity of electrical conduction [29], caused by local initiation of expression of 
gap-junctional proteins such as Connexin40 (Cx40) (review: [30]). The myocardium 
of the systemic venous sinus is produced by muscularization of the mesenchyme 
that envelops the common cardinal veins. Focusing as we do here on the three-
dimensional development, we define the sinus horns as the myocardium both 
expressing cardiac Troponin I (cTnI) and surrounding the common cardinal veins. 
Note that assigned color codes translate gradations of molecular expression into 
discrete values. The splanchnic and somatic mesodermal layers are separated by the 
coelomic cavity. The splanchnic mesoderm is the tissue between the endoderm and 
the coelomic cavity, while the somatic mesoderm is the tissue between the ectoderm 
and the coelomic cavity. The splanchnic plexus is the loosely arranged tissue inside 
the splanchnic mesoderm, shown previously to express a variety of vascular markers 
[31,32]. We define the pulmonary vein only when it possesses a patent lumen within 
this plexus, running from the dorsal mesocardium to the developing lungs. 
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Results
The reader is encouraged to read the results along with the interactive 3D-PDF files 
located on the supplemental mini disc.

2 days of development - stage 12 (Figure 3) 
Expression of Cx40 at the venous pole of the heart was first observed at stage 12, 
in the myocardium that laid bilaterally from the dorsal mesocardium, reflecting the 
differentiation of the left and right atrium from the left and right heart-forming 
regions, respectively [33]. At this stage, pulmonary venous structures were not 
observed, nor had there been formation of lungs. Instead, a loosely arranged 
mesenchyme, overlying the endoderm of the anterior intestinal portal and underlying 
the splanchnic mesoderm, was emerging. This mesenchyme, seen along the 
cardiovascular lumen, contacted both the lumen of the embryonic atria, via the dorsal 
mesocardium, and the still unfused vitelline veins. Given the absence of clear lumina 
in the mesenchymal plexus at these stages, drainage of the plexus on these vessels 
could not be morphologically assessed. As noted previously [34], it is not possible to 
define a sinus venosus at this stage. Rather, the recently formed common cardinal 
veins entered the inflow laterally, via the lateral mesocardial connections.

3 days of development - stage 16 (Figure 4)
Compared to stage 12, the domain of Cx40 expression at the inflow had expanded, 
reflecting the progressive growth and differentiation of the atria. As described in 
mouse [21], atrial growth was more pronounced at the left side. In proximity to the 
dorsal mesocardium, the expression of Cx40 and cTnI became weaker, reflecting the 
addition of newly differentiating cells from splanchnic mesoderm that covers the 
endoderm of the foregut. This mesoderm is currently known as the second heart-field 
[7]. The newly formed venous plexus, wedged between the dorsal mesocardium in 
the midline of the embryo, opened directly to the atrial cavity. More caudally, the 
remainder of the venous plexus connected with the vitelline veins. Although part of 
the systemic venous return, this region should not be considered to be part of the 
systemic venous sinus, since the latter entity has still to form at this stage. When 
compared to the previous stage, the common cardinal veins had enlarged, albeit 
remaining devoid of myocardial sleeves.
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Figure 3: Heart region of stage 12 embryo (1) Right lateral view of the endoderm (transparent). 
Overlying the endoderm of the anterior intestinal portal is a mesenchymal plexus (red). (2) Overlying 
this mesenchymal plexus is the splanchnic mesoderm (blue). The lumen of the heart tube is transparent. 
(3) Dorsal view, showing how the vascular plexus is wedged between the endoderm and the splanchnic 
mesoderm. (4) The cardiovascular lumen is shown in orange; the forming vitelline veins are continuous 
with the vessels that cover the yolk sac. (5) Cardiac lumen protrudes into dorsal mesocardium, where 
contact with splanchnic plexus is being established. (6) Bilaterally flanking the dorsal mesocardium are 
the emerging atria, as distinguished by expression of Connexin40 (green). (7) Hooking into the vitelline 
veins from dorsolateral are the common cardinal veins. (8) These common cardinal veins reside in somatic 
mesoderm (red). (9) Ventral view of the splanchnic and somatic mesoderm. Separating these tissues is the 
coelomic cavity. They contact at the so-called lateral mesocardium (light blue). (Abbreviations - aip: anterior 
intestinal portal, la: left atrium, ra: right atrium, lv: left ventricle)
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Figure 4: Heart region of stage 16 embryo (1) Right lateral view of the endoderm (transparent). Overlying 
the endoderm of the anterior intestinal portal is a mesenchymal plexus (red). (2) Overlying this plexus is 
the splanchnic mesoderm (blue); its connection with the somatic mesoderm, the lateral mesocardium, is 
removed. (3) Cardiovascular lumen in relation with the endoderm and splanchnic plexus. (4) The lumina 
of the blood islands covering the yolk sac are removed. Primary myocardium is shown in grey, Cx40+ 
working myocardium in green. The splanchnic plexus is separating and contacts both the atrial lumen via 
the dorsal mesocardium, and the vitelline veins. (5) Dorsal view of the plexus in relation to the myocardium 
and vitelline veins. (6) The direction of blood-flow within the heart and vitelline vessels is indicated with 
arrows. (7) Addition of the cardinal veins. (8) Cardinal veins reside in somatic mesoderm (transparent). (9) 
Ventral view, showing the endoderm in dark green. The surface of the reconstruction is cut in a frontal 
plane, showing canalization of the splanchnic plexus into the cardiovascular lumen of the atria (via the 
dorsal mesocardium) and the vitelline veins.



91

Figure 5: Heart region of stage 21 embryo
(1) Ventral view of the heart. Cx40 positive working myocardium is shown in green, primary myocardium is 
depicted in grey. (2) Dorsal view; the splanchnic plexus is shown in light red and hepatic lumen in brown. 
(3) Left lateral view. (4) Left lateral view; the surface of the left atrium is cut, showing the atrial septum and 
the entrance of the pulmonary vein. The endoderm is transparent. (5) The splanchnic plexus is interwoven 
with the hepatic lumen (6) Within the endoderm several organs are developing. (7) Ventral view showing 
the sinus venosus region with respect to the splanchnic (blue) and somatic (red) mesoderm (8) Solitary 
depiction of the splanchnic and the somatic mesoderm. The lateral mesocardium is indicated by a hatched 
line. (9) The venous systems of the cardiac inflow. (Abbreviations - avc: atrioventricular canal, sup. card.: 
superior cardinal vein, inf. card. vein: inferior cardinal vein, pulm. vein: pulmonary vein)
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Figure 6: Heart region of stage 25 embryo 
(1) Ventral view of the heart. Cx40 positive working myocardium is shown in green, primary myocardium is 
depicted in grey. (2) Left lateral view of the heart; the splanchnic plexus is shown in red and hepatic lumen 
in brown. (3) Dorsal view of the heart. (4) Left lateral view of the endoderm (transparent grey) in relation 
to the pulmonary vein and the splanchnic plexus. (5) The remaining plexus attaches to the hepatic lumen. 
(6) Left lateral view; the surface of the left atrium is cut, showing the atrial septum and the entrance of the 
pulmonary vein. (7) Systemic venous returns (orange) with respect to the atrial lumen (transparent). (8) 
Direction of blood-flow. (9) The common cardinal veins entirely ensleeved by myocardium. Most of this 
myocardium now expresses Cx40, with the exception of the forming sinus node. 
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4 days of development - stage 21 (Figure 5)
By this stage, further progression in atrial development was evident. Again, the 
left atrium was larger, and, in the specimen shown, its wall had collapsed during 
embedding (Figure 5). By now, the primary atrial septum was emerging, and the 
pulmonary vein could be seen to the left of this septum, having separated from the 
splanchnic venous plexus as a solitary vessel. The remainder of the splanchnic is 
plexus overlaid the endoderm, which had clearly formed organs such as the stomach 
and the pancreas. The caudal splanchnic plexus joined with the hepatic vasculature, 
which was forming around the further fused vitelline veins. The entry of the systemic 
venous tributaries had become displaced towards the right of the embryonic midline. 
In consequence, the left common cardinal vein had elongated, and encircled the 
remainder of the splanchnic plexus. The right common cardinal vein was smaller, and 
was fully sheathed by myocardium. The mesenchyme surrounding the left common 
cardinal vein, in contrast, was only starting to become muscularized, concomitant 
with the onset of formation of the sinus horns.

5 days of development - stage 25 (Figure 6)
With the addition of another day in development, the morphology of the heart had 
not altered significantly, despite general growth of the embryo. Due to this increased 
size, less endoderm was reconstructed. In the ventricles, Cx40 was predominantly 
expressed in the trabecular myocardium. For the sake of clarity, however, the entire 
ventricular walls are presented as Cx40-positive. The pulmonary vein had bifurcated, 
and drained the endoderm of both lung buds. The primary atrial septum had also 
developed further, with the pulmonary vein continuing to enter the atrial cavity at 
its left side. By now, however, it was possible to recognize a discrete systemic venous 
sinus, both common cardinal veins being fully covered by myocardium. These 
myocardial sleeves now expressed Cx40, reflecting their atrialization. It was now also 
possible to recognize the sinus node as a region devoid of Cx40 expression within the 
right sinus horn, as also described for the mouse [35].
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Discussion
Using novel techniques of reconstruction and presentation, we have shown how a 
discrete systemic venous sinus, or “sinus venosus”, develops at the junction between 
the splanchnic and somatic mesoderm. The pulmonary vein, on the other hand, is 
shown to separate from a greater splanchnic venous plexus that extends from the 
heart to the liver. This model of pulmonary venous development is not novel, being 
supported by convincing evidence from vascular markers and injections of Indian 
Ink to show luminal connections [31,32]. It is unclear, therefore, as to why this model 
of development has become underexposed in current literature. The concept of 
formation of the pulmonary vein from this greater splanchnic plexus offers useful 
insights into the development of the venous pole of the heart, clinical manifestations 
of abnormal pulmonary venous return, and sheds light on evolutionary aspects of 
cardiac development.

Relation between the systemic venous sinus and the pulmonary vein
As we have discussed, the debate regarding the relation between the pulmonary 
vein and the sinus venosus is long-standing. Lineage analyses performed during 
the previous century already suggested that the common cardinal veins, which lie 
at the basis of future sinus horns, originate from somatic mesoderm [20]. Using the 
same techniques, the pulmonary vein had been shown to derive from the splanchic 
mesoderm that overlies the foregut [36]. Recent genetic lineage studies in mouse 
using the Nkx2-5 promoter further disproved a common origin of the myocardium 
of the systemic venous sinus and the pulmonary vein [21]. Alternative, and more 
sensitive, genetic lineage suggested that the entire systemic venous sinus originated 
from precursors that expressed Nkx2-5 [37]. This, however, is most probably due to 
early detection of recombination in the lateral plate mesoderm, not allowing the 
analysis of the respective lineages of the splanchnic and somatic mesoderm. 
 Despite this body of evidence relating to the fate and lineage of these cells, 
and the convincing observations of direct drainage of the pulmonary vein into the 
left atrium in human [38,39], mouse [13,40], and chicken [41], some investigators 
argue that the pulmonary vein originates from the sinus venosus [23], and have even 
introduced new cardiac components when describing normal development [12]. It is 
likely that this reflects differences in the interpretation of the complex 3D-architecture 
of the developing cardiac venous pole, resulting in different definitions of the key 
structures involved. Indeed, our own study shows that, during normal development, 
the anlage of the pulmonary vein, namely the splanchnic plexus, is connected to the 
developing systemic venous inlet. This does not imply, however, a relation between 



95

the pulmonary vein and the definitive systemic venous sinus. Those reaching this 
latter conclusion seem to have simply defined the sinus venosus as the confluence 
of the systemic veins. Already in 1933, however, Patten and Kramer had emphasized 
that such a definition can result only in “unnecessary confusion” [34]. The part of the 
systemic return connecting with the splanchnic plexus belongs to the future portal 
venous system, eventually becoming incorporated into the venous drainage of the 
more caudal derivatives of the gut to the liver. There is no evidence of drainage of 
the lumenized pulmonary vein to the definitive systemic venous sinus during normal 
development. Not infrequently, however, such connections are seen in a clinical 
situation, as we discuss below.

Abnormal Pulmonary Venous Connections
It is well recognized that, in the congenitally malformed heart, the pulmonary venous 
return is through systemic venous channels rather than directly to the morphologically 
left atrium. The sites of such anomalous connections are diverse, usually divided 
into 1) direct right atrial connections; 2) connections through the derivatives of the 
right-sided common cardinal systems, namely the superior caval and azygos veins; 
3) connections through derivatives of the left common cardinal system, specifically 
the coronary sinus; and 4) connections through the umbilicovitelline system via 
the portal vein and venous duct [42]. Direct drainage of the pulmonary veins to 
the morphologically right atrium, however, is almost always seen in the setting of 
isomerism of the right atrial appendages, and should not necessarily be considered 
as an error in separation of the splanchnic plexus. 
 Although these above-described phenotypes might appear diverse, the 
initial separation of the splanchnic plexus occurs over a length of not even 250 µm. 
Given our description of normal development of the pulmonary venous return from 
the cranial aspect of this splanchnic plexus, and the relation of the caudal part of the 
plexus with the developing portal vein, the variability of abnormal venous connections 
can be better appreciated, and the etiology of these types of malformations can be 
readily inferred (Figure 7), as has also been previously emphasized [42]. Drainage 
via the right common cardinal system represents failure of the separation of the 
normal pulmonary vein, and a communication of the splanchnic plexus with the 
right common cardinal vein. Drainage via the left common cardinal system follows a 
similar principle. Drainage into the umbilicovitelline system reflects failure to separate 
the normal pulmonary vein from the cranial aspect of the splanchnic plexus, with 
continuing drainage into the developing hepatic circulation. 
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Evolutionary considerations of pulmonary venous development
The embryonic development of the pulmonary vein from a splanchnic plexus may also 
allow for some speculation on the evolutionary origins of the pulmonary circulation. 
Primitive animals resemble the earliest embryonic stages of “higher” vertebrates by 
the presence of an extensive vascular plexus that surrounds a tubular endodermal gut 
[43]. This gut does not contain specialized organs, and both oxygen and nutrients that 
pass through the gut are taken up via this venous plexus; to be distributed throughout 
the body by the peristaltic pumping of a simple unseptated heart (Figure 8). 

Figure 7: Clinical manifestations of Abnormal Pulmonary Venous Return. The left illustration shows 
a dorsal view of the cardiac venous pole. (0) Normal drainage of the pulmonary vein into the left atrium, 
caused by cranial separation of the pulmonary vein from the splanchnic plexus and formation of the 
atrium septum from the right pulmonary ridge. (1) In case of isomerism of the right atrial appendages, 
the atrium septum can form from the left pulmonary ridge. If this is the case, then the pulmonary vein will 
drain into the right atrium, as shown in the schematic section on the right. This should not be considered 
to be an erroneous separation of the pulmonary vein from the splanchnic plexus. Failure of such a cranial 
establishment of the pulmonary vein from this plexus can cause a variety of clinical manifestations of 
abnormal pulmonary venous return, depending on the caudal location of drainage (2, 3, and 4).
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As aerial ventilation via lungs arose, the 
heart gradually became septated, and the 
circulatory system evolved into a parallel 
arrangement of systemic and pulmonary 
blood flow. Essentially, the pulmonary vein 
separated from the venous returns of other 
endodermal organs, such as the stomach 
and the intestines. Evolution of incomplete 
septa generated left and right sided atrial, 
ventricular, and outflow compartments 
that increased the efficiency of separation 
of the circulatory systems, as still seen in 
present-day lungfish and amphibians [44]. 
In mammals and birds these flows have 
become entirely separated by formation 
of complete atrial and ventricular 
septa. During embryogenesis, however, 
our circulatory system conceptually 
recapitulates the evolution of our 
ancestors; starting with a simple straight 
cardiac tube that gradually septates 
into the four-chambered mammalian 
heart, receiving blood from two parallel 
circulations.
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Figure 8: Simplification of phylogeny of 
splanchnic venous returns. The left panel 
illustrates a “primitive” animal, such as a mollusk. 
The endoderm is a simple tube. Overlaying this 
tube is a splanchnic vascular plexus, through which 
nutrients (green arrows) and oxygen (red arrows) 
pass and enter the vitelline venous system. These 
are then distributed throughout the body by a 
sluggishly contracting vessel, i.e. the heart. The 
right panel illustrates a transition that occurred 
in “higher” animals. Cranially in the endodermal 
tube lungs have formed, which are specialized 
in the uptake and passage of oxygen. Caudally, 
specialized organs for the uptake and processing of 
nutrients, such as the stomach and pancreas, have 
formed. The flow of the afferent vessels of these 
structures has become separated.
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Supplemental Figure 1: Exemplary sections of a 2-day-old chicken embryo. Above row shows a ventral 
and a dorsal view of the reconstructed heart and vessels, in relation to the displayed sections. Bottom 
three rows show sections that were segmented to generate the reconstruction; the left column shows cTnI 
stained section, the right column shows Cx40 stained sections. (Abbreviations: cTnI - cardiac Troponin I, 
Cx40 - Connexin40, OFT - outflow tract, * indicates the breakthrough of the dorsal mesocardium.) 
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Supplemental Figure 1: Exemplary sections of a 3-day-old chicken embryo. Above row shows a ventral 
and a dorsal view of the reconstructed heart and vessels, in relation to the displayed sections. Bottom 
three rows show sections that were segmented to generate the reconstruction; the left column shows cTnI 
stained section, the right column shows Cx40 stained sections. (Abbreviations: cTnI - cardiac Troponin I, 
Cx40 - Connexin40, oft - outflow tract.) 
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Supplemental Figure 3: Exemplary sections of a 4-day-old chicken embryo. Above row shows a ventral 
and a dorsal view of the reconstructed heart and vessels, in relation to the displayed sections. Bottom 
three rows show sections that were segmented to generate the reconstruction; the left column shows cTnI 
stained section, the right column shows Cx40 stained sections. (Abbreviations: cTnI - cardiac Troponin I, 
Cx40 - Connexin40, av-canal - atrioventricular canal.) 
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Supplemental Figure 4: Exemplary sections of a 5-day-old chicken embryo. Above row shows a ventral 
and a dorsal view of the reconstructed heart and vessels, in relation to the displayed sections. Bottom 
three rows show sections that were segmented to generate the reconstruction; the left column shows cTnI 
stained section, the right column shows Cx40 stained sections. (Abbreviations: cTnI - cardiac Troponin I, 
Cx40 - Connexin40, av-canal - atrioventricular canal.) 
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Abstract
Increase in cell-size and proliferation of myocytes, are key processes in cardiac 
morphogenesis, yet their regionalization during development of the heart has been 
described only anecdotally. We have made quantitative reconstructions of embryonic 
chicken hearts ranging in stage 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 increasing 
in size. The largest cells were found at the ventral side of the heart tube, which 
corresponds to the site of the forming ventricle, as well as the site where proliferation 
is re-initiated. The significance of these observations is two-fold. First, they support a 
model of early cardiac morphogenesis in two stages. Second, they demonstrate that 
regional increase in size of myocytes contributes significantly to chamber formation.
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Introduction
Growth of the heart is tightly regulated, such that the distinct components achieve 
their appropriate proportions, and are appropriately interconnected. Many congenital 
malformations result from impaired cardiac growth [1,2]. In addition, repopulation of 
the heart by inducing myocytic proliferation has been proposed to be a realistic future 
option for cardiac repair [3]. Despite this great clinical interest, there are major gaps in 
the understanding of the links between the different features of cardiac growth, such 
as cellular proliferation and increase in cell size, and morphogenesis.
 The pioneering studies of Sissman [4] and Stalsberg [5] in the sixties of the last 
century have provided a wealth of meticulous observations on cellular proliferation 
in the early chicken heart. These and other data, however, can only fully be exploited 
if incorporated into an approachable three-dimensional context. Although regional 
changes in cell shape have been considered to mediate cardiac looping [6], changes in 
cellular volume have not been studied. It can be argued, therefore, that the divergent 
opinions that exist regarding the cellular mechanisms underlying formation of the 
cardiac chambers, take their origin from misinterpretations of the complex three-
dimensional architecture of the developing heart. Arguments revolve on whether 
development of the chambers is achieved by induction of proliferation in one region, 
or by stunting of proliferation in a complementary region of the primary heart tube 
[4,5,7-10].
 To gain insight into the contribution of increased volume as opposed to 
proliferation of the myocytes during formation of the tubular heart, we have developed 
a method for quantitative reconstruction [11]. Using such quantitative reconstructions, 
we correlated cardiac growth and morphogenesis to the spatiotemporal changes 
in proliferation and cell size in developing chicken hearts ranging from Hamburger 
and Hamilton (HH) [12] stage  10- through 12. Thus, our study does not go beyond 
the first phase of the process of looping, in which the ventricle is just formed [13,14]. 
We have demonstrated, first, that the myocardial heart tube takes its origin from a 
rapidly proliferating precursor pool of small cells that are recruited to the cardiac tube, 
second, that the tube is a slowly proliferating structure, and, third, that formation of 
the chambers is initiated by a highly regional activation of increase in cellular volume, 
followed by an increase in the rate of proliferation of the large cells. As far as we 
know, our combined morphological and quantitative reconstructions are thus far 
unique, showing for the first time that coordinated regional changes in both size and 
proliferation rate of the myocytes, contribute to cardiac morphogenesis. 
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Material and Methods
BrdU-labeling
The embryos were staged according to the system of Hamburger and Hamilton [12]. 
Fertilized eggs were obtained from a local hatchery (Drost, Nieuw Loosdrecht, The 
Netherlands) and prior to isolation, the embryos, were exposed to BrdU (5-Bromo-
2’-deoxyUridine) for 4 or 10 hours by injection  of 100 µl of a 10 mg/ml solution of 
BrdU in a physiological salt solution (0.75 mOsmol/l) into the yolk. Cells in the S-phase 
of the cell-cycle incorporate BrdU. Due to the linear relationship between the time 
of exposure and labeling index [15], a longer exposure duration to BrdU results in a 
higher labeling index. Therefore, the fraction of BrdU-labeled cells can be regarded as 
a direct estimate of rate of proliferation for fixed exposure time. At the studied stages, 
BrdU incorporation due to DNA-repair is negligible.

