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1  | INTRODUC TION

The complex heart of birds and mammals developed from the prim-
itive, linear “pumping organ” of primordial vertebrate ancestors, 
such as the lancelet in the order Amphioxiformes (Romer & Parsons, 
1986). It is the first functioning organ in a vertebrate embryo. Its 
three layers, endocardium, myocardium and epicardium, mainly de-
velop shortly after gastrulation from an area of the mesoderm lo-
cated bilaterally to Hensen's node that is referred to as cardiogenic 
mesoderm (Garcia-Martinez & Schoenwolf, 1993; Linask & Lash, 

1993). In addition, cells of the cephalic mesoderm, neural crest and 
prechordal endoderm are also involved in the formation of the heart 
(Chan et al., 2016; Hatzistergos et al., 2015; Kirby, Gale, & Stewart, 
1983; Kirby et al., 2003; Noden, Poelmann, & Groot, 1995).

During the development of the heart, vasculogenesis, which is 
the in situ development of a vascular plexus from endothelial pro-
genitor cells, and angiogenesis, referring to the sprouting of blood 
vessels from already existing ones, both play important roles. The 
establishment of the endocardium, the internal lining of the heart, 
marks the initial commencement of intraembryonic vasculogenesis 
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Abstract
The initial intraembryonic vasculogenesis occurs in the cardiogenic mesoderm. Here, 
a cell population of proendocardial cells detaches from the mesoderm that subse-
quently generates the single endocardial tube by forming vascular plexuses. In the 
course of embryogenesis, the endocardium retains vasculogenic, angiogenic and 
haematopoietic potential. The coronary blood vessels that sustain the rapidly ex-
panding myocardium develop in the course of the formation of the cardiac loop by 
vasculogenesis and angiogenesis from progenitor cells of the proepicardial serosa at 
the venous pole of the heart as well as from the endocardium and endothelial cells of 
the sinus venosus. Prospective coronary endothelial cells and progenitor cells of the 
coronary blood vessel walls (smooth muscle cells, perivascular cells) originate from 
different cell populations that are in close spatial as well as regulatory connection 
with each other. Vasculo- and angiogenesis of the coronary blood vessels are for a 
large part regulated by the epicardium and epicardium-derived cells. Vasculogenic 
and angiogenic signalling pathways include the vascular endothelial growth factors, 
the angiopoietins and the fibroblast growth factors and their receptors.
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(Drake & Fleming, 2000; Harris & Black, 2010; Patan, 2000). 
Apart from a few key transcription and growth factors, little is 
known about the regulatory networks orchestrating endocardial 
formation.

The outermost layer of the heart, the epicardial sheath, devel-
ops during the formation of the cardiac loop, starting from a zone 
of proliferation that is located at the venous pole of the heart. The 
epicardium and the subpopulation of epicardium-derived cells that 
originate from it ultimately migrate into the myocardium, where 
they function as essential signal transmitters for vasculogenetic and 
angiogenetic processes that occur in the subepicardium and myo-
cardium and also form the coronary blood vessels. The diverse and 
complex regulatory mechanisms of coronary vasculogenesis and 
angiogenesis as well as the differentiation into venous and arterial 
endothelia have been studied relatively extensively (Chen, Poduri, 
et al., 2014; Chen, Sharma, et al., 2014; Luttun & Carmeliet, 2003). 
However, the complicated transcriptional interaction of the differ-
ent cell types involved as well as the complexity of the morphoge-
netical events does not allow simple clarification.

1.1 | Origin and segregation of cardiogenic 
progenitor cells

The cardiogenic subpopulation of mesodermal progenitor cells is lo-
cated in the E6.5 (embryonic day of development; for abbreviations, 
see Table 1) of the murine embryo (equals Hamburger Hamilton stage 
(HH) 3 in the avian embryo) in the anterior third of the primitive 
streak. Here, the cells are arranged anteroposteriorly in an order that 
corresponds to that identified in the subsequent heart tube [from an-
terior to posterior: cells of the future ventricular outflow tract (previ-
ously designated bulbus cordis), the ventricles, the arteries and the 
sinus venosus]. However, at this point in time, the cells have not set-
tled into their final location (Camp, Dietrich, & Munsterberg, 2012; 
Garcia-Martinez & Schoenwolf, 1993; Redkar, Montgomery, & Litvin, 
2001). Even so, it is already possible to classify cells into those of the 
first (posterior cell location) and second (anterior cells) heart fields 
as well as to identify future myocardial, endocardial and epicardial 
cells of the heart as well as smooth muscle cells of the cardiac blood 
vessels. A portion, <5% of the progenitor cells, predominately those 
of the second heart field, retain bipotent qualities (Devine, Wythe, 
George, Koshiba-Takeuchi, & Bruneau, 2014; Lescroart et al., 2014; 
Milgrom-Hoffman et al., 2011; Wei & Mikawa, 2000; see Figure 1).

Transcription factor eomesodermin (Eomes), which is induced 
by canonical Wnt (Wingless-related integration site) signalling, ac-
tivates from E6.5 transcription factor MesP1 (mesoderm posterior 
1) in the multipotent cardiogenic progenitor cells of the primitive 
streak (Costello et al., 2011; Van den Ameele et al., 2012). MesP1 
is regarded as the earliest marker (however not exclusively so) of 
the cardiovascular mesoderm and comprises progenitor cells of the 
myocardium, endocardium and epicardium as well as the vascular 
smooth muscle cells of the heart (Chan et al., 2013; Lescroart et al., 

2014; Milgrom-Hoffman et al., 2011; Saga, Kitajima, & Miyagawa-
Tomita, 2000; Saga et al., 1999). As a fundamental prerequisite for 
the specification of these cells, it downregulates nodal expression 
and is involved in controlling several essential “key genes” of cardio-
genesis, such as Nkx2.5 and GATA4 (Bondue et al., 2008; Costello 
et al., 2011; Lindsley et al., 2008). MesP1 expression irreversibly 

TA B L E  1   Abbreviations and explanations

Abbreviation Full name/explanation

Ang Angiopoietin

BMP Bone morphogenetic protein(s)

