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Chapter 2

Growth and Differentiation of the Developing Heart
Bram van Wijk, Gert van den Berg, Maurice J.B. van den Hoff, Antoon F.M. Moorman.

Cardiac Regeneration; Stem Cells and Beyond
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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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Figure 1: Development of the endocardial, myocardial and epicardial lineage. At 8 days of development 
in mouse, the primitive heart tube encompasses a myocardial outer layer and an endocardial inner layer, 
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, 
which develops from splanchnic mesoderm at the inflow of the heart. Epicardial cells then migrate over the 
myocardium and cover the myocardium. In the adult heart, endocardium-derived cells have contributed to 
the atrio-ventricular valves, part of the semilunar valves, and still cover the lumen of the cardiac chambers. 
Epicardium-derived cells have contributed to the coronary vasculature, the subepicardial mesenchyme, a 
minor part of the atrioventriclar valves, and the cardiac fibroblasts. (Abbreviations: AVC - atrioventricular 
canal, AVJ - atrioventricular junction, ED - embryonic day, LA - left atrium, LV - left ventricle, OFT - outflow 
tract, RA - right atrium, RV - right ventricle)
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Figure 2: Initial heart formation. The left column spatially illustrates, from a ventral view, early heart 
formation in chicken. The bilateral heart-forming regions adjoin in midline by folding of the embryonic disc 
(hatched arrows). Progressive folding lengthens the heart tube in caudal direction, forms the foregut, and 
establishes the pericardial back wall. The right column illustrates the same process in transverse sections. 
The flat embryonic disc contains three germ layers (ecto-, meso-, and endoderm). The mesoderm separates 
into a somatic and splanchnic layer by the formation of the coelomic cavity. It is the splanchnic mesoderm 
that will form the heart. Firstly, lateral splanchnic mesoderm forms the lumina of the primitive vitelline 
veins. Then, by folding, these veins swing towards the midline, where they fuse to form the heart tube. 
Medial splanchnic mesoderm remains to overlie the endoderm of the foregut, so forming the pericardial 
back wall. The pericardial back wall and the primary heart tube are connected via the dorsal mesocardium.
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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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Figure 3: Proliferation and addition of precursor cells during early heart formation. The top row shows 
proliferation in the splanchnic mesoderm and the myocardium of the forming chicken heart, as measured 
by the fraction of cells labeled with BromodeoxyUridine (BrdU) after 1 hour of exposure. At Hamburger and 
Hamilton stage 8, the splanchnic mesoderm is fusing cranially. At the point of fusion, the cells display slow 
proliferation, while caudal mesoderm proliferates rapidly. At stage 9, fusion of mesoderm progressed in 
caudal direction, and also some mesoderm differentiated into myocardium. The newly-formed myocardium 
displays a virtual absence of proliferation, as also applies to the caudal and lateral mesoderm (*). Caudal and 
medial mesoderm, on the other hand, shows rapid proliferation (arrowheads). At stage 10, development 
progressed, as shown by the lengthening and looping of the heart tube. The patterns of proliferation 
are similar to those at stage 9. The bottom row shows the fate of the splanchnic mesoderm, traced with 
fluorescent dyes. The lateral, slow proliferating, mesoderm is incorporated into the inflow of the heart with 
folding (red dye). The medial, rapidly proliferating, mesoderm moves upward via the pericardial back-wall 
into the outflow of the heart tube (green dye).
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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.
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