Tissue processing
Detailed practical protocols for fixation, paraffin embedding, mounting, and sectioning 
of embryonic chicken tissues have been described previously [16]. Embryos were 
isolated, fixed, embedded in paraplast and cut into 7µm thick serial sections, which 
were mounted on to 3-aminopropyltriethoxy-silane-coated slides.

Staining
BrdU Triple Staining
Sections were deparaffinized and rehydrated in a graded alcohol series. Epitope 
retrieval of the BrdU was achieved by immersing the sections in 0.5 M HCl for 5 
minutes, followed by rinsing three times for 5 minutes in PBS. The sections were then 
incubated overnight with a mixture of a monoclonal mouse antibody against BrdU 
(Becton Dickinson), diluted 1:100, and a polyclonal rabbit antibody against cardiac 
Troponin I (cTnI; HyTest Ltd., Turku, Finland) diluted 1:250 in PBST (PBS with 0.05% 
Tween-20). cTnI was found to be myocardium-specific in mice [17], and in chicken 
[14]. The sections were washed three times, for 5 minutes each, followed by an 
incubation for 4 hours with a mixture of two secondary antibodies; a goat-anti-mouse 
antibody coupled to Alexa-568 and a goat-anti-rabbit antibody coupled to Alexa-660 
(Molecular probes), both diluted 1:100 in PBST. Subsequently, Sytox Green was used 
to stain all nuclei (1:30,000 in PBST, Molecular Probes). After incubation, the sections 
were again washed three times with PBS, for 5 minutes each, and the slides were 
mounted with Vectashield (Vector Laboratories Inc). All steps of incubation using 
fluorochromes were shielded from light to prevent photo-bleaching.
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Phospho-Histone H3 triple staining 
The Phospho-Histone H3 (PH3) staining (and further processing) is similar to the BrdU 
triple staining, with the exception that the antibody against BrdU was substituted with 
the PH3 antibody (Phospho-Histone H3 (Ser10) Antibody, Cell Signaling Technology, 
Inc.). The presence of phosphorylated Ser10 of histone H3 is tightly correlated with 
chromosome condensation during both mitosis and meiosis (http://www.cellsignal.
com, product #9701).

Acquisition of Images
The sections were scanned at 10x magnification using a confocal scanning laser 
microscope (MRC1024, Bio-Rad Microscopy Division, Helmstead, United Kingdom). 
The CSLM was used to acquire images from the emission spectra of each of the 
fluorescent dyes: Sytox Green, Alexa-568 and Alexa-660, which correspond to all 
nuclei, BrdU positive nuclei and myocardium, respectively. To avoid spill-over the 
fluorochromes in each section were scanned sequentially.. To reduce noise, the 
images were captured using a Kalman modulation (n = 4). 

Method of Reconstruction
The quantitative reconstruction method applied on the resulting sets of images will 
be published separately. It is important to note that due to the biological variation the 
development of the heart varies significantly compared to the number of somites [18]. 
Therefore, multiple reconstructions were made of comparable stages, in which the 
development of the heart slightly varied, but in which the developmental pattern of 
proliferation and increase in cell-size changed gradually. In short, the reconstruction 
method can be divided into three steps: image processing, voxel measurement and 
visualization. 

Image processing
To obtain a properly stacked series of images, the images were registered (or aligned). 
Registration was done using the data analysis and geometry reconstruction program 
Amira (version 3.1; TGS Template Graphics Software, www.tgs.com). Then, to enable 
quantification and visualization, the individual channels contained in the BioRad 
native pic-file were processed using the image processing program Image-Pro Plus 
(version 5.0.2.9; Media Cybernetics, www.mediacy.com). From the image containing 
the myocardium signal (Alexa-660), the myocardium was separated from the 
background and converted into a binary image. Using this binary myocardium image 
as a mask, the BrdU positive nuclei (Alexa-568) and all nuclei (Sytox Green) lying 
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within the myocardium were isolated and reduced to individual pixels (centroids). 
These resulting images were fused with the myocardium mask to obtain an image 
containing the myocardium area and the BrdU positive nuclei and all nuclei. 

Voxel measurement
To convey the local cellular data in an interpretable way, a 3D measurement procedure 
was implemented. The entire stack of preprocessed images was loaded into a matrix 
and virtually diced into voxels (measurement volumes). Each voxel equals ≈21x21x21 
µm3 of stack volume, which is, therefore, the spatial resolution of our quantitative 
data. The myocardial volume (V), the total number of nuclei (T) and the number of 
BrdU positive nuclei (B), within each voxel was determined and used to calculate the 
local BrdU labeling index (=B/T) and the local cell size (=V/T). At the stages studied in 
this paper, no epicardium is present, therefore, fibroblasts and endothelial cells have 
not yet entered the myocardium [19]. Chicken cardiomyocytes become multinuclear 
only after hatching [20], thus, the counted nuclei represent single cardiomyocytes. 
To reduce noise, without reducing the spatial resolution of the reconstruction, the 
sample size was increased to 105x105x105 µm3 and the corresponding data were 
mapped into the center voxel of such a sample volume. 

Visualization
Using Amira, surface reconstructions of the myocardium were made [21] (Fig. 1) onto 
which the local quantitative data (BrdU labeling index and cell size) were mapped in 
pseudo colors (Figs. 3 and 4, respectively).

Figure 1: Morphological reconstructions of the developing myocardium of the chicken embryo, 
ranging from stage 10- to 12. The upper row shows dorsal views, and the lower row ventral views. VM: 
Ventral Mesocardium; LC and RC: Left and Right Cardiac Fields; LF and RF: Left and Right Lateral Furrows; LI 
and RI: Left and Right Inflow Regions; AP: Arterial Pole AS: Arterioventricular Sulcus; PV: Primitive Ventricle; 
DM: Dorsal Mesocardium.
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Results
Myocardial Reconstructions
We set the stage by describing the morphological context in which we have mapped 
our quantitative data of cellular proliferation and increase in cell size (Fig. 1). The 
myocardium was reconstructed as assessed by the expression of cardiac Troponin I 
protein, which is a marker for cardiomyocytes. The obtained series of morphological 
reconstructions of the developing heart range from the stages 10- (ten minus) through 
12, which correspond with the stages prior to looping and the c-shaped looped heart. 
The use of cardiac Troponin I as our myocardial marker prohibits the representation of 
other cardiac components, such as cardiac jelly and endocardium.
 Each reconstruction shown is based on an individual embryo. As has been 
meticulously documented previously [18], cardiac morphology shows considerable 
variation when related to incubation time and number of somites. Accurate estimates 
of the elapsed time between stages, therefore, cannot be given. Because of this, we do 
not show reconstructions in duplicate. Instead, a selection of four reconstructions was 
chosen to represent the overall pattern observed in a series of eight reconstructions, 
sorted according to morphology. Even although we illustrate individual embryos, 
they collectively represent a temporal pattern, which spans approximately half a day 
of cardiac development. The appearance of the embryonic heart provided by our 
reconstructions is remarkably similar to the images resulting from light and electron 
microscopic studies [13,18], validating the method of reconstruction.

Proliferation and Size of Cells in the Forming Heart Tube
Figure 2 shows an example of a series of sections on which we have based our 
quantitative reconstructions. Cells incorporating 5-Bromo-2’-deoxyUridine (BrdU), 
can clearly be seen in the mesenchyme and dorsal mesocardium, whereas the 
myocardium of the heart-tube itself is made up mainly of non-proliferating cells. The 
local labeling index and the local cell size data were mapped on to the myocardial 
reconstructions shown in Figure 1, resulting in quantitative reconstructions (Movie-
clips 1 through 8, supplementary data on dvd). Such reconstructions were made from 
embryos of stages 10-, 10, and 12, which have been exposed to BrdU for 4 hours, 
and from a stage 12- embryo, which has been exposed to BrdU for 10 hours, to glean 
additional information about recruitment of cells. 
 Starting with the stage prior to looping, which was the youngest stage 
studied, very slow proliferation is observed in the region of fusing myocardium. 
This area at stage 10- has a labeling index of ≈ 0.05 (Fig. 3). Caudal from this region, 
however, the separate right and left heart-forming regions display a very high rate of 
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caudal heart-forming regions. 
 The pattern of cell size at 
these stages is reciprocal to this 
pattern of proliferation (Figs. 3 
and 4). Large cells are proliferating 
slowly, whilst small cells have 
a high rate of proliferation. 
Interestingly, this reciprocal 
pattern is not seen in the ventral 
region of the heart tube, where 
the site of development of the 
morphologically identifiable 
primitive ventricle coincides with 
a focus of cells increasing in size as 
well as in proliferation rate (Fig. 4, 
arrowheads). This pattern of a high 
proliferation rate and increase in 
cell-size is even more pronounced 
in the forming ventricle at stage 
12. Thus, formation of the ventricle 
becomes evident by increase of 
size of its cardiomyocytes, and is 
then followed by an increase in 
cellular proliferation, leading to 
a focus of large proliferating cells 
in the ventral myocardial wall. 
The remainder of the heart tube 
maintains its relative low index of 
labeling, most notably in the inner 

Figure 2: Sections of a stage 10 embryo, triple stained for all nuclei (green), BrdU incorporation (red), 
and myocardium (blue). Proliferating nuclei stain yellow-red, whereas non-proliferating cardiomyocytes 
stain cyan-green. The upper panel shows the myocardial reconstruction, and indicates the position of the 
sections shown in the lower panels. The mesenchyme contiguous to the myocardial edges (arrowheads) 
displays a similar or higher incorporation of BrdU. (Abbreviations: C - Cardiac Jelly, G - Foregut,  L - Lumen, 
P - Primitive Ventricle.)

proliferation. In these regions a decreasing caudal to cranial gradient of incorporation 
of BrdU is clearly present, with a labeling index up to ≈ 0.6. This pattern is also 
present in the stages of 10 and 12-. At both stages, the primary tube displays very 
low proliferation, in contrast to the caudal edge of the myocardium and the separate 
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Figure 3. Quantitative reconstructions of the local labeling index mapped onto the developing 
myocardium of chicken hearts ranging from stage 10- to 12. The upper row shows dorsal views, and the 
lower row ventral views. The labeling index is coded according to the color bar at the right. Note that most 
of the heart tube has a low rate of proliferation in all stages, and that the proliferation is reinitiated at the 
primitive ventricle (arrowheads). The reconstruction for stage 12- has been exposed to BrdU for 10 hours, 
instead of 4 hours, in order to glean information with regard to migration (see text). For Movie-clips of these 
reconstructions, see supplementary material on mini-disc.

Figure 4: Quantitative reconstructions of the local size of cells mapped onto the developing 
myocardium of chicken hearts ranging from stage 10- to 12. The upper row shows dorsal views, and 
the lower row ventral views. The local size of cells is given in cubic micrometers, and is coded according 
to the color bar at the right. Note the gradual increase in size from the caudal edge of the heart tube 
to the ventricular anlage in stage 12- and 12 (arrowheads). For Movie-clips of these reconstructions, see 
supplementary material on mini-disc.
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the number of cardiomyocytes, and the remainder by their increased size (Fig. 6). It 
is important to appreciate that, in some regions, like at the inner curvature, the size 
of the cells hardly increases, whereas in the forming ventricular wall the cells increase 
2-3 fold in size.

The Spatial Relationship between Proliferation and Size of Cells reveals Two 
Phases of Early Cardiac Growth
The novel approach we have used for reconstruction permits the mapping of the 
spatial correlation between rate of proliferation and size of the cells. To this end, we 
created bivariate scatter-plots of the labeling indices and cell size of each voxel for 
each reconstructed stage (Fig. 7A). The original spatial information, however, was 
not used to create these scatter-plots, and is thus completely lost at this step. These 
scatter-plots already show that, at each of the stages studied, there is a notable 
relation between proliferation and size of the cells. The scatter-plot reveals cells of 
small volume which have varying rates of proliferation at stage 10- (Fig. 7A). During 
further development, cells increase in size, with a concomitant decrease in their rate 
of proliferation. At stage 10, cells have developed of medium size which exhibit only 
very slow rates of proliferation. Interestingly, in the subsequent stages, a further 
increase in size is also accompanied by an increase in rate of proliferation. Clearly, 
these temporal changes, and the remarkable ‘c’-shaped distribution observed in the 

Figure 5: Quantitative reconstruction 
of the percentage of M-phase positive 
nuclei, mapped on to a chicken heart 
of stage 11. Cells in M-phase were 
identified using Phospho-Histone 
antibodies (PH3). The occurrence of 
phosphorylated H3 is strongly correlated 
with mitoses. The highest percentage of 
M-phase positive nuclei is observed at 
the caudal edge of the myocardium.

curvature, which represents the shortest path 
from the venous to the arterial poles. The rapidly 
proliferating caudal edge of the myocardium 
is still present. This myocardial edge is directly 
contiguous with visceral mesenchyme surrounding 
the foregut, which at stage 10 displays a similar or 
higher incorporation of BrdU (Fig. 2d).  
 The regions that show the highest 
labeling index, also display the highest intensity of 
cells in M-phase (Fig. 5), further underscoring the 
fact that this region consists of rapidly proliferating 
cells. By using the quantitative information 
contained in the reconstructions, we were able 
to calculate the volume, and the total number of 
cells, in each heart. Within half a day, the volume 
of the myocardium increases approximately 6-fold, 
with two-thirds of this increase accounted for by 
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scatter-plot at stage 12- and 12 (Fig. 7A), indicates the presence of a process of cellular 
transition during this period of heart development. This transition can be divided into 
two phases. In the first phase, small and rapidly dividing cells become dormant cells of 
medium size (Fig. 7A, red arrow). In the second phase, these medium sized cells give 
rise to large rapidly dividing cells (Fig. 7A, blue arrow).
 The scatter-plots were segmented by placing lines perpendicular to the ‘c’-
shaped distribution (Fig. 7A), permitting segregation of the process of transition into 
several classes. Each class was color-coded and mapped back onto the corresponding 
voxel in the reconstruction producing a three-dimensional view of the process of 
cellular transition (Fig. 7B). Astonishingly, despite the loss of three-dimensional 
information in the scatter-plots, and their division into an arbitrary number of classes, 
the spatial distribution of the classes of data points when viewed in three dimensions 
shows a discrete and highly organized pattern at every developmental stage (Fig. 7B 
and Movie-clip 9). Not only do the data points of every class cluster together, they 
are also bordered only by their neighboring classes and the order of the classes in 
the reconstructions and the scatter-plots is the same. It is thus apparent that the 
process of cellular transition derived from the scatter-plots is directly correlated to the 
process of cardiogenesis. If we translate the two phases observed in the scatter-plots 
into morphogenetic terms, the developmental process can be divided into caudal 

Erratum
Figure 6. Soufan et al. Circ. Res. 2006; 99; 545-552. 
The calculation of cell number (Ntot) from the number of nuclei profiles per 
myocardium  area is performed by applying the equation of Abercrombie {NV = NA / 
(D+t) in which NV is the number of nuclei per unit volume; NA is the observed number 
of nuclei per unit area; D is the mean nuclear diameter and t is the section thickness} 
and multiplying this result with the myocardium volume (Ntotal = NV * V). The latter is 
calculated as the measured myocardium area (A) times the section thickness (V = t * 
A). In Fig. 6B of the paper, unfortunately the section thickness (7 m) was omitted 
erroneously in the calculation of heart volume, leading to a cell number being a factor 
7 too low. The volumes given in Fig. 6A were correct. 
 Note that with the corrected data (shown below), the average cell volume 
(calculated as volume divided by cell number) ranges from 1800 to 2500 m3, which 
is in agreement with the data in the quantitative 3D reconstructions (Fig. 4) and the 
scatterplots (Fig. 7A). When the cells are considered to be spherical, this range of 
cell volumes means cell ‘diameters’ range from 15 to 17 m which is in agreement 
with observations.
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Figure 6. Increase in myocardial volume (A) and number (B) of 
myocardial cells during development from stage 10- through 12. Based 
on the mean volume of cardiomyocytes at stage 10-, and the number 
of cells per stage, we were able to calculate the fraction of the cardiac 
volume resulting from the increase in number of cells (gray). Note the 
important contribution of the increase in cell size to cardiac growth 
(black). Y-axis in Panel B is corrected.

Figure 6: Increase in myocardial volume (A) 
and number of myocardial cells (B) during 
development from stage 10- through 12. Based 
on the mean volume of cardiomyocytes at 
stage 10-, and the number of cells per stage, the 
fraction of the cardiac volume resulting from the 
increase in number of cells is calculated(gray). 
Note the contribution of cell-size to cardiac 
growth (black). The calculation of cell number 
(Ntot) per myocardium area is performed by 
applying the equation of Abercrombie [NV = NA 
/ (D+t), in which NV is the number of nuclei per 
unit volume; NA the observed number of nuclei 
per unit area; D is the mean nuclear diameter 
and t is the section thickness], and multiplying 
this result with the myocardium volume (Ntot 
= NV * V). The myocardial volume is the section 
thickness times the myocardium area (V = t * A). 
 
Erratum: In the original Fig. 6B of the paper, 
the section thickness (7 μm) was erroneously 
omitted in the calculation of heart volume, 
leading to a cell number being a factor 7 too low. 
Note that with the corrected data the average 
cell volume (calculated as volume divided by 
cell number) ranges from 1800 to 2500 μm3, 
which is in agreement with the quantitative 3D 
reconstructions (Fig. 4 & 7A). 
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recruitment, resulting in the elongation of the heart tube (Fig. 7A, red arrow), and into 
a ventral expansion leading to the formation of the ventricle (Fig. 7A, blue arrow).

Discussion
The combined sets of data for proliferation and size of myocytes demonstrate that, 
from stage 10- through 12, there is a transformation from a highly proliferative 
pool of small cells, to a non-proliferating population of medium sized cells, which 
form the heart tube. These medium sized cells, in turn, give rise to a population of 
large dividing cells, which form the primitive ventricle. These various pools can be 
distinguished at the venous pole, the myocardium of the straight heart tube, and the 
developing ventricle, respectively. The process of quantitative reconstruction clearly 
shows that these populations of cells form distinct regions, which are nonetheless 
morphologically and temporally contiguous. 

Formation of the primary heart tube by recruitment
The highest proliferative activity was observed at the extreme caudal edge of the 
developing myocardium, whereas the proliferative activity of the tube considered as 
a whole is very low. These observations are consistent with measurements of mitotic 
activity in small fragments of cardiac tissue [5]. Exposure to BrdU for 10 hrs results in a 
broader proliferative caudal region compared to the region seen in the previous and 
subsequent stages (4 hrs of BrdU; compare stage 12- with 10 and 12 in Figure 3). Thus, 
whilst the tube retains the appearance of low proliferative activity, there is a shift 
cranially of the area with a high labeling index, initially seen at the caudal end of the 
tube (Fig. 3, stages 10 and 12-), indicating that the primary heart tube itself takes origin 
from an actively proliferating pool of precursor cells. This conclusion is compatible 
with classic experiments [22,23], which showed that particles of iron oxide placed into 
the non-fused heart-forming regions were located in the fused heart tube at later 
stages. Recent molecular studies of lineage tracing of isl1-expressing progenitors 
have shown that these conclusions also hold true for the mouse [24]. T o g e t h e r , 
these observations suggest that there is proliferation of a mesenchymal precursor 
pool for cardiomyocytes, prior to its overt differentiation into cardiac muscle. The 
highest incidence of M-phase nuclei is present in the same caudal proliferating area, 
and indicates that the cells residing in this area complete their cell cycle in this part of 
the heart. Using myocardial specific antibodies, we have now demonstrated that this 
mitotic area is present at the caudal myocardial border and is composed of very small 
cardiac precursor cells.
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Although it has been shown that cardiac precursor cells are added to the heart at both 
its cranial and caudal ends [23-25], such addition was not seen at the cranial end of the 
heart in the stages examined in our study. This observation is consistent with marking 
studies, which revealed that cells are not added to the arterial pole until after stage 12 
[26,27]. In our reconstruction of stage 12, the first signs of this recruitment might just 
be visible as a narrow rim with a high labeling index (Fig. 3). From a morphologic stance, 
it is highly intriguing that the primary heart tube increases almost 4-fold in length in 
its linear stage, whereas the tube hardly displays proliferative activity (labeling index 
approx. 0.05). This increase in length has also been observed by other researchers 
[18,22]. Particles of iron oxide placed in the developing tube were observed to move 
apart, demonstrating intrinsic growth of the tube, whereas particles placed outside 
the heart moved into the tube. We now show that one-third of the growth of the tube 
is due to the increase in size of its cardiac cells, whereas the other two-thirds is due to 
recruitment from a caudal precursor pool.