CD Cluster of differentiation

COUPTFII Chicken ovalbumin upstream promoter 
transcription factor II

Cxcl12 C-X-C motif chemokine 12, synonym stromal cell-
derived factor 1

Cxcr C-X-C chemokine receptor

E Embryonic day of development

eNOS3 Endothelial nitric oxide synthase 3

Eomes Eomesodermin

Eph Erythropoietin-producing hepatocyte receptor

Ephrin Ligand of Eph receptors

ETV2 Ets transcription factor variant 2

FGF Fibroblast growth factor

FGFR Fibroblast growth factor receptor

Flk1 Fetal liver kinase 1, synonym VEGFR2

Fog Friends of GATA

GATA4 Gene encoding a member of the GATA family of 
zinc-finger transcription factors

HH Hamburger Hamilton stage

HIF Hypoxia-inducible factor

Isl, Islet Insulin gene enhancer-binding protein

MesP Mesoderm posterior

N Neural

Nkx2.5 NK2 homeobox 5, a protein coding gene

NFATc Nuclear factor of activated T cells

PECAM Platelet endothelial cell adhesion molecule

RALDH Retinaldehyde dehydrogenase

Shh Sonic hedgehog

SMC Smooth muscle cells

Tal1 T-cell acute leukaemia protein

Tbx18 T-box transcription factor gene

Tie2 TEK receptor tyrosine kinase

VE Vascular endothelial

VEGF Vascular endothelial growth factor

VEGFR Vascular endothelial growth factor receptor

Wnt Wingless-related integration site

WT Wilms tumour transcription factor
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indicates the restriction of the development potential of cardiovas-
cular progenitor cells (Lescroart et al., 2014).

After gastrulation, cardiogenic progenitor cells are located an-
terolaterally on both sides of the primitive streak in the lateral plate 
mesoderm (Dehaan, 1964; Rosenquist, 1970). While forming the in-
traembryonic coelom that subsequently develops into the pericar-
dial cavity, the lateral mesoderm splits into a somatic and a visceral 
layer, leaving the cardiogenic mesoderm in the visceral part (Linask, 
Knudsen, & Gui, 1997).

1.2 | Development of the endocardium

Endocardial progenitor cells originate from small groups of cells 
that detach between E7 and E7.5 in mice and between HH5 and 8 
in chickens in a craniocaudal direction from the ventral side of the 
visceral (subsequently cardiogenic) mesoderm (De Ruiter, Poelmann, 
Vanderplasdevries, Mentink, & Gittenbergerdegroot, 1992; Sugi & 
Markwald, 1996; Viragh, Szabo, & Challice, 1989). These cells are ex-
truded from the prospective myocardial compartment and develop 
into endocardial cells. They are continuously expelled and gather 
ventrally close to the endoderm (Drake & Fleming, 2000; Linask & 
Lash, 1993).

There are some markers, such as Nkx2.5 or gata5, which are ex-
pressed in both endocardial and myocardial progenitors; however, 
most myocardial-specific markers are not expressed in endocardial 
progenitors.

Misfeldt et al. (2009) propose a working model of cardiac dif-
ferentiation from multipotent progenitors where endocardial cells 
are a unique cardiac lineage. Flk1+, Nkx2.5+ and Isl1+ multipotent 
cardiovascular progenitors capable of generating cardiomyocytes, 
endothelium and smooth muscle have been described. Our findings, 
coupled with fate-mapping studies, indicate that endocardial cells 
are derived from these progenitors.

Early studies reported that the visceral mesoderm and ce-
phalic mesoderm located peripherally to the heart fields are in-
volved in the formation of the endocardium (Noden et al., 1995). 
In birds, cells of the endoderm also contribute to the formation of 
the endocardium (Li et al., 2014), probably upon signals from the 
endoderm, that lead to a downregulation of the cell adhesion mol-
ecule N(neural)-cadherin in the overlying heart mesoderm (Linask 
& Lash, 1993).

The proendocardial cells are initially irregularly dispersed in an 
area ventral to the prospective myocardium. Subsequently, they 
establish contact with each other by changing their shape, to form 
cords that form plexuses that eventually enclose the lumen.

Contrary to the long-held idea that the heart is derived from two 
tubular primordia, more recent information has furthered our knowl-
edge to show that this is not the case; rather, it develops from a sin-
gle endocardial tube (De Ruiter, Poelmann, Mentink, Vaniperen, & 
Gittenbergerdegroot, 1993; De Ruiter et al., 1992; Drake & Fleming, 
2000; Hara et al., 2016). The large plexuses of both sides of the bi-
lateral cardiogenic mesoderm merge under the ventral folding of the 
embryonic blastodisc and subsequently form the single endocardial 
tube (De Ruiter et al., 1992, 1993; Drake & Fleming, 2000; Hara 
et al., 2016). Previous studies in chickens and mice report that when 
the bilateral heart primordia merge, the endocardium is still largely 
plexiform as well as incomplete and “immature,” even after the es-
tablishment of the primitive heart tube (De Ruiter et al., 1992, 1993; 
Drake & Fleming, 2000; Hara et al., 2016).

The transcription factor MesP1 and the cell surface molecules Flk1 
(fetal liver kinase 1, synonym VEGFR2) are believed to be the earliest 
common markers of cardiovascular progenitor cells in the primitive 
streak (Bondue et al., 2008; Saga et al., 1999, 2000). The differentia-
tion of cardiovascular progenitor cells to proendocardial cells, or more 
precisely cardial haemangioblasts, occurs in the primitive streak before 
or during gastrulation (Cohen-Gould & Mikawa, 1996; Lescroart et al., 
2014; Milgrom-Hoffman et al., 2011; Wei & Mikawa, 2000). Recently, 

F I G U R E  1   Illustration, where the outer 
circle indicates the blastodisc and the 
elongate rectangle is the primitive streak. 
Segregation of cardiogenic progenitor 
cells in the primitive streak; highlighted in 
red: progenitor cells of the first heart field 
(FHF), early MesP1 (mesoderm posterior 
1) expression; highlighted in yellow: 
progenitor cells of the second heart 
field (SHF), late MesP1 expression; CMs, 
cardiomyocytes; ECs, endocardial cells; 
EPDCs, epicardium-derived cells; SMCs, 
smooth muscle cells. Modified from 
Lescroart et al. (2014)
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it has been confirmed that the endocardium itself is a place of transient 
haematopoiesis (Hu et al., 2017; Nakano, Nakano, Smith, & Palpant, 
2016; Nakano et al., 2013). The expression of Tal1 (T-cell acute leukae-
mia protein 1) that is potentially involved in the migration of this cell 
population during plexus formation inhibits the differentiation of car-
diomyocytes, as does transcription factor ETV2 (Ets transcription fac-
tor variant 2). Two different tissue-specific enhancers of Tal1 guide the 
development of the cell population to form either angioblasts or hae-
moblasts (Hu et al., 2017; Schumacher, Bloomekatz, Garavito-Aguilar, 
& Yelon, 2013; Van Handel et al., 2012). By modulating Wnt and BMP 
(bone morphogenetic protein(s)) interactions, the membrane glyco-
protein endoglin seems to promote the haematopoietic development 
of cardiovascular progenitor cells in a way that is poorly understood 
(Baik et al., 2016). Potential haematopoietic cells are characterized by 
a loss of Flk1 expression (Bussmann, Bakkers, & Schulte-Merker, 2007; 
Drake & Fleming, 2000; Hu et al., 2017; Van Handel et al., 2012).