Cardiac morphogenesis occurs in multiple phases
The segmented scatter-plots, and subsequent mapping of the classed data back onto 
the reconstructions, showed strikingly that each combination of cell size and labeling 
index has its own unique location within the heart. Furthermore, this procedure 
revealed two developmental axes. The quantitative reconstructions showed that, 
after having been recruited along the craniocaudal axis (Fig. 7a, red arrow), the 
cardiomyocytes enter a second phase of increase in cell-size along the dorsoventral 
axis (Fig. 7a, blue arrow), with the largest cells positioned at the ventral side of the 
forming cardiac tube. Cells at the outer curvature are 2 to 3-fold bigger than those at 
the inner curvature, thus underscoring the initial formation of the primitive ventricle 
and the asymmetry of the primary tube. This is then followed by a proliferative phase of 
growth. Interestingly, in Drosophila it has been demonstrated that large cells having a 
unique cycle of progression are able to differentiate according to environmental cues 
[28], e.g. patterning and regulation of growth in the Drosophila wing, responds to a 
gradient of the Decapentaplegic morphogen which controls the cellular proliferation 
[29]. We speculate that formation of the ventricle can be considered as a process 
of differentiation of the primary myocardium of the linear heart tube into working 
ventricular myocardium governed by such environmental cues.
 The fact that the initiation of the increase in cell-size, and subsequent 
proliferation of cells, occurs exclusively at the ventral side of the tube indicates the 
existence of a dorsoventral developmental axis. This observation is at odds with the 
representation of the tube as a transversely segmented structure. A similar conclusion 
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was drawn from functional, expressional and clonal analyses during development 
of the mouse heart [30-32]. The factors controlling the dorsoventral axis are largely 
unknown, but Hand1 may play an important role, as it is specifically expressed at the 
outer curvature [31,33,34]. It is noteworthy, therefore, that mice deficient for Hand1 
display hypoplastic ventricles [35,36].
 The manner, in which proliferation of cardiomyocytes contributes to 
development of the heart tube, and subsequent formation of the chambers, is 
currently a subject of debate. One view is that the myocardial cells of the cardiac tube 
have an inherently slow mode of proliferation, and that the chambers develop by 
a local increase in proliferation [4,5,7]. This mode of formation of the chambers has 

Figure 7: Spatial relationship between cellular proliferation and size. A: Scatter-plots of the local 
labeling index and size measured in reconstructions of chicken hearts ranging from stage 10- through 
12. The scatter-plots have been segmented perpendicular to the c-shaped distribution apparent in the 
stage 12 embryo. B: Dorsal and ventral views of reconstructions displaying the spatial distribution of the 
color-coded segments in the scatter-plots. See the supplementary material for a Movie-clip of the stage 
12 embryo (A). Although the original three-dimensional information is lost in the scatter-plots, the spatial 
distribution of the segmented scatter-plot data shows a discrete and highly organized pattern at every 
developmental stage. Initially, the cells are small in size, and proliferate rapidly (green segment). These cells 
become dormant, and increase in size to give rise to the majority of the primary heart tube (cream/yellow 
segment). Within the primary tube, a region (arrowheads) appears in which the cells increase even further 
in size, and in which proliferation is reinitiated (yellow/orange/red regions). 
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been characterized by us as the ballooning model [37]. An opposing view proposes 
that the early embryonic cardiomyocytes initially display a high rate of proliferation, 
and that the growth of the tube is stunted by regional decreases in this rate of 
proliferation. This would provide the impetus for formation of the conduction system, 
whilst the myocardium forming the chambers continues to maintain its initial rate 
of proliferation [8-10]. Our quantitative reconstructions show that upon formation 
of the cardiac tube, proliferation decreases significantly, concomitant with overt 
differentiation into cardiac muscle culminating in the first heart beat at stage 10 
[38,39]. This order of events is remarkably reminiscent to the differentiation of skeletal 
muscle [40]. Thompson and coworkers inferred from the commonly accepted inverse 
relationship between cellular proliferation and differentiation that those regions of 
the developing heart which proliferated slowly were more specialized than the ones 
giving rise to the myocardium of the chambers. The former regions would constitute 
the so-called ‘cardiac specialized tissues’, which develop into the conduction system 
[8,9,41,42]. Our current study, however, demonstrates unequivocally that the entire 
straight heart tube is initially a slowly proliferating structure. It is, nevertheless, still 
capable to locally re-initiate proliferation. It is of major interest, therefore, to discover 
the cues that govern this re-initiation of proliferation, with concomitant differentiation 
of the myocardium of the primary heart tube into the myocardium of the forming 
ventricle. 
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Abstract
Recent studies have shown that the primary heart tube continues to grow by addition of 
cells from the coelomic wall. This growth occurs concomitantly with embryonic folding 
and formation of the coelomic cavity, making early heart formation morphologically 
complex. A scarcity of data on localized growth parameters further hampers the 
understanding of cardiac growth. Therefore, we investigated local proliferation 
during early 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 show 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 show 
a single, albeit bilateral, center of rapid proliferation in the caudo-medial pericardial 
back-wall. This center expresses Islet1. 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 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. 
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Introduction
The heart is sculpted by precisely orchestrated developmental programs [1,2] that 
are prone to errors, leading to high incidences of congenital malformations [3]. 
Proliferation, while not the only mechanism, is an important parameter for the 
formation of the heart [4-8]. Research on heart formation was recently revolutionized 
by the understanding that the initially formed myocardial heart tube continues to 
grow by recruitment of cells that originate from flanking mesoderm, dubbed the 
second heart field [9-11]. This second heart field was originally reserved for cells 
feeding into the outflow of the primary heart tube to form the right ventricle [9]. 
Shortly after these findings, cells were also shown to be added to the inflow [11], and 
a debate developed regarding the existence of multiple fields of cardiac precursor 
cells [12-15].
 Limiting factors in this debate are the virtual lack of a three-dimensional context 
of cardiac growth and the scarcity of data of locally involved parameters, such as 
proliferation. Early heart formation is of perplexing 3D complexity, since it occurs 
concomitantly with folding of the embryonic disc and formation of the coelomic cavity. 
Most likely, this complexity has contributed to the diversity of opinions, because of 
differences in interpretation rather than observation [13]. Also, comprehensive studies 
of proliferation-parameters of the myocardium and the heart-forming mesoderm do 
not exist. 
 To improve insight into heart formation, we firstly determined the cell-cycle 
length of the myocardium of the primary heart tube. We found that newly formed 
myocardium is non-proliferating, implying that growth of the primary heart tube can 
occur solely by differentiation of precursor-cells. Increasing pulses of BrdU-exposure 
showed that dividing cells are rapidly incorporated into the inflow of the heart tube. To 
track the origin of these cardiac precursors, we mapped proliferation in a 3D-context 
using a novel method for generating quantitative reconstructions [6,16]. Observations 
started at the fusion of the coelomic walls and ended at the looped heart-tube stage. 
These observations revealed a proliferating growth-center within the caudal coelomic 
wall, which expressed Islet1. Tracing experiments showed that cells from this center 
move to both poles of the forming heart. Inhibition of proliferation within this caudal 
growth-center resulted in impaired development of both poles of the heart.  
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Materials and Methods
Embryo processing, staining procedures and image acquisition
Triple Staining Immunohistochemistry
This study made use of chicken embryos, which were staged according to Hamburger 
and Hamilton [17]. 100 μL of 10 mg 5’-Bromo-2’-Deoxyuridine (BrdU;  Sigma) / mL 
physiological salt solution was injected into the egg yolk directly under the embryos. 
After re-incubation, the embryos were fixed in Methanol/Acetone/Water (40:40:20 
vol/vol), dehydrated, embedded in paraplast and serially sectioned at 7 µm. Each 
section was fluorescently triple-stained with anti-cardiac Troponin I (cTnI) (HyTest 
Ltd) to detect myocardium, anti-BrdU (Becton Dickinson) to detect BrdU-positive 
nuclei, and Sytox-green (Molecular Probes) to detect all nuclei. Images were recorded 
sequentially using a laser scanning microscope [6].

In Situ Hybridization
In situ hybridization (ISH) was performed as previously described [18]. 12 µm-thick 
sections of paraformaldehyde fixed embryos were alternately stained for Islet1 (ChEST 
603856748F1, MRC-geneservices), cTnI [19], and a third probe (not included in this 
paper). Sections were photographed using bright-field illumination. For the resulting 
reconstructions, signals were masked and interpolated over 36 µm.

Cell-tracing and inhibition of proliferation
For cell-tracing and inhibition of proliferation chicken embryos were either cultured 
[20], or manipulated in ovo via an opening in the shell, which was closed with 
cellophane tape during further incubation. As previously described, embryos were 
exposed to DiI and DiO (Molecular Probes) using a picospritzer (General Valve Corp.) 
and a micromanipulator with a pulled glass capillary tube [21]. To inhibit proliferation,  
100 µM of the cyclin-dependent kinase inhibitor Aminopurvalanol A [21] (Alexis 
Biochemicals) was dissolved with the DiI, and administered locally. Bright-field and 
fluorescent photos were made immediately after labeling and during culturing. 

Reconstructions and morphometry
Quantitative 3D-reconstructions of BrdU-positive fractions
A detailed protocol for the generation of quantitative reconstructions was published 
previously [16]. From the triple-stained sections, the myocardium was automatically 
segmented using the cTnI-signal. Other structures were segmented manually (Figure 
1A). Limits for inclusion of splanchnic mesoderm differ per reconstruction and are 
mentioned in the results section. 
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Within the myocardium and the splanchnic mesoderm, all nuclei and the BrdU-
positive nuclei were automatically counted using custom written macros for Image 
Pro Plus (Media Cybernetics). In the resulting 3D-datasets (Figure 1C), the 3D-fraction 
of BrdU-positive nuclei was spatially determined in sampling cubes of (105 µm)3, 
which were moved in steps of 21 µm in three dimensions. The sampling cubes contain 
sufficient nuclei to result in reliable estimates of local BrdU+-fractions, while their step 
size guarantees adequate spatial resolution [16]. The resulting BrdU+-fraction was 
projected into the (21 µm)3 center-cube (Figure 1D). The segmented morphological 
structures were reconstructed with Amira (Mercury Computer Systems) (Figure 1B). 
The reconstructions were overlain with the 3D BrdU+-fractions to generate the 
quantitative 3D-reconstructions of local proliferation (Figure 1E). For this manuscript 
we selected 4 reconstructions from our library of 3D-quantitative reconstructions, 
which contains more than 30 embryos and spans the developmental period between 
stage 8 and stage 21. Examples of original triple stained sections in relation to the 
presented 3D-quantitative reconstructions are shown in the Supplementary Figures.

Figure 1: Panel A shows a representative image of the Sytox-green channel of a triple-stained section. 
Overlaying the image are the segmented myocardium (grey), splanchnic mesoderm (yellow), the endoderm 
(green) and the cardiovascular lumen (red). Arrows indicate the borders between intra- and extra-
embryonic mesoderm. BrdU-positive and all nuclei were automatically identified within the myocardium 
and selected splanchnic mesoderm. Panel C shows nuclei of the myocardium in their 3D-context. To 
facilitate interpretation, and allow reliable estimations, nuclei were counted and BrdU+-fractions were 
determined in sample-cubes, as shown in panel D. This information is then projected on the morphological 
reconstruction (panel B) to give a quantitative 3D-reconstruction of local proliferation (panel E). (Displayed 
reconstruction is the myocardium of a stage 12 chicken embryo, after 4 hours of BrdU-exposure [6].)
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Regional estimation of BrdU-positive fraction
Within the datasets as shown in Figure 1C, regions of interest were selected using the 
VolumeEdit-module of Amira. The selection criteria are defined in the results-section. 
Within a selection, all nuclei and BrdU-positive nuclei were pooled to calculate a 
regional BrdU-positive fraction.

Distance estimation
Distances were measured through the reconstructed myocardium, between manually 
placed waypoints. To this end we implemented an existing length estimator [22] in 
MatLab (The MathWorks). It was adapted for non-isotropic datasets, and has a mean 
error of 0.4% (SD 1.1%). Details on the software will be published separately.

Results
Proliferation rates of the primary heart tube and the embryonic ventricle
To comprehend cardiac growth, we firstly wanted to know the cell-cycle length 
of cardiomyocytes of the heart tube. To this end we exposed embryos of similar 
developmental stages to BrdU for an increasing period of time (Figure 2). At the 
studied stages, BrdU incorporation attributable to DNA repair is negligible and no 
multinuclear cells occupy the myocardium [23]. The cell-cycle length can be calculated 
from the linear relationship between BrdU-exposure time and BrdU-positive fraction 
[24]. 
 To determine the cell-cycle length of the primary heart tube, we made quantitative 
reconstructions of myocardium from 2-day-old embryos, exposed to BrdU from 1 to 
10 hours (Figure 2A). Irrespective of exposure time, the heart tube consisted mainly 
of BrdU-negative cardiomyocytes, although with increasing exposure a zone of BrdU-
labeled cells broadened at the venous pole. After exclusion of these cells, the BrdU-
positive fractions in the primary heart tube showed a linear increase from 2 to 8% 
(hatched line in Figure 2D), corresponding to a cell-cycle length of the myocardium of 
the primary heart tube of 5.5 days. 
 Irrespective of this lack of inherent proliferation, the heart tube rapidly increases 
its number of cardiomyocytes [6], implying that early myocardial growth occurs 
fully by addition of differentiating cells from flanking mesoderm. If such precursor-
cells are rapidly proliferating, they will incorporate BrdU which will be retained after 
differentiation into cardiomyocytes and concomitant cessation of proliferation. This 
explains the observed broadening of the zone of BrdU-labeled cells with increasing 
exposure time. We measured the width of this cranially directed broadening along 
the line of contact of the heart with the coelomic wall (white lines in Figure 2A) and 
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plotted it against BrdU-exposure time (Figure 2C). The resulting graph shows that the 
primary heart tube lengthens at the inflow at a rate of about 70 µm / hour.
Myocardium of the looped tubular heart will re-initiate proliferation at its outer 
curvature at approximately stage 12, forming the primitive ventricle [6]. To determine 
the proliferation rate of the forming ventricle we conducted similar experiments as 
explained above. We made quantitative reconstructions of hearts of three-day-old 
embryos that were treated with BrdU for 1 to 6 hours (Figure 2B). At these stages, the 
primitive ventricle is morphologically recognizable by the presence of trabeculae. We 
observed a transmural gradient of proliferation within this ventricular myocardium 
(data not shown), since the rapidly proliferating compact myocardium gives rise to 
the slow proliferating trabeculae [7,25]. Analysis of the BrdU-positive fractions in the 
compact layer (Figure 2D) revealed a cell-cycle length of 8.5 hours. 

Figure 2: Panels A and B show quantitative 3D-reconstructions of local BrdU+-fractions of embryos that 
were increasingly exposed to BrdU. The nuclear BrdU+-fractions are color-coded, ranging from blue (0%) 
to yellow (100%). The length of expanding BrdU-positive zone along the left dorsal mesocardium was 
measured in 3D and indicated in white. The relation of this expansion to the BrdU exposure-time is shown 
in panel C. To calculate cell-cycle length we exploited the linear relation between BrdU-fractions (FB) and 
BrdU-exposure time (TB). This relation follows the equation: FB = TS/TG + 1/TG x TB, with TS and TG representing 
the length of the S-phase and the cell cycle, respectively. The inverse of the slope of this linear relation 
equals the cell-cycle length [24]. For calculations of the primary heart tube we counted BrdU+-fractions of 
the reconstructions in panel A, with exclusion of the expanding zone of BrdU-labeled cells. For calculations 
of ventricular myocardium, we counted BrdU+-fractions in the compact layer at the outer curvature of the 
reconstructions in panel B, between the distal ventricular groove (left arrow) and the atrioventricular canal 
(right arrow). Panel D shows these linear relations of both the ventricular and the primary myocardium 
(hatched line).
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These experiments reveal that proliferation within the looped heart tube is highly 
heterogeneous. This tube, however, originates as a non-proliferating structure, which 
lengthens rapidly at its inflow by addition of recently divided progenitors. To gain 
insight into the origin of these cells we made quantitative 3D-reconstructions of 
proliferation within the forming coelomic wall and heart tube. Examined embryos 
were exposed to BrdU for 1 hour only, to minimize the BrdU-labeling due to cell 
migration.

Formation of the primary heart tube and pericardial mesoderm
Figure 3 shows reconstructions of embryos at stages 8 and 9. Morphological 
reconstructions (rows A and C) show the endoderm, the myocardium, the thickened 
precardiac splanchnic mesoderm, classically attributed to the heart-forming regions 
[26,27], and the mesoderm of the forming pericardial back wall. Quantitative 
3D-reconstructions of proliferation were made of the myocardium and the coelomic 
mesoderm (rows B and D). At these stages, no mesenchyme occupied the space 
between the coelomic walls and the endoderm. Presented reconstructions are also 
interactively approachable via a supplementary 3D-pdf. 

Morphology
At stage 8, we observed a heterogeneous expression of cTnI-protein at low levels. This 
is in line with the reported patterns of expression of other sarcomeric proteins [28,29], 
whereas mRNA-expression of sarcomeric markers is more abundant [30]. Although 
myocardial differentiation is gradually commencing, we designated all reconstructed 
mesoderm at stage 8 to be “non-myocardial”. Cranially, the splanchnic coelomic 
walls fused in the embryonic midline, indicating the cardiac anlage. Lateral from the 
cardiac anlage, coelomic mesoderm faced the floor of the foregut, forming the anlage 
of the pericardial back wall. Caudally, the coelomic mesoderm followed the anterior 
intestinal portal and spread laterally and ventrally. 
 At stage 9, a few hours further in development, the ventral fusion of the coelomic 
walls proceeded and could be seen as a seam along the longitudinal axis of the overtly 
cTnI-expressing heart tube. At the venous pole, the forming heart tube was medially 
contiguous with the coelomic wall and laterally contiguous with the forming vitelline 
veins.
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Proliferation
At stage 8 the cranial mesoderm of the anlagen of both the myocardium and the 
pericardial back wall, proliferated slowly. Contiguous mesoderm underlying the 
anterior intestinal portal, however, showed rapid proliferation. This pattern of 
proliferation was similar at stage 9, with slow proliferation in the pericardial back 
wall and the forming heart tube. Consistent with the calculated cell-cycle time of 
5.5 days, the forming heart tube showed a virtual lack of BrdU incorporation. There 
was, however, a small focus of labeled cells at the left inflow, presumably caused by 
recruitment of proliferating precursors occurring within the 1 hour exposure to BrdU. 
At the level of the anterior intestinal portal the medial mesoderm of the coelomic wall 
proliferated rapidly. At the outer edges, however, the luminizing mesoderm displayed 
a low proliferation rate.

Figure 3: shows morphology and proliferation (as defined by the BrdU+-fraction after 1 hour of exposure) 
of the heart region of stage 8 (rows A and B) and stage 9 (rows C and D) chicken embryos. Myocardium 
is shown in grey, non-myocardial mesoderm in yellow and endoderm in green. In A’ and C’ a scale grid of 
(1000 µm)2 is shown. Also, in A’ and C’ locations are indicated of cross-sections that are shown in A’’ and C’’, 
respectively. (AIP: anterior intestinal portal)



132

Growth of the tubular heart
Figure 4 shows the morphology and proliferation of early looping hearts at stages 10+ 
and 14. A clear cardiovascular lumen was observed and reconstructed. Reconstruction 
of the coelomic mesoderm was cranially restricted to the pericardial reflection. The 
coelomic cavity could be divided into a pericardial part surrounding the heart and 
two pericardioperitoneal canals that extended deep into the embryo. Therefore, 
reconstruction of the mesoderm covering the pericardioperitoneal canals was 
restricted to approximately 300 µm below the level of the anterior intestinal portal. 
Only intra-embryonic mesoderm that was located between the coelomic cavity 
and the endoderm was included. Similar to the previous stages, no mesenchyme 
occupied these sites. Presented reconstructions are also interactively approachable 
via a supplementary 3D-pdf. 
 Morphology
The scaling-grids in Figures 3 and 4 show that the pericardial back wall, between 
the anterior intestinal portal and the pericardial reflection, remained approximately 
700 μm during the stages 9, 10+ and 14. The heart tube, however, had elongated and 
looped. This is in line with previous observations [31]. Looping started at the midlevel 
of the heart tube, at the initial rupture of the dorsal mesocardium [32]. With this 
rupture the heart tube closes dorsally and the left and right pericardial back walls 
fuse [29]. Caudal to the stage 10+ heart, there was overt separation of the coelomic 
mesoderm into an inner part, covering the anterior intestinal portal and an outer part, 
covering the vitelline veins (Figure 4A; p and r, respectively). The vitelline veins are 
in direct contact with the plexus that covered the yolk sac, as can be seen by the 
extensive lumina near the inflow at stage 10+. At stage 14 the dorsal mesocardium 
had broken completely, connecting the bilateral coelomic cavities (hatched arrows in 
Figure 4C). Initially only the vitelline veins drained into the heart, but at stage 14, the 
cardinal veins were also incorporated. 

Proliferation
Similar to stage 9, the myocardium of the stage 10+ heart tube showed virtually no 
BrdU-incorporation, with the exception of some BrdU-positive cells in the left inflow 
and the dorsal mesocardium. The non-myocardial mesoderm also showed a pattern 
of proliferation similar to stage 9. The pericardial back wall cranially displayed slow 
proliferation. Caudally, the inner coelomic mesoderm covering the anterior intestinal 
portal, proliferated rapidly, whereas the outer mesoderm covering the vitelline veins 
showed a low proliferation rate. At stage 14, the differentiating embryonic ventricle 
showed an increased proliferation rate, but remained flanked by slow proliferating 
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primary myocardium. At the venous pole there was increased BrdU-incorporation at 
the contact with the pericardial wall. In contrast to earlier stages, proliferation within 
the pericardial back wall had expanded cranially and approached the arterial pole 
of the heart. Mesoderm covering the vitelline veins now also showed an increased 
proliferation rate, with faster proliferation on the right, where the proepicardium 
differentiates [33].

Taken together, our three-dimensional analyses of local proliferation within the 
developing coelomic walls and heart tube show a bilateral center of fast proliferation. 
This growth-center lies in the inner coelomic wall, dorsal to the inflow of the heart. 
After rupture of the dorsal mesocardium, this growth-center expands cranially. 

Figure 4: shows morphology and proliferation (as defined by the BrdU+-fraction after 1 hour of exposure) of 
the heart region of stage 10+ (rows A and B) and stage 14 (rows C and D) chicken embryos. The myocardium 
is shown in grey, non-myocardial mesoderm in yellow, endoderm in green, and cardiovascular lumen in red. 
In A’ and C’ a scale grid of (1000 µm)2 is shown. Also, in A’ locations are indicated of cross-sections that are 
shown in A’’. Panel C’’ shows the reconstructed endoderm. (AIP: anterior intestinal portal, card: cardinal vein, 
dm: dorsal mesocardium, PE: proepicardium, vv: vitelline veins, r: outer mesoderm that covers the vitelline 
veins, p: inner mesoderm that covers the anterior intestinal portal, hatched arrows: pericardioperitoneal 
canals)
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Islet1 expression co-localizes with proliferation
The expression of the transcription factor Islet1 has been used to mark cells that 
belong to the second heart field [12]. In chicken, the entire heart-forming region 
initially expresses Islet1, and upon differentiation of myocardium, expression 
becomes confined to the mesoderm adjacent to the anterior intestinal portal and 
the dorsal mesocardium, as assessed by whole-embryo ISH [34]. In order to assess 
how expression of this gene relates to the observed pattern of proliferation, we 
reconstructed its 3D-pattern of expression from sections (Figure 5). 
 At stage 11, Islet1-mRNA was observed in the proliferating part of the 
coelomic wall, caudo-dorsally to the inflow of the heart, extending into the dorsal 
mesocardium. Islet1 expression was not detected in the dorsal pericardial wall, 
although the endoderm facing this mesoderm did show expression. Later in 
development, at stage 16, both the pericardioperitoneal canals and the now also 
proliferating pericardial back wall displayed expression of Islet1. These experiments 
show expression of Islet1 in regions that display rapid proliferation.

Figure 5: Reconstructions of extension of the expression of Islet1-mRNA in red. Reconstructed are the 
myocardium (grey) and non-myocardial mesoderm (yellow). Panel A shows a dorsal view of a stage 11 
embryo. Section A’ shows expression of Islet1 in the endoderm. Section A’’ shows expression in the 
pericardioperitoneal canals.  Panel B shows a left view of a stage 16 embryo. Section B’ shows expression 
in the pericardial back wall. Section B’’ shows expression in the pericardioperitoneal canals. (Ca: caudal, Cr: 
cranial, D: dorsal, L: left, R: right, V: ventral) Scale bars: 300 μm. 
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Caudal proliferation is necessary for development of both poles of the heart 
tube 
By increasing the exposure-time of BrdU we showed that proliferating cells are added 
to the cardiac inflow (Figure 2A). During the time-frame of our observations there is 
also addition of cells to the cardiac outflow [35]. Nonetheless, the outflow is flanked 
by slow proliferating mesoderm. Cardiogenic mesoderm is reported to be a cohesive 
epithelial sheet [36], suggesting that the precursors added to the arterial pole could 
also originate from the caudal growth-center. To investigate this hypothesis, we used 
fluorescent vital dye to mark and trace cells from the proliferative center, as described 
previously (Figure 6) [37].
 In line with the observations after long exposure to BrdU, the caudal and outer 
mesoderm (red dye) was taken up into the venous pole of the heart. Cells from the 
caudal and inner mesoderm (green dye), however, were observed to move along the 
pericardial back wall into the outflow of the heart tube where they will differentiate 
into cardiomyocytes [37].
 To examine whether normal development of the heart depends on proliferation 
in the caudal mesoderm, we locally inhibited cell division in the caudal and inner 
mesoderm by exposure to Aminopurvalanol [21], dissolved with DiI. Exposure to 
Aminopurvanol locally disrupted proliferation within 3 hours, reflected in absence of 
BrdU-incorporation (Supplementary Data). Due to embryonic lethality we were unable 
to inhibit proliferation in the entire growth-center (data not shown). The location 
of the inhibition is shown in Figure 6B. We started injection at straight heart tube 
stages and developed the embryos for 3 more days in ovo. After harvesting, general 
embryonic morphology did not seem to be altered. The embryos, however, did have 
a consistent cardiac phenotype. 9 out of 16 embryos displayed malformations at both 
poles of the heart: on the side of proliferation-inhibition, the atrium did not develop, 
while also a shortened outflow tract with a hypoplastic right ventricle was observed, 
showing that the cranial movement of progenitors towards the arterial pole was 
impaired. Taken together, these data demonstrate that growth of the heart occurs at 
both poles and depends on a caudal source of proliferating progenitors.
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Discussion
Key processes in embryonic growth, such as proliferation and cell movement, are of 
crucial importance for the conceptualization of organ formation. Our studies are the 
first to accurately quantify and visualize proliferation in both the forming heart and 
coelomic walls during early cardiogenesis. Our results indicate that the entire heart 
gradually forms at both poles from one growth-center, which is located in the caudo-
medial pericardial wall. This process will be discussed below and is summarized in 
Figure 7 (also interactively approachable via the Supplementary Data).

Figure 6: Panel A shows the movement of fluorescently labeled cells from the caudal splanchnic mesoderm 
of a stage 9 embryo. The inner mesoderm is labeled with DiO (green) and the outer mesoderm is labeled 
with DiI (red). For a spatial appreciation of the inner and outer mesoderm refer to Figure 4 (indicated with 
p and r, respectively). With culturing the outer mesoderm can be seen to be incorporated into the inflow 
of the heart, while the inner mesoderm moves, via the dorsal pericardial wall, into the outflow of the heart. 
Panel B shows the effect of local inhibition of proliferation. At the right side of the embryo, a focus in the 
caudal and inner mesoderm was exposed to Aminopurvanolol, dissolved with DiI. After reincubation 9 
out of 16 treated embryos suffered from hypoplasia of both the right ventricle and the right atrium. Of the 
other embryos, 2 deceased before analysis, 1 showed only outflow-malformations, and 4 seemed to be 
unaffected.
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Formation of the heart tube at the venous pole 
When the coelomic walls fuse to form both the heart tube and the pericardial back wall, 
proliferation ceases. Reduction of proliferation is also observed in the outer luminizing 
mesoderm. By progressive fusion this outer mesoderm will form the non-proliferating 
heart tube (Figure 7), as shown by our current cell traces and also indicated previously 
[13,29]. In the inner caudal mesoderm a center of rapid proliferation remains, from 
where cardiomyocytes are added to the venous pole. Not surprisingly, if cell division 
is inhibited at this site, the atrium fails to develop.
 At first glance, a non-proliferating early heart tube seems to be at odds with 
previous publications, stating that this structure is rapidly proliferating [8]. This 
conclusion was, however, based on the presence of BrdU-labeled myocardium after 
12 hours of exposure. No heart is present 12 hours prior to such early stages, meaning 
that the observed heart consisted exclusively of cells that incorporated BrdU as cardiac 
precursors, and differentiated into cardiomyocytes during the time-frame of BrdU-
exposure. As shown in Figure 2, this differentiation lengthens the early heart tube 
at a rate of 70 µm/hr. The non-proliferating heart tube is still capable of reinitiating 
proliferation, to form the embryonic ventricle at the outer curvature of the looped 
heart tube [6]. We also show that the compact myocardium of this forming ventricle 
proliferates rapidly with a cell-cycle length of 8.5 hours. 

Formation of the heart tube at the arterial pole 

Fluorescent tracing shows that cells from the caudal growth-center do not only feed 

into the inflow of the forming heart, but also move cranialwards via the coelomic wall, 

to the myocardium of the outflow tract (Figure 6; arrows in Figure 7) [35,37]. Unlike 

the inflow, after 10 hours of BrdU-exposure only a narrow rim of labeled cells can 

be seen at the arterial pole (Figure 2A). This delayed arrival of BrdU-labeled cells can 

be explained by the fact that the cells from the caudal growth-center need to move 

approximately 700 µm along the pericardial back wall, before reaching the arterial 

pole, suggesting that the cranial dispatchment through the pericardial back wall 

occurs at a rate comparable to the lengthening of the heart tube at its venous pole 

(70 µm/hr - Figure 2C). This bi-directional movement is also reflected in the effect 

of local inhibition of proliferation in the caudal growth-center. Besides hypoplasia of 

myocardium at the inflow, the formation of the right ventricle is also impaired.
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Figure 7: illustrates heart formation from the proliferating growth-center in the dorsal pericardial wall. 
The left column shows transverse sections, ranging from cranial in an old embryo to caudal in a young 
embryo. Firstly, outer mesoderm luminizes and stops to proliferate. Next, it bends inwards and fuses to form 
the ventral wall of the heart tube (2-4). The inner mesoderm keeps proliferating and forms the pericardial 
back wall and its connection with the heart tube (5). These sections were transformed into the model that 
is shown on the right. The model shows that expansion from the caudal growth-center leads to a radial 
addition of medially located mesoderm to the heart tube. After regression of the dorsal mesocardium, 
addition to the arterial pole occurs via the pericardial back wall.

The heart-forming fields

Proliferation in the coelomic walls co-localizes with the expression of Islet1, which 

has been used to mark precursors belonging to a second heart-forming field [11,12]. 

Examination of the expression of Islet1 in multiple species showed initial expression in 

all cardiogenic mesoderm, which disappeared upon differentiation into myocardium 

[34,38,39]. This suggests that Islet1-expression does not discriminate between distinct 

fields of cardiac precursors. We observed co-localization of Islet1-expression with fast 

proliferation in the entire coelomic wall, also in those regions of the coelomic wall that 

will not contribute to the heart. Co-localization of Islet1 expression with proliferation 

has also been described outside the mesoderm, and disruption of Islet1-expression 

resulted in a loss of proliferation in all these structures [11]. This suggests that Islet1 

plays a general role in the control of proliferation rather than having a specific function 

in delineating fields of cardiac progenitors.
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The fact that Islet1 does not specifically mark cardiac precursor lineages does not 

undermine the concept that the heart is formed by differentiation of precursor cells. 

Our experiments show that this differentiation occurs gradually and directionally 

from one pool of precursors. When and where these precursors become determined 

to specific cardiac components, cannot be deduced from our experiments. Our data 

do show how caudal proliferation is a driving force of cardiac morphogenesis. A 

single, bilateral growth-center contributes cells to both poles of the heart during the 

time frame that encompasses the developmental period in which both the first and 

the second heart-forming fields have been described. 
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Supplementary Figures 

Supplementary Figures 1-4
In these figures detailed information of the presented reconstructions is shown. In each 
figure the top panels show the quantitative 3D-reconstructions from a ventral and a 
dorsal view, respectively. In these reconstructions the levels the presented sections 
are indicated. Seven sections, indicated from a to g, are shown per reconstruction. 
The total number of sections is indicated in the statistics panel. The spatial relation of 
these sections with the reconstructions is shown in the top panel. 
 cTnI-staining is shown in blue; BrdU-staining in yellow/orange; Sytox 
greenstaining, indicating all nuclei, is shown in green. For spatial orientations, the 
dorsal, left, ventral and right directions are indicated. 
 The statistics panel provides information on the numbers of nuclei (BrdU-
positive and all nuclei) that were counted in the reconstructions. Since the diameter 
of the counted nuclei (10 μm) is larger than the thickness of the sections (7 μm), no 
nuclei were missed. The number of observed nuclei per section was converted into 
nuclei per volume unit according to Abercrombie’s correction. (Weibel R. Stereological 
Methods., London, Academic Press, 1979, pp 157-181) 

Supplementary Figure 5: Exposure to Aminopurvanolol inhibits proliferation
The pericardial back wall of Hamburger and Hamilton stage 15 embryos was labeled 
with DiI in ovo. For inhibition of proliferation, Aminopurvalanol A was added to 
the DiI. After three hours of exposure, embryos were isolated and fixed in 4% PFA. 
One hour prior to isolation the embryo was exposed to BrdU. Embryos were serially 
sectioned and triple stained with DAPI (blue channel - showing all nuclei), anti-BrdU 
(green channel - indicating proliferation) and an antibody directed against DiI (red 
channel). The Aminopurvalanol treated embryo shows no proliferation at the site of 
exposure to DiI, as reflected by a local absence of BrdU incorporation. (Abbreviations: 
fg: foregut, ht: heart tube, nt: neural tube, pbw: pericardial back wall)
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Supplemental Figure 1: information of the presented reconstruction of the stage 8 embryo.



142

Supplemental Figure 2: information of the presented reconstruction of the stage 9 embryo.
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Supplemental Figure 3: information of the presented reconstruction of the stage 10+ embryo.



144

Supplemental Figure 4: gives information of the presented reconstruction of the stage 14 embryo.
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Supplementary Figure 5: Exposure to Aminopurvanolol inhibits proliferation. The pericardial back wall 
of Hamburger and Hamilton stage 15 embryos was labeled with DiI in ovo. For inhibition of proliferation, 
Aminopurvalanol A was added to the DiI. After three hours of exposure, embryos were isolated and fixed 
in 4% PFA. One hour prior to isolation the embryo was exposed to BrdU. Embryos were serially sectioned 
and triple stained with DAPI (blue channel - showing all nuclei), anti-BrdU (green channel - indicating 
proliferation) and an antibody directed against DiI (red channel). The Aminopurvalanol treated embryo 
shows no proliferation at the site of exposure to DiI, as reflected by a local absence of BrdU incorporation. 
(Abbreviations: fg: foregut, ht: heart tube, nt: neural tube, pbw: pericardial back wall)
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Chapter 8

Growth of the Developing Mouse Heart: a quantitative 
3D analysis
Gert van den Berg*, Bouke A. de Boer*, Piet A.J. de Boer, Antoon F.M. Moorman, Jan M. 
Ruijter. (*: these authors contributed equally)

Abstract
Much of our current knowledge on cardiac development is derived from the mouse, a 
mammalian model permitting molecular analyses along with genetic lineage tracing. 
Important as the results of these analyses are, they can only be fully exploited when 
supplemented with a clear insight into the growth of the heart, which is currently 
lacking. In an attempt to fill this gap we assessed, in a quantitative fashion, the 
patterns of proliferation in the forming mouse heart and in its adjacent splanchnic 
mesoderm, known to contribute to the forming heart. This, in turn, required 3D insight 
into early heart formation in the context of the entire cranial region of the forming 
mouse embryo. The results are presented in an interactive portable document format 
(pdf ) to facilitate communication and understanding. As in human and chicken, we 
show that the splanchnic mesoderm is highly proliferative and that upon recruitment 
of cells into the cardiac lineage their 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 trabecules. Comparison between the left and right sides 
of the heart tube imply differential addition of cells to the myocardial lineage as a 
celular mechanism of rightward looping. Our data offer clear insights into the growth 
and orphogenesis of the mouse heart and provide a firm basis for futur e mechanistic 
studies.
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Introduction
A central challenge in cardiac developmental biology is the understanding of the 
mechanisms that effectuate the growth of the heart. Proper formation of the four-
chambered heart depends on a delicate balance between growth and differentiation, 
which is highly prone to errors, witness the high incidence of congenital cardiac 
malformations [1]. Insight into these processes is not only crucial for the understanding 
of cardiac morphogenesis, but is also at the base of cellular lineage analyses [2] and 
molecular mechanistic data, which have provided a great impetus to the field of 
cardiac developmental biology [3,4]. 
Data on cardiac proliferation, however, are scarce and rarely placed within a three-
dimensional (3D) context, leading to conflicting conclusions such as either rapid [5] 
or slow [6] proliferation in the early heart tube. Previously, we analyzed proliferation 
within the spatiotemporal context of the developing chicken. We observed that 
proliferation stops when myocardium differentiates from fast proliferating splanchnic 
mesoderm, to be followed by a new phase of rapid proliferation at the sites of chamber 
formation [7,8]. A similar pattern was observed during human heart formation [9]. 
Information on local proliferation rates in the developing mouse heart is, however, 
entirely lacking.
  To generate a general framework of cardiac growth in the mouse we 
performed a qualitative and quantitative 3D analysis of morphogenesis and 
proliferation of the developing mouse heart. Whereas in chicken and man the different 
phases of early heart development, namely formation of the tube, the tubular phase 
and chamber formation, are clearly separated in time, we show that early heart 
development in the mouse is very fast and the different growth phases overlap, 
which interferes with the analysis. The 3D quantification of proliferation shows that, 
as in chicken and human development, the mouse heart forms by a slow down of 
proliferation within the splanchnic mesoderm, followed by rapid proliferation at the 
site of chamber differentiation albeit that these processes overlap in time thus leading 
to a very heterogeneous proliferation pattern. During further chamber formation the 
proliferation rate decreases progressively whereas proliferation in the trabecules 
shows a base-to-top decline at every stage. We supplemented our account with 3D 
models of the developing mouse heart presented in an interactive format. 
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Materials & Methods 
Animal handling & immunohistochemistry
Bromodeoxy-Uridine (BrdU) was used to visualize proliferating cells. The more rapid 
a tissue proliferates, the more cells will incorporate BrdU, making the fraction of 
BrdU-positive nuclei a marker for proliferation rate [10]. Our observed nuclear BrdU-
fractions are a direct measure for cellular proliferation, because multi-nucleation and 
polyploidy does not occur prenatally [11].
 Exposure to BrdU (Sigma nr. B5002) prior to E9 took place by culturing FVB 
mouse embryos in 0.05 mg BrdU / ml culture medium (DMEM (Invitrogen), pH 7.4 
supplemented with 10% fetal calf serum). Older stages were exposed to BrdU by 
peritoneal injection of pregnant mice with 50 mg/kg of BrdU (using a 10 mg BrdU 
/ ml 0.9% NaCl solution), as previously described [12]. All experimental procedures 
complied with national and institutional guidelines for animal welfare. Exposure to 
BrdU in this study was always 1 hour. Immediately after exposure, embryos were fixed 
in freshly prepared 4% paraformaldehyde. Embryos were staged according to general 
morphological characteristics [13]. 
 Standard procedures were used for dehydration and embedding in paraffin 
[14]. Embryos were serially sectioned at 7µm. Mounted sections were dewaxed and 
rehydrated. Rehydrated sections were equilibrated in phosphate buffered saline (PBS), 
after which antigens were retrieved by pressure cooking for 3 minutes in antigen 
unmasking solution (1:100 Vector laboratories Inc. H-3300). After a PBS wash, sections 
were blocked with 2% bovine serum albumin. Primary antibodies were then added 
for overnight exposure; these were rat-monoclonal anti-BrdU (1:600, Immunosource 
OBT0030CX), rabbit polyclonal anti-cTnI (1:250 HyTest 4T21/2), and goat polyclonal 
anti-Nkx2.5 (1:200 Santa Cruz 8697). After washing, secondary antibodies were added 
for 2 hours. Firstly, donkey-anti-goat Alexa-680, and, again after washing, goat-anti-
rat Alexa-405 and goat-anti-rabbit Alexa-568 were added (Invitrogen, A-21084, 
A-31556, A-11077, respectively). After washing, Sytox Green (1:40,000 Molecular 
Probes S-7020) was added for 15 minutes before a last wash and mounting of a cover 
slip with vectashield (Vectorlabs H1000).

3D-reconstruction and morphometry
Sections were photographed with a fluorescence microscope (Leica DM6000) at 10 
times magnification, generating 4 series of images with pixels representing 0.9 x 0.9 
µm2 tissue. Upon visual inspection, damaged sections were replaced by neighbouring 
sections. Images were loaded into Amira (Mercury Computer Systems) and, with an 
automatic module, aligned by translation and rotation. This procedure was visually 
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inspected and corrected where necessary. In the aligned stacks of images, anatomical 
structures were segmented based on either a specific signal (cTnI or Nkx2.5), or by 
morphological criteria (mostly using the Sytox Green signal). After segmentation, 
the myocardium and splanchnic mesoderm labels were inspected to ensure that all 
nuclei were included. This resulted in labels with a voxel-size of 0.9 x 0.9 x 7 µm3. For 
conversion into a 3D reconstruction, labels were re-sampled to generate near isometric 
voxels (7.2 x 7.2 x 7 µm3). Smoothing of the data set was done by automatic modules 
in Amira, and by manual correction of sectioning artefacts. The resulting re-sampled 
and smoothened data set was then converted into a 3D-surface by triangulation. The 
number of triangular faces was reduced to approximately 7600, and the resulting 
surface was smoothened by the Smooth Surface module. For 2D presentation, 
snapshots were laid out in Illustrator (Adobe, CS4 - 14.0.0). For 3D presentation, 3D 
pdf-files were generated as previously described [15].
 Detection and quantification of nuclei was performed using a program in 
Matlab (The Mathworks). In short, in the Sytox Green images the local background was 
subtracted from the nuclear signal. The resulting local maxima were then thresholded 
into binary nuclei. This image was masked by the segmented label of either the 
myocardium or the splanchnic mesoderm. For nuclei within this mask, a positive 
BrdU-signal was defined as a nucleus with a staining intensity of at least a standard 
deviation above its surrounding background intensity. For embryos from E10 onward, 
Nkx2.5-positive nuclei were identified in the same manner as was done for the BrdU 
signal, because from that stage onward non-myocytes gradually invade the heart 
[16]. BrdU-positive fractions of either all or, for the older stages, of the Nkx2.5-positive 
nuclei were then determined in cubic sampling volumes of 633 μm3, and projected 
onto their 213 μm3 central volume and mapped onto the surface reconstruction, as 
described previously [17].
 Proliferation in the ventricles was measured relative to the trabecular base. 
The trabeculations of both ventricles were separately segmented. The number of 
nuclei and BrdU-positive nuclei were counted, as described above, in the trabecules 
and in the ventricular wall. For embryos between E10, and E12.5 this occurred in cubic 
volumes of 7.2 x 7.2 x 7 µm3, and for E14.5 and E17.5 embryos in 13.6x13.6x14 µm3. 
In addition, for each sample volume the distance to the nearest trabecular base was 
determined. Subsequently, the counted nuclei and BrdU-positive nuclei were pooled 
in 15 µm wide bins, which ensured that enough nuclei were counted to reliably 
determine BrdU-positive fractions for each distance bin [17]. Measurements were 
done in the left and right ventricular trabeculations and walls. 
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Results
Morphology 
Whereas most knowledge on cardiac morphogenesis comes from classic studies of 
mostly chicken and human embryos [18,19], the mouse embryo is currently the most 
important animal model. In order to grasp its complex cardiogenesis, we created a 
series of 3D reconstructions of the developing mouse heart. The reader is encouraged 
to read this text along with the interactive 3D-pdf file, available in the online Data 
Supplement.