In the course of the proendocardium's maturation, the en-
dothelial markers PECAM (platelet endothelial cell adhesion 
molecule), CD (cluster of differentiation) 34, VE (vascular endothe-
lial)-cadherin and Tie2 (TEK receptor tyrosine kinase 2) are grad-
ually expressed, and the Tal1 expression is downregulated (Drake 
& Fleming, 2000).

The transcriptional network of the proendocardial cells is similar 
to that of haemangioblast progenitors from which other subtypes 
of the endothelium develop. However, due to the close proximity of 
the myocardium and its associated molecular influence, it is under 
the control of cardiogenetic transcription factors such as Nkx2.5, 
Islet-1 (insulin gene enhancer-binding protein), GATA4 and GATA5 
(Palencia-Desai et al., 2015). The endothelial and haematopoietic de-
termination factor Etv2 is activated directly in the endocardium, for 
example, by the heart-specific transcription factor Nkx2.5 (Ferdous 
et al., 2009). In endothelial as well as endocardial cells, it inhibits 
the expression of myocardial genes (Palencia-Desai et al., 2011). In 
murine embryos from E7.5, the transcription factor NFATc1 (nuclear 
factor of activated T cells 1) specific to the endocardium is induced 
directly by Etv2 and, along with GATA5, synergistically activates 
endocardial gene expression (De la Pompa et al., 1998; Nemer & 
Nemer, 2002; Palencia-Desai et al., 2011).

Endothelial and endocardial cells share fundamental molecular 
and functional characteristics. However, the functional and physi-
cal contribution to valvulogenesis, the development of the electri-
cal conduction system and the formation of the septa as well as the 
coronary blood vessels prove the endocardium to be a special sub-
population of endothelial cells (Bi, Drake, & Schwarz, 1999; Hu et al., 
2017; Mickoleit et al., 2014; Milgrom-Hoffman et al., 2011; Misfeldt 
et al., 2009; reviewed in Haack & Abdelilah-Seyfried, 2016).

1.3 | The development of coronary blood vessels

During early embryonic development, passive diffusion of oxygen 
and nutrients becomes inadequate for the optimal growth of the 
developing myocardium of the atria and ventricles in avian and 

mammalian hearts. Hence, the establishment of the heart's own 
blood vessel system is essential (reviewed in Sedmera, 2011).

This consists of an arterial part that originates in the aortic root 
and a venous part that drains via the coronary sinus into the right 
atrium, as well as into interjacent capillaries. These blood vessels 
consist of a layer of endothelial cells that line the basal lamina inter-
nally and perivascular pericytes. However, in larger coronary arteries 
and veins a middle layer consisting primarily of smooth muscle cells 
(tunica media) is also found. An outer layer (tunica adventitia) that 
consists mostly of connective tissue and fibroblasts is restricted to 
larger segments of coronary arteries (Olivey & Svensson, 2010; re-
viewed in Sharma, Chang, & Red-Horse, 2017).

The development of coronary blood vessels is closely related to 
that of the epicardium, which contributes progenitor cells to the for-
mation of vessel walls (De Ruiter et al., 1993; Mikawa & Gourdie, 
1996). The intense mutual signal exchanges between cells within 
the subepicardial space, that is the adjacent epicardium, the epi-
cardium-derived cells and the myocardium induces vasculogen-
esis of progenitor cells. While epicardium-derived cells have been 
acknowledged as a source of smooth muscle cells and perivascular 
fibroblasts in coronary vessel walls (Dettman, Denetclaw, Ordahl, 
& Bristow, 1998; Mikawa & Gourdie, 1996), the origin of coronary 
endothelial cells is still unclear and is the subject of much intensive 
research (Katz et al., 2012; Perez-Pomares, Carmona, et al., 2002; 
Red-Horse, Ueno, Weissman, & Krasnow, 2010; Wu et al., 2012; re-
viewed in Sharma et al., 2017).

It is well documented that coronary endothelial cells do not 
develop from epicardium-derived cells but are an independent cell 
population (Cossette & Misra, 2011; Katz et al., 2012; Poelmann, 
Gittenbergerdegroot, Mentink, Bokenkamp, & Hogers, 1993). It 
appears that the sinus venosus endothelium and endocardium are 
important sources of haemangiopoietic cells for the formation of 
the coronary blood vessels' endothelium. The earlier notion that 
endothelial cells of the coronary blood vessels develop by angio-
genic sprouting from the aortic endothelium is obsolete (Hirakow, 
1983; Red-Horse et al., 2010; Tian, Hu, Zhang, et al., 2013; Voboril & 
Schiebler, 1969; Wu, Dong, Regan, Su, & Majesky, 2013).

1.4 | The origin of coronary endothelial cells

The proepicardial serosa originates in the proliferating coelomic 
epithelium and is a heterogeneous cell population that consists of 
proepicardial Tbx18 (T-box transcription factor gene 18) and WT1 
(Wilms tumour transcription factor 1)-expressing cells and other 
subpopulations, with differing and overlapping transcriptional 
profiles and haemangiopoietic characteristics. Over the past two 
decades, the notion that a large number of coronary endothelial 
cells originate from this pool of progenitors has become accepted 
(Cossette & Misra, 2011; Katz et al., 2012; Männer, 1999; Perez-
Pomares, Phelps, et al., 2002; Poelmann et al., 1993; Wang et al., 
2015). The sinus venosus endothelium as well as the atrial and ven-
tricular endocardium has been identified as additional sources of 
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coronary endothelial cells (Red-Horse et al., 2010; Tian, Hu, Zhang, 
et al., 2013; Wu et al., 2012).