Initial heart tube formation
Within one day, from embryonic day (E) 6.75 through E7.75 the straight heart 
tube is formed from the cardiogenic mesoderm, which occurs on the bottom of a 
deeply invaginated yolk sac (Figure 1). This is in contrast to early chicken and human 
development, which occurs on an almost flat yolk sac [18]. In chicken, the foregut 
lengthens more-or-less parallel to the surface of the yolk sac and has a narrow 
anterior intestinal portal [7]. Due to the invagination of the yolk sac in mouse, the 
foregut lengthens in a perpendicular orientation to the yolk sac, and the anterior 
intestinal portal is wide [20]. Albeit not principally, due to this distinct orientation, 
heart formation in the mouse differs architecturally from the “text-book view” of heart 
formation in several aspects, as shown and discussed below.
 At E6.75 the cardiogenic splanchnic mesoderm, defined as expressing the 
transcription factor Nkx2.5 and facing the endoderm, is present as bilateral plates of 
flat epithelium (Figure 1 a-c). The foregut has just begun to form and can be identified 
as a ventral protrusion in the yolk sac. No cardiovascular lumen can yet be discerned, 
which is in line with previous analyses of the expression of vascular markers [21]. Note 
that for the sake of clarity only part of the splanchnic mesoderm was included in the 
reconstructions. Shortly later, at E7 some endothelial cells were observed between the 
lateral sides of the splanchnic mesoderm and the endoderm. The lateral mesoderm 
formed a gutter, which is more prominent on the left side (Figure 1-f ). The left lateral 
view (Figure 1-e) shows that, in line with the progression of development and folding, 
the foregut is more elongated. The medial aspects of the splanchnic mesoderm 
remained in close proximity to the foregut, forming the pericardial back wall with 
progressive folding (Figure 1-g).
 At E7.5 the cardiovascular lumen was clearly present. Moreover, the lateral 
aspects of the splanchnic mesoderm had not only formed gutters, but these gutters 
had also differentiated into cardiac troponin I (cTnI) positive myocardium (Figure 1-h,j). 
With further elongation of the foregut, the medial aspects of the splanchnic mesoderm 
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Figure 1: Morphological overview of initial mouse heart-tube formation. Different views of four 
reconstructions of mouse heart development, between embryonic day 6.75 and 7.75. Panel a, d, h & l 
show the relation of the forming heart with the endoderm of the yolk sac. Panel b, e, I & m show a right 
lateral view of the cardiogenic mesoderm and/or the developing myocardium with the foregut. Other 
views and structures as depicted. All reconstructions are also interactively available in the supplements. 
(Abbreviations: AIP: anterior instestinal portal; myo: myocardium.)
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grew, forming the pericardial back wall (Figure 1-k) The lumina at the cardiac inflow 
now also connect to the vessels that return to the blood islands covering the yolk 
sac (Figure 1-j). Within the heart tube, the endocardium showed several finger-like 
protrusions (obscured by myocardium - see supplemental interactive 3D-pdf). With 
progressive fusion, at E7.75, the lateral myocardial gutters had fused in the midline 
(Figure 1-l,n). The site of this ventral fusion could be discriminated by a ventral seam. 
The medial splanchnic mesoderm had formed a longer pericardial back wall, in line 
with growth of the foregut. The endocardium within the heart tube showed fusion, 
and multiple ventral protrusions (see interactive 3D supplements for individual 
structures). At the venous pole, the inflowing vessels were growing and discernable 
as the vitelline veins, which were connected to the blood islands (Figure 1-n).
 In chicken, the differentiation of mesoderm into myocardium occurs 
concomitantly with midline fusion of the left and right lateral mesoderm [22,23]. 
In mouse, due to its wide intestinal portal, the lateral aspects of the splanchnic 
mesoderm cannot easily adjoin, by which myocardial differentiation occurs prior to 
midline fusion while they are still laterally extending [20]. Although this phase of 
cardiac development in the mouse is generally known as the “cardiac crescent”, this 
stage in reality represents a laterally orientated, not yet fused, straight heart tube, if 
compared to chicken development. Progressive folding (as seen by lengthening of 
the foregut) causes the left and right myocardial components of this early heart tube 
to finally join in midline [14], which can still be appreciated by the ventral seam seen 
at E7.75.

Lengthening and looping of the heart tube
Figure 2 shows 3D reconstructions of mouse hearts ranging from E8 to E9. The other 
embryonic structures that provide an anatomical context and indicate developmental 
progression, such as the forming neural tube and coelomic cavity, are shown in the 
interactive supplemental 3D-pdf. At E8 the heart had grown and the ventral fusion 
seam was no longer discernable (Figure 2-b). At the inflow, however, the left and 
right components could still be discriminated by the un-fused endocardial tubes. 
Outside the heart tube these vessels extended laterally (Figure 2-a). Cranially, the 
endocardium still showed multiple protrusions adhering to the myocardium, best 
seen in the left lateral view (Figure 2-d). Compared to E7.75 (Figure 1-m), the foregut 
was further elongated. During the further folding of the embryo, the pericardial back 
wall extended by growth of the medial splanchnic mesoderm (Figure 2-c). Moreover, 
the left and right components of the back wall were fusing, indicating the closure of 
the dorsal mesocardium. 
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Figure 2: Morphological overview of cardiac looping in the mouse. Panels a - p show different views of 
four reconstructions of mouse heart development, between embryonic day 8 and 9. Panels a, e, I & m show 
the development of the cardiovascular lumen in relation to the myocardium (transparent). Panels b, f, j & 
n show the myocardium and the splanchnic mesoderm. Panels c, g, k & o show the splanchnic mesoderm 
(myocardium is shown in transparent grey). Panels d, h, l & p show a left lateral view of the relation of the 
lumina and the myocardium (transparent) with the developing foregut and anterior intestinal portal. Note 
that the images of the lumina were taken at a slightly different angle than those of the myocardium. The 
bottom panel illustrates closure of the dorsal mesocardium by showing dorsal views of 5 hearts, ranging 
from embryonic day 7.75 to 9. * indicates the connection of the heart tube with the dorsal mesocardium 
. All shown reconstructions are interactively available in the supplements (Abbrevations: cardiovasc.: 
cardiovascular; E: embryonic day)
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A few hours later, at E8.25, the lengthening and closure of the pericardial back wall 
continued and fusion of the endocardial tubes progressed. The inflow vessels were 
now identifiable as the vitelline veins and were in contact with the blood islands 
covering the yolk sac (Figure 2-e). These inflow vessels bended caudally by the 
progressive folding of the anterior intestinal portal. Inside the myocardial heart tube, 
ventral endocardial protrusions were present (Figure 2-e,h). The heart tube itself had 
clearly looped, and its elongation at the arterial pole had become apparent by a 
clearly distinguishable outflow tract (Figure 2-f ). Caudally from the outflow tract the 
future left ventricle forms at the outer curvature of the looped heart. 
 At E8.5, fusion of the endocardial tubes at the inflow of the heart tube was 
completed and the resulting fused intra-cardiac lumen had slightly displaced to the 
left of the embryonic midline (Figure 2-i). Like the previous stage, the vitelline veins 
bended caudally and there were multiple protrusions of endocardium, attached to 
the ventral ventricular region of the myocardium (Figure 2-i,l). The ventricular region 
bulged ventrally and caudally, and the embryonic outflow tract was further elongated 
(Figure 2-j).
 At E9, the orientation of the inflow vasculature had changed significantly. 
The inflowing vitelline veins had grown and clearly bended towards caudal and 
twisted towards the right following the general embryonic rotation [13]. The intra-
cardiac portion of the inflowing vasculature was located left from the midline (Figure 
2-m). The endocardium at the inflow showed a constriction (Figure 2-p) that we 
designated as the future atrioventricular canal, because the atria were not yet present. 
The lengthening of the heart tube progressed, as depicted by the grown outflow tract 
and the further bulging of the prospective ventricle and the caudal displacement of 
its apex (Figure 2-n). This can best be observed in the left lateral image, which also 
shows the foregut with its forming pharyngeal pouches (Figure 2-p). The dorsal 
mesocardium had ruptured completely, thus closing the pericardial back wall and 
leaving the heart tube suspended only by its arterial and venous poles (Figure 2-o).
The closure of the dorsal mesocardium is also shown in the bottom panel of Figure 2 in 
a series of dorsal views of six hearts, ranging from E7.75 to E9. At E7.75 it can be seen that 
the dorsal side of the heart tube is still completely open. At this stage the endocardial 
tubes are entirely suspended in cardiac jelly, as in the human heart [9]. At E8 the dorsal 
aspects of the heart tube approached each other and closure followed a few hours later 
at stage E8.5. As described in chicken [24], closure of the dorsal mesocardium starts in 
the middle of the heart tube and proceeds in cranial and caudal direction to “zipper 
up” the dorsal heart tube. Interestingly, unlike chicken development, elongation of 
the outflow tract, which occurs by addition of cells from the pericardial back wall [25] 
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Figure 3: Morphological transition of older embryonic mouse 
hearts. Reconstructions of the myocardium of mouse hearts 
ranging from embryonic day 10 to 17.5 are shown. Panels a, c, e, g 
& I show a frontal views.  Panels b, d, f, h & j show the same hearts, 
with a frontal surface cut. Note that the hearts are not depicted 
on the same scale.

was initiated prior to rupture of 
the dorsal mesocardium. The 
distance between the arterial 
and venous poles remained 
constant while the heart rapidly 
lengthened. In mouse this 
distance was approximately 200 
µm; in chicken at comparable 
stages this distance measured 
about 700 µm [7,26]. It is this 
small region that is called the 
second heart field and provides 
cells that are added to both 
poles of the heart [25,27-31].

Formation of the four-
chambered heart
Figure 3 shows morphological 
reconstructions of the 
embryonic mouse hearts 
from E10 through E17.5. At 
embryonic day 10 (Figure 
3-a,b), both atria had clearly 
formed, when compared to 
E9 (Figure 2, E9 – bottom 
panel). The outflow tract had 
elongated, and showed a 
bend. In the proximal part 
of the outflow tract the first 
trabecules appeared, indicating 
differentiation of outflow tract 
myocardium into right ventricle 

[25]. A clear ventricular septum could not be discerned. At the inflow, a left and right 
atrium had cleary formed. Like at E8.5 and E9 (Figure 2-I,m) the blood flow entered 
the left ventricle. The confluence of the systemic veins, however, shifted towards the 
right. One day later, at E11 (Figure 3-c,d), the blood flow from the atria entered both 
ventricles, as the atrioventricular canal became suspended over the interventricular 
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septum, which was becoming discernable. During further development, the overall 
morphology in the ventricles and outflow tract remained largely similar, although 
there was progressive volume growth (also see Figure 4).  From E12.5 onwards, the 
ventricular septum progressively formed and the outflow tract gradually differentiated 
into the right ventricle (Figure 3-f ), finally generating a fully septated four chambered 
heart.  

Morphometry
Volume and number of cells
To quantify growth during the formation of the mouse heart we counted nuclei in, 
and measured the volume of the developing heart at stages ranging from E7.25 
to E17.5, thus ranging from the initially formed “cardiac crescent” to the prenatal 
four-chambered heart (Figure 4). Because the cardiomyocytes are mono-nuclear 
until post-natal development,[11] the number of nuclei represents the number of 
cardiomyocytes. 

Figure 4: Quantification of number of cells and volume The number of cardiomyocytes in the developing 
mouse heart was derived from the number of nuclei observed within the tissue labelled by the specific 
staining with a cardiac marker. The number of nuclei per tissue area was converted into number per 
volume according to Abercrombie [65], including the section thickness and the average nuclear diameter. 
Myocardial volume was calculated according to the Cavalieri principle [66]. Note that the data are displayed 
on a logarithmic Y-axis. Accompanying the data are reconstructions of the myocardium ranging from 
embryonic day 7.5 to 17.5, displayed at the same scale.
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The approximate linear relation of the logarithm of the number of cells, as well as 
total myocardial volume, to the days of development indicated that the increase in 
cell number and volume was exponential until E11. During this period, the number of 
cardiomyocytes increased from 680 to 44000, whereas a similar 65-fold increase was 
observed in cardiac volume (from 0.002 to 0.128 mm3). After E11 these relations tapered 
off, pointing to a slower but still almost 20-fold increase until approximately 1 million 
cardiomyocytes and a volume of 2 mm3 in the E17.5 heart. The parallel development 

Figure 5: Local proliferation rates in the early mouse heart. The figure shows the patterns of BrdU-
incorporation (after one hour exposure) in the reconstructions that are shown in Figure 2 and 3. Note 
that for esthetical reasons the reconstruction of the mouse heart at embryonic day 8.5 was not included. 
The patterns of proliferation rate were highly similar to those at embryonic day 8.75, and available in the 
interactive supplements. (Abbreviations: BrdU: BromodeoxyUridine)
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of the number of cells and total 
volume graphs showed that the 
average volume of individual 
cardiomyocytes is constant 
(approx. 2300 μm3) throughout 
embryonic development. This 
average volume is in agreement 
with earlier observations [8]. 
Note that this graph gives no 
information on how the number 
of cells increases, nor does it 
imply an equal growth rate for 
the whole heart, as often implied. 
Indeed, volume measurements on 
the developing atria [32] showed 
that different parts of the atria 
grew at different and changing 
rates during development. The 
quantitative 3D reconstructions 
presented below clearly show a 
very heterogeneous pattern of 
proliferation laying at the basis 
of early cardiac growth and 
morphogenesis.

Figure 6: Local proliferation rate in older 
embryonic mouse hearts. Panels a, c, e, 
g & i show frontal views of quantitative 
3D reconstructions of the myocardium 
of hearts ranging from embryonic day 10 
to 17.5. Panels b, d, f, h, j show the same 
quantitative reconstructions with a frontal 
surface cut. Note that the hearts are not 
depicted on the same scale. The bottom 
panels show detailed quantifications of the 
ventricular walls and trabeculations. The 
y-axes indicate the BrdU-labelled fractions. 
The x-axes indicate the distance from the 
trabecular base. 
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Proliferation pattern during early stages of heart development
To gain insight in the patterns of proliferation in the myocardium and its precursors, we 
measured the proliferation index after one hour of BrdU exposure and projected the 
proliferation patterns onto the 3D-reconstructions [17]. In chicken, such experiments 
showed withdrawal of myocytes from the cell-cycle upon myocardial differentiation, 
and a decrease in proliferation rate was observed when vessels formed within the 
splanchnic mesoderm. Growth of the early heart tube occurred by addition of cells 
from a rapidly proliferating group of cells at the inflow of the heart, which were shown 
to contribute to both the inflow and outflow of the heart. Where primary myocardium 
differentiated into chamber myocardium, proliferation was locally reinitiated [7,8]. In 
human embryos, similar observations were recently made [33].
 At the youngest mouse stage studied, E6.75, no myocardium was observed. 
In line with observations in chicken, the flat pre-cardiac mesoderm displayed rapid 
proliferation (Figure 5-a). A little later, at E7, a drop in proliferation was seen in the left 
splanchnic epithelium, at the site of vessel formation (Figure 5-b). Later differentiation 
into myocardium at stage 7.5, showed a drop in proliferation rate within the myocardial 
“cardiac crescent”. In contrast to chicken development [7], proliferation was never 
absent, but a rather scattered pattern of proliferation could be observed in the initially 
formed myocardium (Figure 5-c). 
 At E7.75 there was still a heterogeneous pattern of proliferation, with less 
BrdU-incorporation at the dorsal connection with the splanchnic mesoderm, and an 
increase in proliferation rate in the ventral heart tube (Figure 5-e,f ). Unlike observations 
in chicken, but resembling the pattern observed in human development [9], no clear 
regionalization of proliferation could be observed within the splanchnic mesoderm 
(Figure 5-d,g,j,m,p). At embryonic day 8 the pattern of proliferation resembled that of 
the previous stage, displaying slow proliferation in the myocardium near the dorsal 
mesocardium and rapid proliferation in the ventral heart tube (Figure 5-h,i). At stage 
E8.5, with clear differentiation of the outflow tract, a focus of rapid proliferation 
occurred at the outer curvature of the outflow tract and forming ventricle, contrasting 
the slow proliferation at the inner curvature of the heart (Figure 5-k,l). This pattern of 
proliferation still existed at E9 (Figure 5-n,o). Proliferation was also slow within the 
myocardium of the future atrioventricular canal, consistent with previous studies [12].

Proliferation during formation of the four-chambered heart
Between E9 (Figure 5-n) and E10 (Figure 6-a,b) the BrdU-positive fraction in the 
distal outflow tract decreased. At E11 the outflow tract was almost devoid of BrdU-
incorporation (Figure 6-c) indicating that cells of the outflow tract display very slow 
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proliferation and growth occurs almost exclusively by addition of cells [25]. At later 
stages (Figure 6-e,g,i) the proliferation rate in the outflow tract remained slow. From 
E10 through E12.5 (Figure 6-a,c,e), both ventricles showed BrdU-positive fractions that 
were similar to those at E9 (Figure 5-n). At these stages, the forming ventricular septum 
showed a similar high proliferation rate except at its top where proliferation is slow 
(Figure 6-f ), as reported previously [34]. The proliferation rate in the ventricular wall 
decreased steadily in later stages. The BrdU-positive fractions in both ventricles, were 
measured in relation to the base of the trabecules (Fig 6, bottom panel). The youngest 
stages showed the highest BrdU incorporation in the ventricular wall close to the 
trabecular base, which diminished with increasing distance. In later stages the BrdU-
positive fractions were lower and this gradient became less obvious, coinciding with 
the disappearance of the patchy pattern on the surface of the ventricle. Although at 
all stages the BrdU-fractions in the trabecules were about 10 percent lower than in the 
outer wall, the observed decrease with increasing distance from the trabecular base 
remained significant at all stages and corresponding trabecular length. This persistent 
base-to-top gradient, in both ventricles, showed that the focus of proliferation of 
cardiomyocytes in the forming ventricles was at the base of the trabecules.

Discussion
Because the mouse embryo is currently the most used experimental model we 
prepared a comprehensive series of 3D reconstructions that give insights into both 
the morphology as the proliferation patterns in the developing mouse heart. This 
information can be used to interpret the growing body of scientific data harvested 
in the mouse. Whereas in chicken and human the different phases of early heart 
development, namely formation of the tube, the tubular phase and chamber 
formation, are clearly separated in time, our 3D reconstructions show that in the 
mouse early heart development is very fast and that the different growth phases 
overlap. Some aspects of mouse heart development will be discussed in the context 
of our current findings.
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Cardiac looping
The looping of the heart is the first morphological sign of asymmetry in the embryo. 
The heart tube loops by both bending and rightward rotation [35] where the outer 
curvature of the looped heart tube forms the site of future chamber differentiation 
[36]. Directional movement has been observed in the myocardium of the early 
zebrafish heart [37], and has been shown to be subject to left/right signalling [37,38]. 
Although a multitude of genes, such as Pitx2c, is differentially expressed between the 
left and right sides during the early stages of cardiac development [39], the precise 
driving forces of cardiac looping remain unclear (review: [40]). It has since long 
been recognized in chicken [26], that because the heart tube lengthens faster than 
the distance between its arterial and venous poles, looping occurs of necessity. Our 
reconstructions (Figure 2) show that this principle may also be valid during mouse 
heart formation. During the lengthening of the heart tube, the distance between the 
arterial and venous poles remains approximately 200 µm. Differential addition of 
precursor cells to the left and right components of the heart tube might then offer an 
explanation for the rightward looping. Discrimination and quantification of the left 
and right components of the myocardium is possible by the site of adherence of the 
endocardium to the myocardium [41]. However, this endo-/myocardium connection 
in the mouse is not as clear as in the chicken, which prevented the unambiguous 
distinction of the left and right parts of the mouse heart after looping. Before looping, 
in the cardiac crescent and initial tube stages, such a distinction could be made on 
the basis of the ventral fusion seam and no left-right differences in the number of cells 
were observed (data not shown).
 Therefore, we analysed our library of quantitative reconstructions of chicken 
development [7,8]. At the studied stages the chicken myocardium does not show 
proliferation [7], therefore any difference in the number of cells between the left and 
the right side should result from a differential addition of precursors. Figure 7 shows 

Figure 7: Left - right difference in 
number of cells in chicken heart. 
The number of cardiomyocytes in the 
left and right side of the developing 
chicken heart was determined. The 
ventral and dorsal connection between 
endocardium and myocardium was used 
to distinguish left and right [41]. The 
difference in number of cells is displayed; 
each point represents one heart. 
Regression analysis was performed and 
revealed a significant increase of the 
left-right difference with age (p=0.0001); 
the 95% confidence shows that after 36 
hours of development the difference is 
significantly higher than 0.
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the difference between the number of cells within the left and right sides of the 
heart tube. Regression analysis showed that prior to looping, there was no statistical 
difference between the left and the right side. From the onset of looping onwards, 
after around 36 hours of development, the number of cells in the left side became 
progressively higher. These data show that a difference in addition of precursor cells 
may provide an important driving force of cardiac looping in chicken and possibly 
mammals. 

Proliferation and differentiation
The discontinuous and localized patterns of proliferation within the myocardium 
show that myocardium, unlike skeletal muscle [42], has the capacity to both 
differentiate and proliferate. The differentiation of chamber myocardium is known 
to be controlled by several Tbx-transcription factors. For instance, Tbx2 is expressed 
in the inner curvature and atrioventricular canal of the looped heart tube [43], and 
functional disruption of this gene not only expands the differentiation of chamber 
myocardium into the atrioventricular canal, but also increases the proliferation rate 
within this otherwise slowly proliferating region [12].
 Because Tbx2 is expressed within the myocardium from E8.5 onwards 
[12], its inhibitory effect on proliferation does not yet explain the regionalization of 
proliferation at earlier stages. This early pattern might by due to an interaction via 
the endo- and myocardial connections, which are known sites where, via Notch 
signalling, proliferation and trabecular differentiation are initiated [44]. Such endo- 
and myocardial connections are only present in the ventral part of the heart tube, 
which might explain why there is more proliferation there than in the dorsal side. 
Evidence for such early myocardial differentiation was also demonstrated, using 
electron microscopy, to already occur at the 3-4 somites stage (approximately E7.75 
[13]), indicated by formation of gap-junctions at the ventral side of the heart tube 
[45]. This study also showed mitotic divisions within the region of formation of gap-
junctions and formation of a multilayered and trabeculated wall of the early heart 
tube [45].