However, recent studies using specific reporter genes to follow 
the fate of different cells from the three progenitor sources have 
shown that the largest portion of the coronary endothelium origi-
nates from the endothelium of the sinus venosus and secondly from 
the endocardium, whereas the proepicardial endothelial progenitor 
cells' contribution amounts to <20% (Chen, Sharma, et al., 2014; 
Zhang et al., 2016). It remains subject to further research whether 
these three presumed coronary endothelial progenitor cell popula-
tions are clearly distinguishable from each other and whether they 
are the starting points of their own vasculogenic and angiogenic 
events.

1.5 | Development and proliferation of 
vascular plexus

The first step in the development of coronary blood vessels is the 
formation of primitive endothelial plexuses. Initially, these highly 
branched networks of small blood vessels are formed primarily by 
angiogenic sprouting of specific (“dedifferentiated”) sinus venosus 
endothelium through the myocardium to the epicardial surface 
of the heart at the dorsal side of the atrioventricular canal (Chen, 
Sharma, et al., 2014; Patan, 2000; Red-Horse et al., 2010).

According to recent findings, haemangiopoietic progenitor cells 
and endocardial cells that have sprouted into the myocardium only 
play a minor part (Chen, Sharma, et al., 2014; Zhang et al., 2016).

In embryonic mice at about day 11.5, blood islands develop both 
subepicardially and later intramyocardially from migrating haeman-
gioblasts. Pre-endothelial cells differentiated from the haemangio-
blasts connect with each other and coalesce into a series of tubes 
that then form vascular networks (vasculogenesis). Subsequently, 
these plexuses keep branching out by the processes of angiogene-
sis and expand subepicardially from where they penetrate the myo-
cardium (Chen, Sharma, et al., 2014; Lavine et al., 2006; Tian, Hu, 
Zhang, et al., 2013).

The subepicardial plexuses that are located closer to the outer 
surface are the origin of venous blood vessels, whereas the in-
tramyocardial plexuses located further away from the surface dif-
ferentiate into arteries and capillaries (Lavine, Long, Choi, Smith, & 
Ornitz, 2008; reviewed in Sharma et al., 2017). Plexus formation is 
particularly pronounced in the area of future large blood vessels 
in the atrioventricular and interventricular sulci as well as at the 
ventriculo-arterial junction (Gonzalez-Iriarte et al., 2003; Männer, 
1992).

The peritruncal circle of coronary blood vessels develops at the 
ventriculo-arterial junction and is a network of blood vessels from 
which, in 12.5-day-old embryonic mice, endothelial cells for the for-
mation of the two proximal coronary artery trunks (arteria coronaria 
dextra et sinistra) are recruited. These endothelial strands penetrate 
through the largely undifferentiated progenitor cells of the tunica 
muscularis in the region of the opposing right and left sinus of the 

aortic valves in order to ensure access to the systemic blood circula-
tion (Chen, Poduri, et al., 2014; Poelmann et al., 1993; Tian, Hu, He, 
et al., 2013). From approximately E12.5, the coronary veins connect 
to the sinus venosus and later drain via the coronary sinus into the 
right atrium (Anderson, Brown, & Moorman, 2006; Katz et al., 2012).

1.6 | Regulation of vasculogenesis and angiogenesis

By the induction of vasculogenic and angiogenetic signalling path-
ways, such as VEGF (vascular endothelial growth factor) A, angi-
opoietin (Ang) 1 and components of the sonic hedgehog signalling 
pathway, the epicardial transcription factor Tbx18 promotes sub-
epicardial plexus formation (Wu et al., 2013). WT1, which is a tran-
scription factor specific to the epicardium, activates the synthesis of 
retinoic acid in the epicardium by RALDH2 (retinaldehyde dehydro-
genase 2) that in turn induces fibroblast growth factors (FGF) in the 
epi- and myocardium (Perez-Pomares, Phelps, et al., 2002).

The group of the vascular endothelial growth factors, especially 
VEGFA with its isoforms, are at the centre of vasculogenic and an-
giogenic regulation (Tammela, Enholm, Alitalo, & Paavonen, 2005; 
Tomanek, Holifield, Reiter, Sandra, & Lin, 2002; Tomanek et al., 
2006). The induction of VEGFA in the myocardium takes place by 
epicardial retinoic acid-induced FGF9 secretion, whereby FGF re-
ceptors (FGFR) 1 and 2 are activated in the myocardium. In turn, 
these induce the expression of Shh (sonic hedgehog), a paracrine 
signalling protein that then activates myocardial VEGFA expression 
(Lavine et al., 2006).

For its part, VEGFA binds to the endothelial receptor VEGFR 
(vascular endothelial growth factor receptor) 2, which stimulates 
plexus formation. The soluble receptor VEGFR1 binds VEGFA and 
seems to be necessary to balance endocardial plexus formation 
(Zhang & Zhou, 2013).

VEGFC signals of the epicardium stimulate the sprouting of 
the sinus venosus endothelium into the subepicardial space (Chen, 
Sharma, et al., 2014). The same applies to myocardial Ang1 (Arita 
et al., 2014).

The interplay between VEGFs expressed in the myocardium that 
bind to receptors specific to the endothelium (VEGFR2) and FGFs 
(above all FGF2) is essential for the adequate growth of the endo-
thelial plexuses, whereby VEGF primarily regulates tubulogenesis 
and FGF2 primarily regulates the proliferation of endothelial cells 
(Pennisi & Mikawa, 2005; Tomanek et al., 2001, 2010).

FGF2 and FGF18 seem to specifically stimulate the migratory 
capabilities of endothelial cells. Further FGFs (1, 4, 8, 9, 16, 20) ex-
pressed in the myocardium and epicardium only play a minor, pos-
sibly even redundant, role in the development of coronary heart 
vessels (Lavine et al., 2005; Tomanek et al., 2010). The growth factor 
Ang2 is also induced in the myocardium by Shh, along with VEGF 
(Lavine et al., 2006).

Myocardial expression of Ang1 seems to be regulated by the hor-
mone erythropoietin. Erythropoietin is, like its receptor, expressed 
by endothelial cells and haematopoietic progenitor cells and is 
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essential for angiogenesis particularly in subepicardial blood vessels 
(Arita et al., 2014; Kertesz, Wu, Chen, Sucov, & Wu, 2004).

Ang1 and Ang2 are essential VEGF-independent parts of vas-
culogenic and angiogenic regulatory mechanisms that are mediated 
by their receptor Tie2, which is expressed on epicardial, endocardial 
and endothelial cells. Ang1 not only helps to maintain the integrity 
of epicardium, myocardium and endocardium, but also probably en-
sures the survival and migration of endothelial cells, as well as the 
stability of blood vessels (Augustin, Koh, Thurston, & Alitalo, 2009; 
Ward, Slyke, Sturk, Cruz, & Dumont, 2004). Ang2 is an Ang1 an-
tagonist and functions mainly in regulating the Ang1 levels (Yuan, 
Khankin, Karumanchi, & Parikh, 2009; see Figure 2).

The myocardial transcription factor Fog (friend of GATA) 2 also 
plays an essential role during coronary angiogenesis by promoting 
proangiogenic factors and inhibiting anti-angiogenic factors (Zhou 
et al., 2009; reviewed in Sharma et al., 2017).

Hypoxia is an important stimulus during coronary development, 
particularly in the arterial outflow tract. In the myocardium of the 
outflow tract, local hypoxia induces the expression of transcription 
factors HIF (hypoxia-inducible factor) 1a and HIF2. HIF1a intensifies 
VEGF and VEGFR2 expression at the base of the aorta (Sugishita, 
Leifer, Agani, Watanabe, & Fisher, 2004; Wikenheiser et al., 2009). 
When the coronary artery stems are established in the area of the 
outflow tract, the production of VEGFC and the chemokine Cxcl12 
(C-X-C motif chemokine 12) in particular is increased. These are 
essential for connecting the coronary plexuses, which bind these 
molecules by receptors VEGFR2/3 and Cxcr4 (C-X-C chemokine re-
ceptor type 4), respectively, to the aorta (Chen, Poduri, et al., 2014; 
Ivins et al., 2015). VEGFC and Cxcl12 are also both expressed by 
the stem of the pulmonary artery. However, the fact that the two 
coronary trunks establish at stereotypical places of the aortic trunk 
(right and left coronary sinuses of the aortic valves) and anastomose 
there with the aorta instead of the pulmonary artery is probably 
due to the specific occurrence of cardiomyocytes in the vicinity of 
the future entry points of the coronary arteries at the aorta (Chen, 
Poduri, et al., 2014). These cardiomyocytes probably produce a sig-
nalling molecule, still to be identified, that regulates/guides coronary 
endothelial cells. It is also possible that the BMP-signalling pathway, 

which is involved locally in these processes, plays a role in the car-
diomyocyte-dependent determination of the entry points of the cor-
onary trunks (Cavallero et al., 2015; Dyer, Wu, Moser, & Patterson, 
2014; Ivins et al., 2015).

After anastomosing with the aortic endothelium and consequent 
supply with an arterial blood flow, remodelling of the entire coro-
nary vascular plexus occurs, with expansion of the proximal blood 
vessels probably due to mechanisms such as fusion of smaller blood 
vessels and retrograde migration of endothelial cells (Lavine et al., 
2008; Sato et al., 2010; Udan, Vadakkan, & Dickinson, 2013; Waldo, 
Willner, & Kirby, 1990).

1.7 | Establishment of arterial and venous 
identity of coronary vessels

From E12.5 (in mice) and HH31 (in chickens), the coronary artery 
trunks anastomose with the aorta. The resulting blood flow is the 
main trigger for the genotypical and phenotypical remodelling of 
coronary blood vessels, as is also the case for other vascular beds 
emerging during embryonic development (Chen, Poduri, et al., 2014; 
Ivins et al., 2015; Le Noble et al., 2004; Lucitti et al., 2007; Lucitti, 
Visconti, Novak, & Keller, 2006; Volz et al., 2015).

During the development of the coronary plexuses, the segrega-
tion of arterial (intramyocardial) and venous (subepicardial) blood 
vessels appears to take place, at least at a molecular level. This seg-
regation manifests by the expression of ligand ephrin B2 in arterial 
endothelial cells and of its receptor EphB4 (erythropoietin-produc-
ing human hepatocellular receptor 4) in venous endothelial cells. This 
emphasizes the importance of a mutual exchange of signals between 
both endothelial types for the formation of arteriovenous branches 
and their connection patterns (Lavine et al., 2008; Wang, Chen, & 
Anderson, 1998). Ephrin B2 expression is probably induced by Notch 
ligands that are expressed only in the arterial endothelium, such as 
delta-like 4 and Jagged1. The activation of the Notch-signalling 
pathway, which is in turn activated by a VEGFA-VEGFR interaction 
(VEGFA from the myocardium, VEGFR of the endothelium), inhib-
its the venous differentiation of the endothelium and stabilizes the 

F I G U R E  2   Transcriptional regulation 
of vasculogenesis and angiogenesis in the 
heart. RA, retinoic acid; Tbx18, Tbox18; 
VEGFA/C, vascular endothelial growth 
factor A/C; VEGFR2, vascular endothelial 
growth factor receptor 2; SHH, sonic 
hedgehog; Tie2, angiopoietin receptor/
tyrosine kinase; EPO, erythropoietin; 
HIF1a, hypoxia-inducible factor 1 alpha; 
GATA4, transcription factor GATA4; 
FGF2/9/18, fibroblast growth factor 
2/9/18; FGFR1/2, fibroblast growth factor 
receptor 1/2; Ang1/2, angiopoietin 1/2
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arterial identity (Fischer, Schumacher, Maier, Sendtner, & Gessler, 
2004; Grieskamp, Rudat, Ludtke, Norden, & Kispert, 2011; Lawson 
et al., 2001; Lawson, Vogel, & Weinstein, 2002; Van den Akker et al., 
2008; Wu et al., 2012).

Epicardium-derived cells that initially surround arterial coro-
nary endothelial cells as pericytes express Notch3 upon the onset 
of blood flow, which activates receptor Jagged1 on endothelial 
cells. Jagged1 activity is essential for arteriogenesis (Del Monte 
et al., 2011; Domenga et al., 2004; Hofmann et al., 2012; Liu, Zhang, 
Kennard, Caldwell, & Lilly, 2010; Volz et al., 2015).