Proliferation and morphogenesis
Recent lineage analyses showed that, after formation of the primary heart tube, cells 
from a second heart field are added to the cardiac lineage at the anterior pole of the 
heart [28,30,46,46]. The primary heart tube would then originate from a first heart-
forming field. In our reconstructions we were unable to observe a clear distinction 
between a primary heart tube stage and further growth, but rather observed a 
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gradual growth of the embryonic heart. Therefore, we find it difficult to envision 
when the contribution of the first heart field would stop and the second field would 
begin. Subsequent to the discovery of the second heart field, it was demonstrated 
that this field also contributed cells to the inflow of the heart [27,29,31]. At this stage, 
the rupture of the dorsal mesocardium limits the contact between the forming heart 
tube and the pericardial back wall, and cells can only be added to the forming heart 
at the arterial and venous poles. This can easily be envisioned when one appreciates 
that the distance between the arterial and venous poles is only about 200 µm, or a line 
of about 15-20 precursor cells. In addition, transplantation studies and other lineage 
analyses, did not reveal distinct fields of cardiac precursors [47-50] (review: [51]). 
Recent observations show that marker genes of the second heart-field are already 
expressed in the first heart-field [52-54]. Therefore, we rather propose a gradual 
temporal formation of the heart. 
 In chicken, we showed that the cells added to both the in- and outflow of 
the heart tube take origin from a focus of rapidly proliferating precursor cells, located 
in the caudal pericardial back wall [7]. As in the human [9], our current observations 
of proliferation did not reveal clear regionalization of proliferation in the pre-
cardiac mesoderm in the mouse, which may result from the rapid development 
of the mouse compared to chicken. However, as in the human and the chicken, 
proliferation in the mouse myocardium is highly regionalized, with slow proliferation 
in the atrioventricular canal, outflow tract and inner curvature. The patterns of clonal 
growth within the myocardium observed by Meilhac and coworkers [29,55,56], are 
similar to this proliferation pattern. For instance, in the slow proliferating outflow 
tract and atrioventricular canal (Figure 6a,b,c,d) dispersed clones, orientated along 
the veno-arterial axis were seen, whereas coherent clones, larger in older embryos, 
were observed in the fast proliferating regions of chamber formation. The lack of local 
proliferation data made earlier analyses of clonal data to assume a homogeneous cell 
cycle length [29].

Formation of the trabecules
During chamber differentiation, the walls of the left and right ventricles form 
trabeculated myocardium on the luminal side, while the remaining outer lining later 
differentiates into compact myocardium. Multiple genes are preferentially expressed 
in either the trabeculated myocardium or in the outer myocardial wall, reflecting both 
change in function, and differential modes of growth. For instance, the trabecules 
display a high expression of Nppa [57,58] and of the fast-conducting gap-junctional 
protein connexion 40 [32,59], which are not expressed in the ventricular compact 
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layer. There also is preferential expression of signalling molecules, among which Tbx5 
[60] and genes that function in the TGF-beta pathway, such as BMP10 [61], the Notch-
pathway [44], and Neuregulin, signalling via the Erb receptor pathway [62]; the latter 
pathways signalling occurs from the endocardium.
 Our analyses of proliferation within the myocardial walls and the trabecules 
show the most rapid proliferation at the junction between the outer wall and the base 
of the trabecules, while proliferation tapered off toward the top of the trabecules. 
Retroviral labelling of pre-cardiac mesoderm in chicken showed elongated clusters 
of labelled cells in the myocardial wall, spanning into the trabecules [63]. Above 
mentioned genetic lineage analyses in mouse, using randomly generated clones, also 
showed such orientation of growth in the transmural axis [55].  In combination with 
the fast proliferation observed at the base of the ventricular trabecules, these data 
suggest growth of the ventricles by apposition, thereby elongating the trabecules. 
This conclusion is further supported by the observation that activated Notch 
signalling, which regulates the proliferation and differentiation of the trabecules, is 
most abundant at the base of the trabecules [44], causing an outward expansion of 
the ventricular chambers [36]. Finally, regression of proliferation in the trabecules 
has been suggested to imply terminal differentiation into the conduction system 
[64]. Our study shows, however, that both compartments continue to proliferate at 
different rates. Furthermore, the proliferating outer-layer also differentiates, albeit in a 
contractile phenotype. Therefore an inverse relationship between differentiation and 
proliferation cannot be strictly assumed. 

Taken together, our analyses and interactive reconstructions of proliferation rate in 
the developing heart allow for an independent inspection of the 3D-architecture in 
relation to an important parameter of growth. The presented analyses of proliferation 
from the initial formation of the heart up to the late prenatal four-chambered heart 
form a firm basis for future mechanistic studies.
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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. 



175

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.
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Resumen Español

  
El corazón adulto es una bomba con cuatro cámaras, hecha de tejido muscular 
especializado. Normalmente, las cámaras estan conectados perfectamente y laten 
organizadamente para bombear la sangre oxigenada desde los pulmones a través del 
lado izquierdo del corazón al cuerpo. A través del lado derecho del corazón, la sangre 
pobre en oxígeno va desde el cuerpo a los pulmones. Una pregunta interesante e 
importante es cómo un organo de esa alta complejidad se forma durante el desarrollo. 
Imagínese el embrión temprano, a partir de una célula, sólo existe en un momento 
dado como un disco plano con tres capas de células (endodermo, mesodermo 
y ectodermo). ¿Cómo se forma de  pocas células en un disco plano,un órgano tan 
complejo como el corazón? El trabajo que he hecho durante mi investigación de 
doctorado, y lo que se presenta en este folleto, se refiere a la formación temprana del 
corazón. La formación inicial de los vasos sanguíneos que entran el corazón se aclara. 
Existe un  método que esta diseñado para calcular y mostrar la división celular local. 
Este método esta utilizado para el análisis de la división celular durante la formación 
temprana del corazón. 
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El corazón es el primer órgano que se forma durante el desarrollo embrionario. 
Tempranamente en la formación del embrión hay células destinadas a la formación 
del tejido del corazón. El embrión, inicialmente plano, se configura cuando se pliega, 
haciendo que estas células se unan para formar un tubo: el corazón primario. Este tubo 
está conectado directamente a los vasos embrionarios. El tubo cardiaco empieza a 
bombear peristalticamente, siempre en la dirección de las venas a las arterias, un flujo 
sanguíneo se distribuye en el embrión en desarrollo. Por eso hay un transportación 
de oxígeno y nutrientes por el embrión, lo que permite al embrión crecer. Durante 
este crecimiento del embrión desarrolla también el corazón aún más. El tubo del 
corazón es más largo y curvo (en Inglés llamado “looping”). En las esquinas externas 
del tubo curvado, los ventrículos, se diferencian a nivel local. Así la compresión de las 
camaras se incrementa y la circulación sanguínea fluye más eficiente. Por  formación 
de particiones en los ventrículos, también llamados septos, la sangre se separa en una 
circulación pulmonar y una circulación por el cuerpo. 
 Este desarrollo de un corazón, con cuatro cámaras, con sus particiones, y 
también con válvulas y una sistema de conducción especializada, es extremadamente 
complejo. Esto se refleja en el hecho de que muchos niños nacen con defectos del 
corazón, y que hay muchos tipos diferentes de anomalías congénitas del corazón. 
Hay defectos pequeños, agujeros autoadhesivos en el tabique de los ventrículos, 
pero también pueden darse defectos grandes en la construcción de la acción del 
corazón, que requiere varias cirugías para salvar la vida de un niño. Además puede 
haber alteraciones congénitas en el control eléctrico del corazón. Todos estos 
defectos congénitos del corazón, tienen su origen en errores durante el desarrollo 
embrionario del corazón. Por lo tanto, el conocimiento del desarrollo del corazón es 
de gran importancia para entender el desarrollo de defectos cardíacos. 
 En los últimos años ha habido un aumento enorme en el conocimiento 
sobre el control molecular del desarrollo del corazón. De muchos genes (regiones del 
ADN que codifica una proteína) está claro cómo influyen el desarrollo cardiaco. Por 
otra parte, se ha hecho posible para marcar genéticamente las células, por lo que el 
destino de las células embrionarias pueden ser seguidos. Esto se puede hacer durante 
el desarrollo normal, pero también en situaciones con defectos cardíacos inducida 
experimentalmente, como puede ocurrir en los humanos. Estas nuevas técnicas han 
proporcionado un enorme aumento en el conocimiento. Un factor de complicación 
para la interpretación de estos resultados es el desarrollo espacial que es cambiante y 
extremadamente complejo. El trabajo en esta tesis, intenta clarificar el crecimiento del 
corazón en desarrollo para aclarar por medio de reconstrucciones tres dimensionales 
(3D). Esta desarrollada y utilizada una técnica nueva para medir y mostrar la división 
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celular durante el desarrollo del corazón.  

En el capítulo 1, se discuten estudios de desarrollo cardíaco "clásicos", junto con 
nuevos hallazgos. Un nuevo gran descubrimiento, mediante las técnicas genéticas 
descritas anteriormente, es que el corazón se forma por adición de células de fuera 
del corazón. Entonces, no es cierto que todas las células del futuro del corazón adulto 
ya están en el tubo cardiaco primario. Esto descubierto, ha cambiado notablemente el 
estudio de desarrollo cardíaco. Para determinar si un descubrimiento tan importante 
podría ser perdido durante los muchos años del examen cardíaco, se llevó a cabo, unos 
estudios "clásicos" del desarrollo del corazón. En este capítulo se muestra que este 
descubrimiento importante podría ser, en parte, derivado de los estudios "clásicos". 
 Capítulo 2 se resumen los últimos conocimientos en el desarrollo cardíaco. 
Esto se sale a la luz en la enfermedad cardíaca del adulto. Las células musculares del 
corazón adulto no puede compartir, por lo que lleva la pérdida de masa muscular (el 
ejemplo más llamativo de esta pérdida es un ataque al corazón) a un daño irreversible. 
El músculo perdido se sustituye por tejido cicatrizal, que no se contrae y qué no es 
conductor eléctrico. Actualmente existe mucha investigación en una solución a este 
problema. A medida que las células musculares del corazón durante el desarrollo 
todavía pueden compartir, volver al crecimiento embrionario sería una estrategia 
interesante para regenerar el corazón adulto. En este capítulo el crecimiento y el 
desarrollo del músculo del corazón embrionario, se describen brevemente. Además, 
de una visión general del desarrollo de otros tipos de células en el corazón esta 
dado. Por ejemplo los fibroblastos, que son importantes para la formación de tejido 
cicatricial que se forman después de un accidente cerebrovascular. El hecho de que 
estos fibroblastos vienen del mismo origen de las células musculares del corazón, 
también es interesante desde un punto de vista de la regeneración. 
 El capítulo 3 describe una técnica nueva para la determinación y visualización 
de la división celular en el corazón en desarrollo. El principio de este método es el 
siguiente: los embriones se expone a “BrdU” durante un período corto de su desarrollo. 
BrdU es un bloque de construcción del ADN, pero modificado químicamente. Cuando 
una célula se divide, el ADN está formado por nuevos bloques de construcciones. 
Cuando BrdU está presente durante la división celular, una célula también va a 
integrar ese bloque, modificado químicamente en su nuevo ADN. Las células que se 
dividen más rápido, tienen mas probabilidad de que BrdU se integre. El porcentaje 
de células BrdU-positivas,  es una medida de la tasa de división celular. Después de 
la exposición de un embrión a BrdU, se lo pone en un bloque de parafina. Entonces 
se corta en secciones. Se pueden teñir BrdU en estas secciones con anticuerpos 
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específicos. Además, todos los núcleos se puede hacer visibles, y también se utiliza 
un anticuerpo que tiñe miocardio. Estas manchas se hacen en todas las secciones y 
todas las fotos resultantes se cargan en un programa especial. Con este programa, se 
apila las secciones individuales para formar una reconstrucción digital. Así es posible 
hacer una reconstrucción en 3D del músculo del corazón, y también, después de un 
paso de un procesamiento de imágenes, una reconstrucción de los porcentajes de los 
cardiomiocitos BrdU positivas. Esto da información sobre la tasa de división celular 
local en el corazón en desarrollo. También desde estos datos se puede saber  cuántas 
células hay en el músculo cardíaco y el tamaño promedio de células en el corazón en 
desarrollo. Capítulo 4 describe otra técnica. Mediante el uso de dos bloques químicos 
diferentes de construcción del AND, el IdU y el CldU, es posible sustituir una indicación 
de la tasa de división celular, por calculaciones reales de los tiempos de la división 
celular. La probabilidad de que un bloque de construcción marcado se construye el 
ADN depende de la tasa de proliferación, pero también del tiempo que se necesita 
para duplicar el ADN. Una duplicación del porcentaje de BrdU entonces no significa 
que estas células tienen el doble de tasa de división. Con exponer tejido compartido a 
dos bloques diferentes de ADN, es posible en cuánto tiempo un grupo de células del 
músculo cardiaco se duplicará. 
 El capítulo 5 trata sobre el complicado desarrollo espacial del polo venoso 
del corazón. El polo venoso, es el lugar en el corazón adulto, donde los flujos de sangre 
del cuerpo y los pulmones entran separados. La complejidad del desarrollo de esta 
región se puede deducir, entre otras cosas, por los muchos tipos de defectos cardíacos 
congénitos que pueden ocurrir en el polo venoso. Un ejemplo se forma la entrada 
anormal de la vena pulmonar. Normalmente, esta vena se relaciona con la aurícula 
izquierda.  Pero, la vena pulmonar tambien puede entrar (total o parcialmente) en 
muchos otros lugares, que van desde la aurícula derecha a sitios distantes, como 
los vasos del hígado. Como se ha mencionado, el desarrollo de esta región es muy 
complejo, que causa (repeticiones) discusiónes científicas y una falta de una visión 
clara del desarrollo de esta importante región. A través de reconstrucciones intuitivas 
e interactivas del polo, demostramos que la vena pulmonar no se desarrolla como 
un vaso separado, pero se divide de un plexo de vasos pequeños. Este plexo, rodea 
una estructura embrionario más amplia, el intestino anterior embrionario, que no sólo 
forma los pulmones sino también del hígado, la vesícula biliar y el páncreas. Durante la 
formación temprana del embrión todas estas estructuras están muy juntas, entonces 
una división errónea de la vena pulmonar de ese plexo puede causar conexiones de 
la vena otros sitios, por ejemplo los vasos del hígado. Esto explica la gran variedad 
de alteraciones que pueden ocurrir en el polo venoso del corazón, a pesar de la gran 
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distancia entre estas estructuras en la situación adulta. Las reconstrucciones ilustran el 
desarrollo espacioso del corazón y hacen que los procesos 3D también comprensible 
para los científicos no morfológicos, formando una base para futuras investigaciones 
moleculares de la entrada del corazón. 
 El capítulo 6 describe la técnica, tal como se describe en el capítulo 3, 
aplicado al desarrollo temprano en el corazón de pollo, un modelo animal utilizado en 
la embriología. Las reconstrucciones de la división y del tamaño celular implican que 
el tubo cardíaco temprano comparte lento y se forma por adición de células pequeñas 
en el polo venoso. Después, en el tubo cardíaco curvaturo, las células las esquinas 
exteriores del tubo aumentado en volumen, y luego reinician la división celular. En el 
capítulo 7, el papel de la división celular durante el desarrollo cardíaco temprano esta 
examinado más a fondo. En primer lugar, calculamos, utilizando la misma fórmula 
como se describe en capítulo 4, la tasa de proliferación del ventrículo en desarrollo a 
8.5 horas, pero también mostramos que el tubo cardiaco primario no comparte (una 
tasa de proliferación de 5,5 días en un embrión de dos días de edad). El hecho de 
que el número de células de este tubo está creciendo rápidamente, significa que este 
crecimiento es completamente debido de la adición de células fuera del corazón. Para 
aclarar esta adición, nos fijamos en la división celular en las células fuera del corazón. 
En las células que estaban en contacto directo con el corazón, pero no expresaron las 
proteínas musculares, era un lugar al lado del polo venoso con una división rápida. 
Las células de este lugar fueron seguidos con tintas fluorescentes. Se observó que 
estas células se agregan en el polo venoso, pero también en el polo arterial. Para ver 
si la división celular en esta área fue necesario para el desarrollo normal del corazón, 
la división se inhibió local. Esto dio defectos cardiacos, en los dos polos del corazón, 
ambos, el polo arterial y venoso. El trabajo en este capítulo demuestra que un foco de 
células de división rápida en el polo venoso del corazón esta en la base de la formación 
del corazón a temprana edad. Esto complementa los hallazgos, que se describe en el 
capítulo 1,  que la adición de las células en el corazón es un modo importante de 
crecimiento embrionario. 
 El capítulo 8 ofrece una visión general del crecimiento del corazón de 
ratón. El ratón es actualmente el modelo cientifico más importante para estudiar 
el desarrollo del corazón. Muchos estudios sobre los mecanismos moleculares del 
desarrollo cardíaco  se desarrollan con ratones. El desarrollo del corazón temprano 
en ratones es mas complejo que en el pollo, porque el ratón está dentro de un 
saco vitelino curvo con la forma de un balón de fútbol puesto al revés. Por otra 
parte, muchos procesos de desarrollo ocurren en el mismo tiempo. Reconstrucción 
intuitivas e interactivas del desarrollo del ratón, que se muestran en el pollo,  ocurre 
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una reducción de la división celular con el temprano desarrollo cardiaco. La tasa de 
división, aumenta en el desarrollo de las cámaras del corazón a las esquinas exteriores 
del tubo cardiaco curvaturo. Durante el desarrollo posterior esta una disminución 
de la tasa de proliferación en las paredes de los ventrículos. También se dio una 
disminución en la tasa de proliferación en la pared interna del corazón, donde forman 
trabéculas. Estas trabéculas son importantes para el control eléctrico normal de las 
cámaras del corazón. 

Esta tesis también tiene incluido un disco que contiene reconstrucciones interactivas 
de la mayor parte de la tesis. Para facilitar la comprensión de los resultados, 
recomendamos observar estas versiones interactivas, cuando se lee los capítulos.
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Nederlands Samenvatting

Het volwassen hart is een pomp met vier kamers, gemaakt van gespecialiseerd 
spierweefsel. Normaliter zijn de hartkamers perfect op elkaar aangesloten en 
kloppen strak georganiseerd om zo een bloedstroom met zuurstofrijk bloed vanuit 
de longen, via de linker helft van het hart, naar het lichaam, en, via de rechter helft 
van het hart, zuurstofarm bloed vanuit het lichaam naar de longen te pompen. Het 
is een interessante en belangrijke vraag hoe dit uiterst complexe orgaan zich vormt 
tijdens de ontwikkeling. Stel je voor: het vroege embryo, begonnen uit 1 cel, bestaat 
op gegeven moment als slechts een platte schijf met 3 lagen cellen (endoderm, 
mesoderm en ectoderm). Hoe ontstaat uit een paar cellen in een platte schijf een 
complex orgaan als het hart? Het werk wat ik gedaan heb tijdens mijn promotie-
onderzoek, en wat gepresenteerd wordt in dit boekje, gaat over de vorming van het 
vroege hart. De vroege vorming van de instromende vaten wordt verhelderd, en 
hiernaast is een methode ontwikkeld om locale celdeling in het ontwikkelende hart 
te berekenen en weer te geven. Deze methode is vooral gebruikt voor analyse van 
celdeling tijdens de vroege vorming van het hart. 
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Het hart is het eerste orgaan dat zich vormt tijdens de embryonale ontwikkeling. 
Heel vroeg tijdens de vorming van het embryo worden cellen voorbestemd om 
hartweefsel te gaan vormen. Het aanvankelijk platte embryo krijgt vorm doordat 
het vouwt en plooit, waardoor deze cellen samenkomen en een buisje vormen. Deze 
hartbuis is direct aangesloten op de ontwikkelende embryonale vaten. Doordat 
de hartbuis gaat kloppen, peristaltisch en altijd in de richting van de aders naar de 
slagaders, ontwikkelt zich een bloedstroom door het embryo. Hierdoor verplaatsen 
zich zuurstof en voedingsstoffen door het embryo, waardoor het embryo kan groeien. 
Gedurende deze groei van het embryo ontwikkelt ook het hart zich verder. De hartbuis 
wordt langer en buigt (in het Engels “looping” genoemd). Aan de buitenbochten 
van het gebogen hart differentiëren lokaal de hartkamers, waardoor de knijpkracht 
van de kamers toeneemt en de bloedcirculatie steeds efficiënter verloopt. Door de 
vorming van tussenschotten in de hartkamers, ook wel septa genoemd, wordt de 
bloedsomloop gescheiden in een aparte long- en een lichaamscirculatie.
 Deze ontwikkeling van een hart, met vier kamers, tussenschotten, maar ook 
kleppen en een gespecialiseerd geleidingssysteem, is uiterst complex. Dit komt tot 
uiting in het feit dat veel kinderen geboren worden met hartafwijkingen en dat er veel 
verschillende vormen van aangeboren afwijkingen van het hart zijn. Zo kunnen er 
kleine, zichzelf dichtende gaatjes in het tussenschot van de kamers zijn, maar kunnen 
er ook grote stoornissen in de aanleg van het hart optreden, waardoor meerdere 
operaties nodig zijn om het leven van een kind te redden. Hiernaast kunnen er 
ook aangeboren stoornissen in de elektrische aansturing van het hart zijn. Al deze 
aangeboren hartafwijkingen hebben hun oorsprong in fouten tijdens de embryonale 
ontwikkeling van het hart. Daarom is kennis van de ontwikkeling van het hart van 
groot belang voor het begrijpen van het ontstaan van hartafwijkingen.
 De laatste jaren is er een enorme toename van kennis over de moleculaire 
aansturing van de hartontwikkeling. Van veel genen (regio’s in het DNA die coderen 
voor een eiwit) wordt het duidelijk hoe zij de hartontwikkeling beïnvloeden. 
Bovendien is het mogelijk geworden om cellen genetisch te markeren en te 
volgen tijdens de ontwikkeling, zodat het lot van embryonale cellen gevolgd kan 
worden. Dit kan gedaan worden tijdens de normale ontwikkeling, maar ook in 
situaties met experimenteel geïnduceerde hartafwijkingen, zoals die bij de mens 
voor kunnen komen. Deze nieuwe technieken hebben voor een enorme toename 
van kennis gezorgd. Een complicerende factor voor het goed interpreteren van 
deze experimentele resultaten is de steeds veranderende en uiterst ingewikkelde 
ruimtelijke ontwikkeling van het hart. Het werk in dit proefschrift probeert de groei 
van het ontwikkelende hart te verduidelijken door gebruik te maken van drie-
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dimensionale (3D) reconstructies. Verder is er een techniek ontwikkeld en gebruikt, 
om celdeling tijdens hartontwikkeling te kwantiteren en driedimensionaal weer te 
geven.