The Shh-signalling pathway is also, at least indirectly, involved 
in the determination of the arterial versus venous fate of the en-
dothelium by promoting VEGF (Lavine et al., 2008). Specific Shh 
signals received by the myocardium are essential for the develop-
ment of (subepicardial) coronary veins, whereas intramyocardial, 
arterial endothelial cells rely on Shh signals to the perivascular cells 
that surround them. In the case of the subepicardial plexuses, this 
probably involves a scattered production of VEGF, while in the case 
of intramyocardial plexuses the production of VEGF is more likely 
locally concentrated. Furthermore, this research points to the dif-
ferentiation of arterial as opposed to venous blood vessels that take 
place earlier and is possibly dependent on VEGF concentration, 
which could also play a role in determining the endothelial identity 
(Lavine et al., 2008).

In addition, VEGF induces the expression of the enzyme endo-
thelial nitric oxide synthase 3 (eNOS3), a local producer of nitric 
oxide. This substance has proven to be necessary for coronary arte-
riogenesis (Liu et al., 2014).

Little is known on the mechanisms of establishing the venous 
identity of specific coronary blood vessels. Along with exclusive 
expression of receptor EphB4, another feature of venous endothe-
lium is the expression of transcription factor COUPTFII (chicken 
ovalbumin upstream promoter transcription factor II), which sup-
presses the Notch-signalling pathway (Lin, Tsai, & Tsai, 2007; You 
et al., 2005).

1.8 | Origin of cardiovascular cells

The coelom of primitive invertebrates, which serves to transport liq-
uid nutrients, is lined with (myo-) epithelium and often divided by in-
ternal septa, was probably a precursor to the actual blood vessels of 
vertebrates. The latter developed dorsally and ventrally in the coe-
lomic extracellular matrix (Ruppert & Carle, 1983). It is well estab-
lished that the vascular smooth musculature and pericytes as well as 
the endothelial cells and blood cells were recruited initially from the 
coelomic epithelium (Hartenstein & Mandal, 2006; Munoz-Chapuli, 
Carmona, Guadix, Macias, & Perez-Pomares, 2005; Munoz-Chapuli 
et al., 1999; Rosenthal & Harvey, 2010; Ruppert, 2005; Xavier et al., 
2007). In the living lancelet, the primitive blood vessels consist of 
smooth muscle cells only. It is assumed that endothelial cells origi-
nally evolved from ancestral blood cells, that is motile amoebocyte-
like cells that originated in the coelomic epithelium and developed 

intercellular junctions along the blood vessel walls (Munoz-Chapuli 
et al., 1999, 2005).

Crucial evolutionary advantages in the acquisition of an endo-
thelium were probably an improved immune defence by local co-
operation and communication with the blood cells, fine-tuning of 
blood flow and the ability to perform angiogenesis that facilitated 
the expansion of the blood vessel system to body regions far dis-
tant from the coelom (Rosenthal & Harvey, 2010). According to this 
hypothesis, cardiovascular cells originate in the embryonic coelomic 
serosa, where muscle progenitor cells (vascular smooth muscle cells 
and cardiomyocytes) developed along separate lines from haeman-
gioblasts (Hu et al., 2017; Lescroart et al., 2014; Rosenthal & Harvey, 
2010). Thus, the common archetype of the vertebrate heart may be 
traced back to the organization of a layer of contractile myocytes 
that originated in the embryonic coelomic epithelium and was sec-
ondarily lined by endothelium/endocardium (Xavier et al., 2007; see 
Figure 3).

Beyond the initial events of intraembryonic vasculogenesis that 
result in the formation of a primitive heart tube, primitive aortae and 
vitelline veins, the embryonic coelomic epithelium retains its ability 
to proliferate locally and produce pre-vascular cells. This primar-
ily occurs in the vicinity of developing internal organs such as the 
liver primordium or in the aorta–gonad–mesonephros region that 

F I G U R E  3   Hypothesis of the phylogenetic development of the 
immediate ancestor of the vascular progenitor that according to 
Rosenthal and Harvey (2010) is the coelomic epithelium. This gives 
rise to the vascular smooth muscle cells, endothelium and blood 
cells. Modified from Rosenthal and Harvey (2010)
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probably send signals inducing vasculogenesis (Arima et al., 2012; 
Rosenthal & Harvey, 2010).

A large proportion of the progenitor cells of the coronary heart 
vessels that secondarily colonize the heart, originate in the highly 
proliferating coelomic epithelium as well. The proepicardial serosa in 
the caudal pericardial cavity differs from the original cardiogenic me-
soderm sensu stricto by its prominent, “cauliflower-like” shape and in 
its transcriptional profile (Männer, 1992; Mommersteeg et al., 2010; 
Van Wijk et al., 2009). It is assumed that this cardiogenic cell popula-
tion is an evolutionary derivative of the primordium of a primeval ex-
ternal renal glomerulus (Cano, Carmona, Velecela, Martinez-Estrada, 
& Munoz-Chapuli, 2015; Pombal et al., 2008).

There is clear and uncontentious evidence that proepicardial 
cells give rise to vascular smooth muscle cells as well as pericytes 
of coronary heart vessels (Christoffels et al., 2009; Perez-Pomares, 
Phelps, et al., 2002; Schlueter, Manner, & Brand, 2006). However, 
the origin of coronary angioblasts has not been ascertained beyond 
doubt. Some experiments show evidence in favour of a common or-
igin along with coronary smooth muscle cells and pericytes in the 
proepicardial serosa with a similar or differing transcriptional profile 
(Cossette & Misra, 2011; Guadix, Carmona, Munoz-Chapuli, & Perez-
Pomares, 2006; Katz et al., 2012; Perez-Pomares, Phelps, et al., 
2002). Others negate this connection and refer to the endocardium 
and sinus venosus endothelium as the source of coronary endothe-
lial progenitor cells (Grieskamp et al., 2011; Red-Horse et al., 2010; 
Tian, Hu, Zhang, et al., 2013; Wu et al., 2013). According to this view, 
sinus venosus endothelium and endocardium sprout by angiogenesis 
in order to penetrate the myocardium to finally reach the subepicar-
dial surface of the heart and expand further by forming coronary 
plexuses (Grieskamp et al., 2011; Red-Horse et al., 2010; Tian, Hu, 
Zhang, et al., 2013; Wu et al., 2013). More recent research proves 
that the predominant part of coronary endothelial cells originates 
in the sinus venosus endothelium, closely followed by the endocar-
dium, whereas fewer than 20% of cells originate in the proepicardial 
serosa (Chen, Sharma, et al., 2014; Zhang et al., 2016).