In hoofdstuk 1, wordt werk uit “klassieke” studies van hartontwikkeling bediscussieerd 
in combinatie met nieuwe bevindingen. Een belangrijke nieuwe vondst, gedaan met 
bovenbeschreven genetische technieken, is dat het hart zich vormt door toevoeging 
van cellen van buiten het hart. Het is dus niet zo dat alle cellen van het toekomstige 
volwassen hart zich al bevinden in de vroege hartbuis. Dit inzicht heeft het onderzoek 
naar hartontwikkeling flink veranderd. Om na te gaan of zo een belangrijke vondst 
gemist kon worden tijdens de vele jaren dat er hartonderzoek gedaan werd, hebben 
we “klassieke” studies naar hartontwikkeling bekeken. In dit hoofdstuk laten we 
zien, dat deze belangrijke nieuwe bevinding ook al ten dele afgeleid kon worden uit 
“klassieke” studies.
 Hoofdstuk 2 geeft een samenvatting van recente inzichten over 
hartontwikkeling. Dit wordt gedaan in het licht van volwassen hartziekten. De 
volwassen hartspier kan niet meer delen en daarom leidt verlies van hartspier (het 
meest sprekende voorbeeld van zo een verlies is een hartinfarct) tot onomkeerbare 
schade. Verloren hartspier wordt vervangen door littekenweefsel, wat niet contraheert 
en wat niet elektrisch geleidt. Er wordt momenteel veel onderzoek gedaan naar een 
oplossing voor dit probleem. Aangezien tijdens de ontwikkeling de hartspier nog 
wel kan delen, zou het opnieuw aanzetten van embryonale groei een interessante 
strategie kunnen zijn om het volwassen hart te regenereren. In dit hoofdstuk wordt 
kort de groei en ontwikkeling van de embryonale hartspier beschreven. Hiernaast 
wordt een overzicht gegeven van de ontwikkeling van de andere soorten cellen in 
het hart, zoals de fibroblasten die onder andere van belang zijn voor de vorming 
van littekenweefsel dat na een infarct gevormd wordt. Het feit dat deze fibroblasten 
hun oorsprong delen met hartspiercellen, is ook interessant vanuit het oogpunt van 
regeneratie.
 In hoofdstuk 3 wordt een nieuwe techniek beschreven voor het bepalen 
en zichtbaar maken van celdeling in het ontwikkelende hart. Het principe van deze 
methode is als volgt: Embryo’s worden tijdens hun ontwikkeling een korte tijd 
blootgesteld aan BrdU. Dit is een chemisch aangepaste bouwsteen van het DNA. 
Wanneer een cel deelt, wordt er nieuw DNA gevormd vanuit zulke bouwstenen. 
Als BrdU aanwezig is tijdens celdeling, zal een cel ook deze chemisch aangepaste 
bouwsteen inbouwen in nieuw vormend DNA. Hoe sneller cellen delen, hoe hoger de 
kans dat BrdU ingebouwd wordt. Het percentage van BrdU-positieve cellen is dus een 
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maat voor de snelheid van celdeling. Na blootstelling aan BrdU wordt een embryo 
gefixeerd en in een blokje paraffine gedaan, waarna het opgesneden wordt in plakjes 
(coupes). Op deze coupes kan BrdU aangekleurd worden door middel van specifieke 
antilichamen. Hiernaast worden alle celkernen zichtbaar gemaakt, en wordt er een 
antilichaam gebruikt wat hartspier aankleurt. Deze kleuringen worden gedaan op alle 
coupes en alle resulterende foto’s worden in een speciaal programma geladen. Met 
dit programma worden de losse coupes gestapeld tot een digitale reconstructie. Zo 
is het mogelijk om een 3D reconstructie te maken van de hartspier, maar ook, na een 
beeldbewerkingstap, van de percentages van BrdU positieve hartspiercellen in 3D. 
Dit geeft dan informatie over de locale celdelingsnelheid in het ontwikkelende hart. 
Ook kan uit deze gegevens worden berekend hoeveel cellen er zich in de hartspier 
bevinden en kan de gemiddelde celgrootte in het ontwikkelende hart berekend 
worden. 
 In hoofdstuk 4 wordt bovenbeschreven techniek verder uitgebreid. Door 
gebruik van twee verschillende chemisch gelabelde bouwstenen, IdU en CldU, wordt 
het mogelijk om in plaats van een indicatie van celdelingsnelheid, daadwerkelijke 
celdelingtijden te berekenen. De kans om een gelabelde bouwsteen in het DNA in te 
bouwen hangt, behalve van de delingssnelheid, ook af van de tijd die het duurt om 
het DNA te verdubbelen. Een verdubbeling van het percentage BrdU, betekent dus 
niet dat deze cellen twee keer zo snel delen. Door delend weefsel voor verschillende 
tijden bloot te stellen aan twee verschillende, en afzonderlijk waar te nemen DNA-
bouwstenen, wordt het mogelijk om te berekenen hoe lang het duurt voor een groep 
hartspiercellen zich verdubbelt.
 Hoofdstuk 5 verduidelijkt de ingewikkelde ruimtelijke ontwikkeling van de 
veneuze pool van het hart. De veneuze pool is de plek in het volwassen hart waar het 
bloed vanuit het lichaam en de longen gescheiden binnenkomt. De ontwikkeling van 
deze regio is ruimtelijk zeer ingewikkeld, wat onder andere af te leiden is aan de vele 
soorten aangeboren hartafwijkingen die kunnen optreden aan de veneuze pool. Een 
sprekend voorbeeld hiervan is abnormale inmonding van de longvene. Normaliter 
is de longvene aangesloten op het linker atrium. De longvene kan echter foutief 
(compleet of gedeeltelijk) op vele plekken inmonden, variërend van het rechter atrium 
tot vergelegen plaatsen, zoals vaten in de lever. Zoals gezegd is de ontwikkeling van 
deze regio ingewikkeld, wat leidt tot (herhaling van) wetenschappelijk discussie en 
het uitblijven van een helder beeld van ontwikkeling van deze belangrijke regio. Door 
inzichtelijke en interactieve reconstructies van de instroom van het ontwikkelende 
kippenhart wordt de ontwikkeling van de longvene verhelderd. We laten zien dat deze 
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vene niet als een losstaand vat ontwikkelt, maar zich van een plexus van kleine vaatjes 
afsplitst. Deze plexus omringt een grotere embryonale structuur, de embryonale 
voordarm, die niet alleen de longen, maar ook de lever, galblaas en de alvleesklier 
vormt. Ten tijde van de vorming van de longvene liggen al deze embryonale structuren 
nog zeer dicht bij elkaar, zodat foutieve afsplitsing vanuit bovengenoemde plexus 
gemakkelijk voor inmonding van de longvene op bijvoorbeeld de levervaten kan 
zorgen. Dit verklaart de grote verscheidenheid aan afwijkingen die kunnen optreden 
aan de veneuze pool van het hart, ondanks de grote afstand tussen deze structuren 
in de volwassen situatie. De reconstructies verduidelijken de ruimtelijke ontwikkeling 
van het hart en maken de 3D processen ook inzichtelijk voor niet morfologische 
wetenschappers, waardoor zij een basis vormen voor verder moleculair onderzoek 
naar de instroom van het hart. 
 In hoofdstuk 6 wordt de techniek, zoals beschreven in hoofdstuk 3, 
toegepast op de vroege hartontwikkeling in de kip, een veelgebruikt proefdier in de 
embryologie. De reconstructies van celdeling en –grootte impliceren dat de vroege 
hartbuis traag deelt en gevormd wordt door toevoeging van kleine cellen aan de 
veneuze pool. Na kromming van de hartbuis, nemen cellen op de buitenbochten van 
de hartbuis toe in volume, om daarna weer te beginnen met celdeling. In hoofdstuk 
7 wordt de rol van celdeling tijdens de vroege hartontwikkeling verder onder de 
loep genomen. Allereerst wordt berekend, met dezelfde formules als beschreven in 
hoofdstuk 4, dat de delingsnelheid van de ontwikkelende ventrikel 8,5 uur is, maar 
dat de vroege hartbuis in de kip niet deelt (een delingssnelheid van 5,5 dagen in een 2 
dagen oud embryo). Het feit dat het aantal cellen van deze hartbuis wel snel toeneemt, 
betekent dat deze groei compleet toe te schrijven valt aan toevoeging van cellen van 
buiten het hart. Om duidelijkheid te krijgen over deze toevoeging, keken we naar 
celdeling in de cellen buiten het hart. In de cellen die in direct contact stonden met 
het hart, maar nog geen hartspier-eiwitten tot expressie brachten, werd een plek met 
snelle deling gezien aan de veneuze pool. Cellen werden vanuit deze plek vervolgd 
door ze fluorescent te markeren. Zo werd waargenomen dat deze cellen toegevoegd 
worden aan zowel de veneuze, als de arteriële pool. Om te kijken of celdeling in deze 
plek nodig was voor de normale ontwikkeling van het hart, werd lokaal de deling 
geremd. Dit leidde tot hartafwijkingen aan zowel de veneuze als de arteriële pool. 
Het werk in dit hoofdstuk toont dus aan dat één focus van sneldelende cellen aan de 
veneuze pool van het hart ten grondslag ligt aan de vorming van het vroege hart. Dit 
complementeert de inzichten, beschreven in hoofdstuk 1, dat toevoeging van cellen 
een belangrijke wijze van groei van het embryonale hart is.
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Hoofdstuk 8 geeft een overzicht van de groei van het muizenhart. De muis is 
momenteel het belangrijkste proefdier voor het bestuderen van hartontwikkeling 
en veel studies naar de moleculaire mechanismen van hartontwikkeling gebeuren in 
de muis. Vroege hartontwikkeling in de muis is echter ruimtelijk nog ingewikkelder 
dan in de kip, omdat de muis zich vormt aan de binnenzijde van een gebolde 
dooierzak, met de vorm van een ingedeukte voetbal. Bovendien lopen veel processen 
van hartontwikkeling in de tijd door elkaar heen. Begrijpelijke reconstructies van 
muizenontwikkeling tonen echter dat, net als in de kip, celdeling afneemt bij 
vroege hartontwikkeling en toeneemt bij ontwikkeling van de hartkamers, aan 
de buitenbochten van de hartbuis. Gedurende de latere ontwikkeling was er een 
langzame afname van delingssnelheid in de wanden van de hartkamers. Ook was 
er een afname van delingssnelheid over de binnenwand van het hart, waar de 
zogenaamde trabekels zich vormen. Deze trabekels zijn belangrijk voor een normale 
elektrische aansturing van de hartkamers.

Bij dit proefschrift is ook een min-CD toegevoegd waarop interactieve versies van de 
meeste van de in dit proefschrift gepresenteerde harten te vinden zijn. Om het inzicht 
in de resultaten te vergemakkelijken raden we u aan om deze interactieve versies te 
bekijken wanneer u de hoofdstukken leest. 
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Dankwoord

Promotieonderzoek, daar had ik voor het begin aan de universiteit nog nooit van 
gehoord. Om eerlijk te zijn, tot lang tijdens mijn studie kon ik me er geen beeld van 
vormen. Hoe rol je daar dan in? Ergens halverwege het derde jaar van geneeskunde 
besloot ik om naast de studie wat extra verdieping te zoeken. Onderzoek. Naar het 
hart. Een mailtje naar de coördinator van CRIA (het toenmalig onderzoeksinstituut 
voor cardiovasculair onderzoek in het AMC) bracht me langs prof. dr. Antoon FM 
Moorman. Met enthousiasme hoorde hij me aan. Onderzoek, ja dat kon zeker wel. 
Maar op mijn vraag of er ook een onderzoeksfunctie als bijbaantje beschikbaar 
was..? Wat een luxe. Hij zaagde vroeger accu’s door voor geld. Betaald assisteren bij 
onderzoek, daar kwam het logischerwijs niet van. Daarentegen kon ik wel bij André 
op het secretariaat op speurtocht naar “spoken” in de database met mensen die zich 
ter beschikking van de wetenschap hadden gesteld. Ook kon ik met Roelof-Jan de 
Becker-collectie van aangeboren hartafwijkingen bij de pathologie doorspitten (en 
terloops mijn neus laten wennen aan de lucht van formaline). Met Laurens kon ik 
diezelfde neus laten wennen aan stof, bij het archiveren van botten en schedels in 
het depot van het museum Vrolik. Aldus begon mijn relatie met de afdeling Anatomie 
& Embryologie. Aan het einde van het vierde jaar van mijn studie deed ik er mijn 
wetenschappelijke stage. En na het vertrek van de vorige lichting “hartstichtings-
aios” kon ik mijn stage-project continueren als promovendus. Omdat een promotie-
onderzoek niet alleen een wetenschappelijk traject is en omdat je wetenschap nooit 
alleen doet, dit uitgebreide dankwoord.
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Prof. dr. Moorman, beste Antoon, Ik denk dat een promovendus zich geen betere 
promotor kan wensen. Inspirerend en bevlogen. Altijd een open deur. Kritisch, maar 
opbouwend. En altijd oplossingsgericht. Als er een ding is wat ik van je geleerd hebt, 
dan is dat dat je zonder hard werken nergens komt. (De trias van Moorman: intelligentie, 
sociaal zijn, en hard werken.) Een combinatie van vertrouwen en het vuur bij tijd en 
wijle opstoken. Onder jouw hoede ben ik veranderd van een geneeskundestudent 
die niets wist van wetenschap (wat was promoveren?) tot een jonge wetenschapper 
(althans, als zeg ik het zelf ). Je enthousiasme en arbeidsethos waren aanstekelijk en 
hopelijk kunnen we in de toekomst nog meer onderzoek doen.

Dr. Aten en prof. dr. Lamers, bedankt voor jullie bereidheid om zitting te nemen in 
mijn promotiecommissie. Prof. dr. Anderson, prof. dr. Brockmeier and prof. dr. Field, I 
am grateful for your willingness to take place in my thesis committee. 

Jan Ruijter. Tijdens het schrijven van dit proefschrift ben ik erachter gekomen dat ik 
veel van je geleerd heb. Jouw analytische aanpak van het benaderen van teksten is 
subliem. Als ik ook maar een greintje van dit vermogen overgenomen heb, dan heeft 
me dat al stukken beter gemaakt. Hiernaast bewonder ik ook je analyse van andere 
wetenschappelijke problemen. Geen presentatie, hoe klein ook, ging voorbij zonder 
dat jij op een kladvel (de voorraad oud en ongebruikt printpapier in je lade) uitgebreide 
aantekeningen maakte. Ook je toegewijdheid en je open-deur / open excell-sheet 
beleid zijn voor mij toonbeelden van hoe wetenschap bedreven moet worden: 
doorwerken, maar ook altijd tijd voor uitleg en educatie. Zelfs in de weekenden kon 
ik langs fietsen om wat dingen door te nemen. Dat deze korte fietsafstand door jou 
ook weleens gebruikt werd voor het bezorgen van belangrijke poststukken op je vrije 
maandag, dat was uiteraard geen probleem.

Maurice van den Hoff. Jouw ongebreidelde enthousiasme werkt aanstekelijk. Verder 
is je praktische begeleiding op het lab geweldig. Je zit erbij en legt uit wat en hoe 
het gebeuren moet. Ik kan me voorstellen dat je in de eerste weken wel eens aan 
me getwijfeld hebt (toen ik voor het isoleren van de kippenembryo’s filterpapier 
met een stans en een hamer tot ringetjes aan het tikken was, niet begreep dat de 
ringetjes nodig waren, en ze allemaal in de vuilnisbak gooide). En als we dan toch 
op het lab uitgebreid de dingen aan het doornemen waren, dan kon er ook nog wel 
een grap tegen aan. Hoe meer op het randje, hoe beter. Zodat het hele lab mee kon 
genieten van je trade-mark lach. Wat me nog steeds aan het hart staat is die middag 
in Maastricht na de promotie van Chris. Met je vader de kroeg in en vertellen in welke 
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straten vroeger de rode lampjes hingen. En dat jij daar als klein manneke op je fietsje 
rond reed! En natuurlijk je voorliefde voor het culinaire. Eigenlijk is het doen van 
experimenten hetzelfde als lekker koken!

Paranimfen:
Bram: Ik had op de eerste dag van de studie (let wel: het jaar 2000) niet kunnen 
voorstellen dat ik elf jaar later zo’n band met je zou hebben. Vaste prik: met de trein 
terug naar Utrecht, discussiëren over de inhoud en randzaken van wetenschap. 
Mochten we er gedurende de treinreis niet uitkomen, dan was daar bij de jaarbeurs 
nog wel een aftands café, waar we met pils elkaars ideeën scherp kregen. (Als we al 
die ideeën nou ook ten uitvoer gebracht hadden, dan hadden we vast wel 10 goed 
draaiende laboratoria en 50 Nature publicaties op ons naam.) Op congres in Houston 
de kamer (en het tuthoekje) delen. Op congres in Madrid aanhoren dat je darmen 
overstuur waren door al dat vlees. In Ascona weer een kamer, nu met tuthoek én 
prachtig uitzicht. Hier in Zwitserland aan tafel met de grote jongens eten, drinken en 
ouwehoeren. Ik hoop dat straks onze wegen zich niet te veel scheiden. Natuurlijk niet 
vanuit vriendschappelijk opzicht, maar ook professioneel denk ik dat er meer in zit. 
(Alhoewel dat vast bij tijd en wijle vast anders voelde als ik bij een ochtendbespreking 
weer een zure opmerking over je kippenkweken maakte.)

Laurens: lauwerens. Vanaf dag 1 verstrengelde zich iets in onze tachyfrene breinen. 
Iets wat nog altijd niet los gekomen is. Daar in dat kamertje naast het museum, tussen 
de dozen. Altijd een goede reden om even de trap/lift naar beneden te nemen voor 
een kopje koffie. Het bespreken van het wel en wee op macro-, meso- & micro-niveau, 
gereflecteerd aan de kosmische schaal der waarheid. Je gevoelens voor Herman van 
Veen (fout) en Peter Beense (goed). Zelfs over randfiguren als Thijs van Leer kon een 
goed half uur gevuld worden. Zelfs zo aanstekelijk dat ik het er thuis ook over had 
(terwijl ik de goede man niet eens ken). Het begon natuurlijk allemaal in het museum, 
met het onderhoud van de collectie. Zuur- en emissievrij schuimfolie in dozen plakken 
met dito zuur- en emissievrije lijm. Dan keurig schedels erin plaatsen en afdekken. 
Zou over een aantal jaar mijn ethmoid-sparende schedelverpakkingstechniek nog 
een standaardprocedure worden? Moet ik daarvoor nog contact opnemen met de 
Reinwardt academie, denk je? (Trouwens, ik blijf er bij dat het depot van het museum 
spookt!)
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Beeldbewerkingsgroep:
Piet de Boer: grootmeester Piet. Jouw werkhouding was altijd zeer inspirerend. 
Als een proef verkeerd ging, maakte dat niet uit. Als je maar begreep waarom het 
verkeerd ging, om het daarna beter te doen. Met plezier denk ik terug aan hoe jij, de 
60 reeds gepasseerd, al die jonge gasten er af reed op de fiets (mij als eerste)! Bouke: 
Met jouw probleemoplossinggerichtheid en snelle aanpassingen (of zelfs geheel 
nieuw ontwerp) van programma’s hebben we toch flink wat artikelen geschreven, 
altijd binnen een goede sfeer! Ik heb er zin in om 7 juli een biertje met je te drinken! 
Alexandre: Ook al zit je nu met je vingers aan wat anders dan aan je toetsenbord, 
reken ik je uiteraard nog onder de beeldbewerkingsboys. (Het schijnt dat je nieuwe 
materiaal van interesse wel op veel toetsenborden terug te vinden is, maar dat 
terzijde). Bij jou begon het wetenschappelijk eigenlijk allemaal. Ik als student, jij 
als begeleider. Ik weet nog hoe we samen eieren injecteerden. Voor jou was een 
tijdsschema ook echt een tijdsschema. (Iedere 2 minuten ging er een nieuw ei in de 
incubator.) Ik herinner me ook nog hoe na een avond stappen in Utrecht je maandag 
ineens zonder voortand op het lab verscheen. Jan Seegers: Onverstoorbaar achter je 
beeldscherm en altijd behulpzaam. De enige persoon die ik ken met nog een Windows 
3.1 screensaver. Jaco: Zonder jou zou het lab stil staan. Voor mijn werk was je cruciaal. 
Bijvoorbeeld voor bij gebruik van de microscopie en uiteraard bij het programmeren 
van alle 3D pdf’s, die het niveau van de publicaties flink omhoog getild hebben. Maar 
niet alleen voor mijn werk was je noodzakelijk. Als je vijf minuten met jou aan tafel zit, 
dan zijn er al drie mensen langs gekomen met de meest uiteenlopende vragen (rtfm). 
Zelfs toen we ’s avonds aan het werk waren hield het niet op! Desalniettemin blijf je 
altijd behulpzaam en help je iedereen uit de brand.