It is remarkable that of the three WT1-negative endothelial pro-
genitor cell populations in the murine proepicardial serosa discov-
ered by Cossette and Misra (2011), one is associated with the liver 
bud and another with the sinus venosus endothelium. The third pro-
genitor population does not seem to bear any relation to adjacent 
tissue. Derivatives of the two coronary endothelial progenitor pop-
ulations in the proepicardium identified by Katz et al. (2012) were 
discovered in the endothelium of the sinus venosus and in parts 
of the endocardium. If these links are combined with the fact that 
the sinus venosus endothelium originates in the proliferation zone 
of the proepicardial serosa, it can be speculated that proepicardial 
coronary endothelial progenitors are identical to the prospective 
coronary endothelial cells, discovered by Red-Horse et al. (2010), 
Tian, Hu, Zhang, et al. (2013), Wu et al. (2013), Chen, Sharma, et al. 
(2014) and Zhang et al. (2016) in the sinus venosus endothelium and 
the endocardium. The different expression of tissue-specific mark-
ers in these three presumed progenitor populations can possibly be 
explained by the molecular influence of their environments. Hence, 

it would no longer be necessary to distinguish between different 
sources of coronary endothelial progenitor cells, but between alter-
native migration routes of the cells that originate in the proepicardial 
serosa (a) from the proepicardial serosa via the pericardial cavity to 
the surface of the heart and (b) from the proepicardial serosa via the 
sinus venosus endothelium and endocardium of the primitive heart 
tube to the myocardium and subepicardial space. On the other hand, 
there is clear evidence that the endocardium has the ability to gener-
ate haemangiopoietic progenitor cells, which is why it could well be 
a source of endothelial progenitor cells, independent of the proepi-
cardium (Nakano et al., 2013).

Studies of the fins of zebrafish and of the retinae of mice showed 
that in newly developing vascular beds, the arterial endothelium 
arises mostly from venous endothelium (Xu et al., 2014). This also 
seems to be true for the coronary vascular bed, since both sinus ve-
nosus endothelium and the subepicardial plexus, from which arte-
rial intramyocardial plexuses develop, display a venous phenotype. 
Furthermore, this contradicts the assumption that the arterial and 
venous parts of coronary blood vessels originate from different 
sources (endothelium/endocardium vs. proepicardial serosa; Wu 
et al., 2012). However, a compartmentalization of the coronary en-
dothelium in terms of the migration route of its progenitor cells and 
its immediate place of origin is very likely (heart endothelium vs. epi-
cardium; sZhang et al., 2016; reviewed in Sharma et al., 2017).

2  | CONCLUSION

This review summarizes recent advances in research on vasculo-
genesis and angiogenesis in the context of avian and mammalian 
cardiogenesis. Obsolete concepts are critically commented upon, 
and relevant morphogenetic events in association with the under-
lying molecular regulatory mechanisms are briefly recapitulated. 
However, due to the complexity of the subject, several aspects, such 
as the field of epithelial- and endothelial-to-mesenchymal transition 
during cardiovascular development, have not been mentioned. We 
are only starting to understand these events in cardiogenesis—and 
this is only one organ system. In the light of the tremendous increase 
in knowledge, it will be a huge challenge for anatomists, histologists 
and embryologists to teach coming generations of students the 
overview necessary to navigate through their professional life and 
at the same time give them an idea on the enormous complexity of 
these subjects (Borasch, 2019).

ACKNOWLEDG EMENTS
We would like to thank Dr. Hana Hünigen of our Institute for fruit-
ful discussions and constant advice. Furthermore, the help of Mrs. 
Wiebke Gentner, Martin Werner and Zaher Alshamy is acknowl-
edged gratefully.

CONFLIC T OF INTERE S T
The authors declare they have no conflict of interest with respect to 
publication of this review.



     |  651BORASCH et Al.

R E FE R E N C E S
Anderson, R. H., Brown, N. A., & Moorman, A. F. M. (2006). 

Development and structures of the venous pole of the heart. 
Developmental Dynamics, 235(1), 2–9. https://doi.org/10.1002/
dvdy.20578

Arima, Y., Miyagawa-Tomita, S., Maeda, K., Asai, R., Seya, D., Minoux, M., 
… Kurihara, H. (2012). Preotic neural crest cells contribute to cor-
onary artery smooth muscle involving endothelin signalling. Nature 
Communications, 3, 1267. https://doi.org/10.1038/ncomm s2258

Arita, Y., Nakaoka, Y., Matsunaga, T., Kidoya, H., Yamamizu, K., Arima, 
Y., … Komuro, I. (2014). Myocardium-derived angiopoietin-1 is es-
sential for coronary vein formation in the developing heart. Nature 
Communications, 5, 4552. https://doi.org/10.1038/ncomm s5552

Augustin, H. G., Koh, G. Y., Thurston, G., & Alitalo, K. (2009). Control 
of vascular morphogenesis and homeostasis through the angiopoie-
tin-Tie system. Nature Reviews Molecular Cell Biology, 10(3), 165–177. 
https://doi.org/10.1038/nrm2639

Baik, J., Magli, A., Tahara, N., Swanson, S. A., Koyano-Nakagawa, N., 
Borges, L., … Perlingeiro, R. C. R. (2016). Endoglin integrates BMP 
and Wnt signalling to induce haematopoiesis through JDP2. Nature 
Communications, 7, 13101–13146. https://doi.org/10.1038/ncomm 
s13101

Bi, W. Z., Drake, C. J., & Schwarz, J. J. (1999). The transcription factor 
MEF2C-null mouse exhibits complex vascular malformations and re-
duced cardiac expression of angiopoietin 1 and VEGF. Developmental 
Biology, 211(2), 255–267. https://doi.org/10.1006/dbio.1999.9307

Bondue, A., Lapouge, G., Paulissen, C., Semeraro, C., Lacovino, M., Kyba, 
M., & Blanpain, C. (2008). Mesp1 acts as a master regulator of mul-
tipotent cardiovascular progenitor specification. Cell Stem Cell, 3(1), 
69–84. https://doi.org/10.1016/j.stem.2008.06.009

Borasch, K. (2019). Neue Erkenntnisse der Embryologie zur Entwicklung des 
Herzens. Eine Literaturstudie. Dissertation thesis in German, Institute 
of Veterinary Anatomy, Department of Veterinary Medicine, Freie 
Universität Berlin; German language, 272 pages, 71 figures.