Helden van het lab: 
Kees-Jan: Gouwe vent. Op het “sterfkamertje” (liefkozende naam voor de werkruimte 
van de scheidende aio’s) zat je te typen en gefrustreerd te raken. Later toen ook Bram 
en ik bij je introkken, kreeg het sterfkamertje meer de trekken van een massagraf. 
Trek Kees-Jan voetbalschoenen aan en lichtvoetig schiet hij de ballen in het net. 
Als hij niet geblesseerd raakt, natuurlijk. (Ik heb nog eens uitgerekend dat de kans 
op een blessure bij zaalvoetbal, echt een stuk lager is dan bij wake-boarding). Nu 
met de Lotte en Teuntje en Guus in Amerika! P.S. Jammer van PEC, ze begonnen 
zo goed. Vincent W: Behalve voetbalschoenen deelden we kortstondig ook nog 
hardloopschoenen. In Utrecht Zuilen leer je overigens wel rennen, de kogels en de 
scooters ontwijkend. Steevast hierna dan eindigen met een pils, luisterend naar de 
verhalen van je Afghaanse huisgenoot. Quinn: Ouwe reus, maar op het veld kwetsbaar 
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als Arjan Robben. Dat ik je blesseerde in de kleedkamer, voor we het veld op gingen, 
moet toch wel een record zijn. Het schijnt trouwens dat na jouw aanstelling in het 
AMC de Epstein Bar een omzetstijging van 10% meemaakte. Tamara & Joost: Vergeef 
het me als ik jullie samenvoeg in mijn dankbetuiging/bewondering. Maar deze fusie 
is niet geheel ongegrond. Sinds de intrek van Joost op de afdeling vonden jullie 
elkaar in een liefde voor “informatie”. Iets waar ik natuurlijk ook niet vies van ben. 
Wat ben ik trouwens blij dat ik toen niet mee ben gegaan naar de Derrick... Marc: 
Ouwe culinaire halfgod. Bij Bram in huis organiseerden we met z’n drieën het ael-aio-
herendiner. Daar kwam ie aan.. “Bij de groothandel geweest.” Dozen vol wulpen en 
tegenstribbelende rivierkreeften. Beste bouillabaisse van mijn leven. De keren dat ik 
van vergelijkbare kwaliteit gegeten heb, was vaak op een andere gelegenheid met 
jou ook achter het fornuis. Mocht het met die botten van die Fstl1 muis niks worden, 
dan kun je er misschien nog soep van trekken! Wim: Zo veel moeite om in Houston 
nog naar een Radiohead concert te gaan (dat is vast leuker dan het Weinstein eind-
diner). Bas: Ouwe Noord-Hollander. Sint jakobsschelpen gelardeerd in spek bij Martijn 
thuis: “Lekker die slavinken”. Over voetballen gesproken: rennen deed je niet echt, 
maar hangend voor het doel schoot je die ballen er toch lekker in. Aleksandr: Gaat er 
na 7 juli nog wat geslapen worden? Belangrijker: gaat er op 7 juli nog wat gedronken 
worden? Sameer: Jij hebt ook al een flinke historie met het lab. Toen ik net begon was 
jij er ook al voor een wetenschappelijke stage. Toen zag ik nog wel eens golfsticks 
staan, waar heb je die gelaten? Wino: Je deed me qua fysiek altijd al aan Clark Kent 
denken. Toen je na een simpele aanpassing van haardracht ineens transformeerde 
in Vincent Christoffels, vroeg ik me af op wie je zou lijken als je je haar naar achteren 
zou kammen en een rode onderbroek over je broek aan zou trekken. Esther: Is raclette 
nou Zwitsers? Hebben we Circulation Research Volume 104, Issue 2; January 30, 2009 
al aangevraagd? Een top editie. Martijn: ouwe bier aio. Daar kwamen de rekeningen 
weer: “Heb ik echt zo veel gedronken? Had ik die rekening niet de vorige keer betaald?” 
Uit eigen ervaring weet ik dat bier-aio de meest ondankbare, maar gelijk de meest 
belangrijke taak van het lab is. Bjarke: The lizard king. I don’t know a lot of people 
in a molecular biology lab that know their way around dadaism, and also properly 
refer to “get in the chopper”! Sunday hangovers spent discussing the AV-canal.. wtf? 
Brandon: The Maltese lion. That a body so small can pack such amounts of alcohol. 
Malou: Succes met de laatste loodjes en de komende coschappen (zorg dat je het af 
hebt voor je begint). Appie: Glazing the shit out of what thing? Anke: Als je nog aan 
een krat Budels Blond kan komen, hou ik me warm aanbevolen! Amin: de lichting 
met geneeskunde studenten uit ons jaar was met Bram, Marc, Tilly, jou en mij best 
goed vertegenwoordigd binnen het HFRC. Met jouw gaven zullen er vast komende 
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lichtingen van geneeskundestudentes ook goed vertegenwoordigd gaan worden. 
Tilly: Succes in Londen en met de vervolgcarrière in de wetenschap. Elaine: De laatste 
loodjes wegen het zwaarst! Saskia: op de VU ook het kleine zusje? Roos: Al van het 
IBG af? Mocht je nog tips nodig hebben.. Ileana: Nice sunglasses. Irina: I could never 
have imagined meeting your mother in a disco in Utrecht! Antoine: Wie ik in mijn 
voorraadkast verberg, is none of your business.

Oude garde: 
Thomas Gozor: Lekker mopperen en roddelen en discussiëren over de (on)
leesbaarheid van Grunberg (Wist je trouwens dat Reve de paranimf van Hermans 
was?). Arjan Huun: Zonder twijfel de Goliath van het lab. Iedereen werd bij het 
worstelen tegen de grond gewerkt (Alexandre probeerde het nog, maar kon alleen 
door vals spelen iets uitrichten.) Tjonge, wat heb ik nog een pijn geleden in die choke-
holds van je. Totdat bleek dat mijn nieuwe stagiair Nederlands kampioen judo was; in 
de zwaarste gewichtsklasse… Chris Ghris: Hoe veel liters bier we samen gedronken 
hebben, weet ik niet meer. Na zo’n sessie, toen de treinen niet meer reden, bleef je 
pitten in een hoogslaper van een huisgenoot van me. Daar heb ik nog wat problemen 
mee gekregen. Willem Wilm, in Indianapolis vond ik iemand die nog langer dan 
ik kon slapen. Het congres begon om 14:00 lokale tijd (20:00 Nederlandse tijd), en 
nog versliepen we ons bijna. Semir: dokter Somi, Sameer in de kliniek! Dat ik nog 
met jou, als nederige coassistent, naar endocarditiden heb mogen luisteren!! Fred 
Frederique: winden latend in Braga met Ghris en een bakkersknecht! Porties halen 
met Arjan!! Inmiddels staflid (dat woord heb ik altijd een beetje dubbelop gevonden) 
bij de cardiologie in het AMC. Boudewijn: Met zo veel begeistering over kippen, 
proepicardia, groeifactoren! Tof dat je mailt als je een artikel van me gelezen hebt! 

Bazen: 
Vincent C: professor Christoffels, onaantastbaar voorzitter van de dinsdagochtend-
besprekingen. Zodra de handen gevouwen en gewreven, of het haar boven het 
rechter oor ritmisch beroerd werd, dan wist je dat je een paar pittige vragen kon 
verwachten. Exact 10 jaar ouder dan ik. Met Piet vormden wij de drie generaties van 
de achtste juni. Een cocktail-party in de zon op het gras achter het AMC.. Volgens mij 
was het een mooie verjaardag, want ik herinner me niet veel meer dan de hoofdpijn 
van de volgende dag. Roelof Jan: Uren aaneen hangend boven de potten formaline 
hebben ons beider frontaal kwabben prettig beschadigd. De diagnose “FUBAR” moet 
zijn weg nog vinden naar de officiële kindercardiologische nomenclatuur, maar ik 
heb goede hoop. Alex P: Een gedeelde passie voor mediterrane vrouwen, met alle 
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gevolgen van dien. Phil: Een uitgebreide passie, met alle gevolgen van dien. Verder 
natuurlijk eigenaar van de beste MP3-playlist voor labfeestjes. (Een nadeel is wel dat 
je aan het einde van die feestjes altijd met de muziek mee brult.)

Onderwijs:
Cindy: Allebei rond de zelfde tijd begonnen op de afdeling. Dat filmpje met het skelet 
heb ik maar weg gegooid. Petra, Kees & Roeland: Met RJO de andere helft van de 
afdeling anatomie. Het is niet voor niets dat jullie jaar in, jaar uit de onderwijsprijs 
winnen. Voor de aio’s was daar het een jaarlijks terugkerend genoegen om de 
“embryologie practica” te geven. Met veel gepuf en gesteun iedereen toch in het 
gareel krijgen. Voor mijn gevoel werden de studenten steeds jonger, maar mogelijk 
lag dat aan mijn ouder worden. Rijk: nog de beste wensen!! Frits de Jong: Al een tijd 
weg, maar je was het uithangbord van de anatomie toen ik student was. Vlak voor je 
vertrek nog leuk gediscussieerd over de groei van het hart. Nadat ik je mijn digitale 
reconstructies liet zien, kwam je terug met een van jouw oude plastic reconstructies. 
Die staat nog immer trots naast te reconstructiecomputers.

Analisten: 
Eigenlijk zijn jullie het bindmiddel van het lab. Corrie: hoe jij de kwaliteit van de 
histologie bewaakt. En dat (bijna) altijd met een lach. Super! Sabina: Zonder jou had ik 
nooit geleerd coupes te snijden en te kleuren (in situ of immuno). Ondanks een soms 
wat liberale invulling van de strakke protocollen, lukten de proeven toch altijd goed. 
Jammer dat je zo op het einde van je carrière een nare botbreuk opgeliep (dat fietsen, 
dat schaatsen, etc… nergens goed voor!) Anita: Na het maken van een muis zit je nu 
tot kinhoogte in de SOP. Aho: In jou schuilt stiekem de wil van een topsporter. Het 
AEL-fietstochtje. De ene racefiets nog mooier dan de ander. Daar kwam Aho. Op een 
mountainbike met brede wielen. Klikpedalen, maar op basketball schoenen. Dat je nog 
zo lang aanklampte spreekt van een bewonderenswaardig doorzettingsvermogen!

Secretariaat en administratie: 
André: Uren een database doorpluizen, brieven versturen, gemeente-uittreksels 
aanvragen. Weinig mensen zullen weten dat jij de bakermat van mijn aanstelling 
bent. Ruth: Nog minder mensen (wellicht jij zelf ook niet meer) zullen weten dat jij 
eigenlijk de aanstichter was van mijn verblijf op het lab (jij was die coördinator van 
CRIA die me naar Antoon stuurde). Verder waren er de laatste jaren meerdere mensen 
op het secretariaat. Jettie: Ook jij hebt de weg naar Laurens zijn koffiepot gevonden! 
Voorheen ook Nita, Didi en Pam. Marsha: met Roelof-Jan hebben we nog wel eens 
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verjaardagstaart (Holtkamp) van jou op het pathologielab gegeten. Henk: Dat er 
mensen zoals jij gemaakt worden (en dat bedoel ik voor de verandering op een goeie 
manier)!

Studenten: 
Quinn, Stan, Kilian, Rick, Bernadette, Maartje, Peter, Thierry. Van sommigen (Q,K,M) is 
het een beetje te veel om jullie te claimen als mijn studenten. Desalniettemin noem 
ik jullie allemaal. Quinn: al eerder genoemd in het dankwoord. Ik ben blij dat je op 
het lab bent komen werken. Een versterking, qua werk en qua sfeer. Bernadette: 
Begonnen als mijn student, en nu aio op de afdeling. Dat, met een omvangrijk leger 
studenten om je heen. Thierry: bedankt voor de bescherming tegen Arjan. Maartje: 
Misschien zien we elkaar weer op een verjaardag van Roel. Kilian: Wat wordt het, 
roeien of American Football? Peter: Jouw goede werk stond aan de basis van hoofstuk 
5 van m’n proefschrift. Rick: I’m Rick James B@$#. Heb je al vast staan welke richting 
binnen de geneeskunde het gaat worden? (Militair arts?) Stan: Stan de Man: Avonden 
in het AMC door werken met “Atlas Golden Eagle” aan onze zijde (die bleef nog wel 
eens slapen achter z’n bureau). Naast het avondwerk ook tijd voor het bekijken van 
epic filmpjes op het internet. “I said what what?” “Nom nom nom.” Eigenlijk is alles leuk 
met het deuntje van Benny Hill. Overigens wist ik dat je talent had toen ik zag hoe je 
in één hand 3 glazen bier, in een soort waterval-opstelling, in een keer achter gooide.

People I met during meetings, etcetera: 
Gonzalo:  Que coincidencia, dos chavales “Del Monte, G” unidos por la ciencia. Me 
alegro de haberte conocido, tu me has enseñado el verdadero vocabulario del 
español.  Un amigo es con el que se puede pensar en voz alta.. Forza Barça! Espero 
que tengas mucha suerte en Sidney, nos veremos en cualquier punto del mundo, no 
lo dudes. Saludos también al laboratorio de Madrid. Margaret Kirby and the people 
from the Kirby lab. Martha, Dan, Mary, Radwan. I had the time of my life in Durham. 
I’m actually typing this (and saying actually again) in my blue Duke sweater. Also the 
weekend you guys spend in Amsterdam, after the Weinstein meeting, was great. Even 
I didn’t know the Vondel park was that big. Dan: When I googled facial abnormalities 
in DiGeorge Syndrome, and found the third photo to be your face… (Thank god the 
page said: “My name is Danyal Hami. (…) I am working on determining which gene 
products interact with Tbx1 to cause DiGeorge Syndrome.”)
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Instanties:
Biblioteca Central de Alderdi Eder in San Sebastian: Aan het mooiste stadsstrand 
van Europa, vaak in de zomer, met buiten de leukste barretjes van Spanje. Daar zat 
ik binnen te werken. Met dank aan het snelle internet en de airconditioning lukte 
dat nog ook. Informatie beheergroep (nu gefuseerd als DUO, maar altijd in mijn hart 
blijvend als het IBG). In de geneeskunde bestaat de wijsheid dat je zo veel boeken 
kunt lezen als je wilt, maar dat je het vak pas leert het wanneer je patiënten ziet. 
Welnu, voor het IBG geldt dat je kunt zo veel kunt lezen uit de Russische bibliotheek 
als je wilt, maar dat je de essentie van bureaucratie pas leert na contact met het IBG. 
NS en prorail wil ik graag bedanken voor het mij in staat stellen om de architectuur 
van de stations tussen Utrecht en Amsterdam veelvuldig te bewonderen. Ook ben ik 
hen erkentelijk voor mij geregeld te laten genieten van het Nederlandse klimaat.

Coassistent: 
De laatste twee jaar van mijn promotie was ik tevens coassistent, daarom kan ik enkele 
namen niet ongenoemd laten. Cogroep 18: Eline, Mathijs, Marjolein, Sophie, Sietse, 
Frank, Victoria, Marlieke, Camiel (de enige met twee cogroepen), en natuurlijk Roel 
(Issie al af?). KNO St. Lucas Andreas: Peter van Rijn. Interne geneeskunde AMC: prof. 
Hoekstra. MDL AMC: David Hirsch en prof. Bartelsman. Chirurgie Amstelveen: Tom 
van Vreeland. Kindergeneeskunde Alkmaar: Geert-Jan Blok, Bart Boersma, Govert 
Brinkhorst, Krijn Haasnoot, Wilfried Hak, Elvira George, Yvonne Duivestijn; assistenten: 
Jaap, Evelyn, Marc (ouwe Catalaan). Neurologie St. Lucas Andreas: prof. Weinstein. 
Psychiatrie AMC: (Bij het kijken van het WK voetbal in de kantine was er geen verschil 
tussen patiënten en medewerkers.) Dr. Storosum, Ellen Bosnak. Verloskunde OLVG: 
Evelien van den Akker, Dick Bekedam, Paul van Kesteren, Louise Peters, Harold 
Verhoeve. Interne BovenIJ: dr. Posthuma, Teunen, Jonkhoff. Chirurgie Tergooi 
Hilversum: dr. Eerenberg. Huisartsenpraktijk De Notekraker Almere: Gea van der 
Zee (en natuurlijk de overige huisartsen – Bekkering, Halperin, Van Bree, Van Olst, etc, 
etc.) en Ruth mag ik natuurlijk niet overslaan! Kindercardiologie WKZ: Jan Strengers, 
Matthias Freund, Gregor Krings, Christian Blank (dat etentje komt eraan), Gabrielle 
van Iperen, Mirella Molenschot, Hans Breur, en alle anderen! Kinder-IC WKZ: prof. Van 
Vught, Koos Jansen, Sjef van Gestel, Esther Veldhoen, Erik Koomen, Alex Wilbrink, Bart 
Hartman, Ton Schouten.
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Vrienden:
Rolf: Beter een goeie buur dan een verre vriend? Nou ik heb een goeie buur en een 
goeie vriend (en een mooie jongen). Stille kracht achter mijn promotie! Hoe tijdens 
het begin van de promotie het dwangmatig uitgaan tot een kunst verheven werd 
(weer een three-sixty). Dat we samen op roadtrip naar Spanje gingen, dat heeft m’n 
leven nogal veranderd. Dat ik mijn kookkunsten heb kunnen verfijnen is louter omdat 
jij graag eet. Dat ik mijn afwaskunsten heb kunnen verfijnen, is louter omdat jij graag 
eet. Nu als apotheker in opleiding tot klinisch chemicus. Ik zal je later nog geregeld 
consulteren met vragen over de klinische chemie. (Vragen als: onder wat voor cao val 
je eigenlijk?) Steven: Culinaire held en ouwehoer pur sang. Weet jij nog of speciaal bier 
en korenwijn goed samengaan? Ik kan het me niet meer herinneren. Binnen culinair 
genootschap “lamsboutje” ben jij de zelfbenoemde meester van de saus! Binnen dit 
culinaire genootschap dienen Hester en Bram uiteraard ook genoemd te worden. 
Bram laat ik je hier maar roemen om je plezier om levende wezens te converteren 
tot voedsel (kreeften, konijnen, kwartels, beerd). Jaap: Brok enthousiasme. Sms’en 
wanneer er een fragment over een oude wielerheld op België 2 te zien is. Iedere 
week een nieuwsbrief over de Klamme Zeem (jouw wielervereniging). De billen 
uit de broek dansen op obscure funk. Domstad Trappers: Al jaren zaalvoetbal, al 
jaren bedenkelijk niveau. Nu onder de excellente hoede van Quinn ballen in het net 
proberen te schieten.

Familie:
Mijn zusje Nicole, die tijdens mijn promotie er even twee kinderen uit werkt met Hans 
(begenadigd klusser en verantwoordelijk voor veel aanpassingen aan Balijelaan 29 
Bis A). Zo werd ik ineens, met veel plezier, ome Gert van Jesse en Daan. John en Ellen: 
Ik vermoed zomaar dat jullie niet bij de promotie zullen zijn, met Ellen uitgerekend 
op dezelfde dag (van een tweeling!). Linda, Royan en Gerwin: Ben ik niet meer de 
enige Utrechter in de familie. (Let op de verkeersboetes meer als jullie me naar huis 
rijden!). Oma Buis met alle katten in dat kleine huisje, daar waar de koekjes het 
lekkerst smaken. Dat ik mijn promotie op uw 75ste verjaardag moest plannen! Jammer 
dat opa Buis er niet meer bij kan zijn. Opa Berg: In 2012 gaan we Nederland Europees 
kampioen zien worden! Paco y Katy: Mis suegros, a vosotros os quiero agradecer 
todo lo que me habéis enseñado, como me habéis acogido desde el principio, y lo 
bien que me habéis dado de comer. Con vosotros he aprendido la importancia de la 
familia. Pronto unos chipirones para celebrar que nos hemos conocido!!!! Yosu y Vane: 
Cuñaos!!! Eskerrik asko!! Vuestra presencia me ha hecho mucha ilusión!!espero que 
disfrutéis de mi país y que muy pronto volváis con la pequeña!! Mi primera sobrinita!!
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Mijn lieve ouders: Daar ging jullie oudste zoon naar het vwo om daarna (via een 
uitstapje in de apotheek) geneeskunde te gaan studeren. (Wilde hij niet eerst tandarts 
worden?!) Trots als een pauw waren jullie op de toekomstige dokter. Wat bleek? Vlak 
voor ie toe was aan zijn coschappen ging ie ineens kippenembryo's bestuderen. Eerst 
als stage-student, maar daarna nog een paar jaar (altijd als de student). Dit moet in 
jullie ogen vast een bijzondere carrière-keuze geweest zijn. Desondanks hebben jullie 
me altijd ontzettend gesteund; niet alleen met woorden maar ook met daden. Zonder 
jullie steun en liefde zou ik niet zijn waar ik nu ben. Jullie zijn niet alleen trots op mij, 
maar ik ben nog meer trots op jullie. Ik hou van jullie.

Naiara: Nunca me pude imaginar que iba a encontrar a mi novia en España, pero 
desde la primera vez que te ví (esperando al baño!), sabia que ibas a ser la mujer de mi 
vida. Estoy tan feliz de estar contigo. Gracias por monstrarme las cosas importantes de 
la vida. Gracias por todo tu amor y cariño. Eres mi caballito del mar español! Aunque 
no hemos estado juntos cada dia, te siento muy cerca de mi corazon siempre. Eres el 
amor de mi vida y estoy contando los dias!
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