Bussmann, J., Bakkers, J., & Schulte-Merker, S. (2007). Early endocardial 
morphogenesis requires Scl/Tal1. PLoS Genetics, 3(8), 1425–1437. 
https://doi.org/10.1371/journ al.pgen.0030140

Camp, E., Dietrich, S., & Munsterberg, A. (2012). Fate mapping identifies 
the origin of SHF/AHF progenitors in the chick primitive streak. PLoS 
ONE, 7(12), e51948. https://doi.org/10.1371/journ al.pone.0051948

Cano, E., Carmona, R., Velecela, V., Martinez-Estrada, O., & Munoz-
Chapuli, R. (2015). The proepicardium keeps a potential for glomer-
ular marker expression which supports its evolutionary origin from 
the pronephros. Evolution & Development, 17(4), 224–230. https://
doi.org/10.1111/ede.12130

Cavallero, S., Shen, H., Yi, C., Lien, C. L., Kumar, S. R., & Sucov, H. M. 
(2015). CXCL12 signaling is essential for maturation of the ventric-
ular coronary endothelial plexus and establishment of functional 
coronary circulation. Developmental Cell, 33(4), 469–477. https://doi.
org/10.1016/j.devcel.2015.03.018

Chan, S.-S.-K., Hagen, H. R., Swanson, S. A., Stewart, R., Boll, K. A., Aho, 
J., … Kyba, M. (2016). Development of bipotent cardiac/skeletal myo-
genic progenitors from MESP1+ mesoderm. Stem Cell Reports, 6(1), 
26–34. https://doi.org/10.1016/j.stemcr.2015.12.003

Chan, S. S. K., Shi, X. Z., Toyama, A., Arpke, R. W., Dandapat, A., Iacovino, 
M., … Kyba, M. (2013). Mesp1 patterns mesoderm into cardiac, hema-
topoietic, or skeletal myogenic progenitors in a context-dependent 
manner. Cell Stem Cell, 12(5), 587–601. https://doi.org/10.1016/j.
stem.2013.03.004

Chen, H. I., Poduri, A., Numi, H., Kivela, R., Saharinen, P., McKay, A. S., 
… Red-Horse, K. (2014a). VEGF-C and aortic cardiomyocytes guide 
coronary artery stem development. Journal of Clinical Investigation, 
124(11), 4899–4914. https://doi.org/10.1172/jci77483

Chen, H. I., Sharma, B., Akerberg, B. N., Numi, H. J., Kivela, R., Saharinen, P., 
… Red-Horse, K. (2014b). The sinus venosus contributes to coronary 

vasculature through VEGFC-stimulated angiogenesis. Development, 
141(23), 4500–4512. https://doi.org/10.1242/dev.113639

Christoffels, V. M., Grieskamp, T., Norden, J., Mommersteeg, M. T. M., 
Rudat, C., & Kispert, A. (2009). Tbx18 and the fate of epicardial pro-
genitors. Nature, 458(7240), E8–E9. https://doi.org/10.1038/natur 
e07916

Cohen-Gould, L., & Mikawa, T. (1996). The fate diversity of mesoder-
mal cells within the heart field during chicken early embryogenesis. 
Developmental Biology, 177(1), 265–273. https://doi.org/10.1006/
dbio.1996.0161

Cossette, S., & Misra, R. (2011). The identification of different endothe-
lial cell populations within the mouse proepicardium. Developmental 
Dynamics, 240(10), 2344–2353. https://doi.org/10.1002/dvdy.22724

Costello, I., Pimeisl, I. M., Drager, S., Bikoff, E. K., Robertson, E. J., & 
Arnold, S. J. (2011). The T-box transcription factor Eomesodermin 
acts upstream of Mesp1 to specify cardiac mesoderm during mouse 
gastrulation. Nature Cell Biology, 13(9), 1084–1108. https://doi.
org/10.1038/ncb2304

De la Pompa, J. L., Timmerman, L. A., Takimoto, H., Yoshida, H., Elia, A. 
J., Samper, E., … Mak, T. W. (1998). Role of the NF-ATc transcrip-
tion factor in morphogenesis of cardiac valves and septum. Nature, 
392(6672), 182–186. https://doi.org/10.1038/32419

De Ruiter, M. C., Poelmann, R. E., Mentink, M. M. T., Vaniperen, L., & 
Gittenbergerdegroot, A. C. (1993). Early formation of the vascular 
system in quail embryos. Anatomical Record, 235(2), 261–274. https://
doi.org/10.1002/ar.10923 50210

De Ruiter, M. C., Poelmann, R. E., Vanderplasdevries, I., Mentink, M. 
M. T., & Gittenbergerdegroot, A. C. (1992). The development of the 
myocardium and endocardium in mouse embryos – Fusion of two 
heart tubes. Anatomy and Embryology, 185(5), 461–473.

Dehaan, R. L. (1964). Cell interactions and oriented movements during 
development. The Journal of Experimental Zoology, 157, 127–138. 
https://doi.org/10.1002/jez.14015 70118

Del Monte, G., Casanova, J. C., Guadix, J. A., MacGrogan, D., Burch, J. 
B. E., Perez-Pomares, J. M., & de la Pompa, J. L. (2011). Differential 
notch signaling in the epicardium is required for cardiac inflow de-
velopment and coronary vessel morphogenesis. Circulation Research, 
108(7), 824–836. https://doi.org/10.1161/circr esaha.110.229062

Dettman, R. W., Denetclaw, W., Ordahl, C. P., & Bristow, J. (1998). 
Common epicardial origin of coronary vascular smooth muscle, 
perivascular fibroblasts, and intermyocardial fibroblasts in the 
avian heart. Developmental Biology, 193(2), 169–181. https://doi.
org/10.1006/dbio.1997.8801

Devine, W. P., Wythe, J. D., George, M., Koshiba-Takeuchi, K., & Bruneau, 
B. G. (2014). Early patterning and specification of cardiac progenitors 
in gastrulating mesoderm. eLife, 3, e03848. https://doi.org/10.7554/
eLife.03848

Domenga, V., Fardoux, P., Lacombe, P., Monet, M., Maciazek, J., Krebs, 
L. T., … Joutel, A. (2004). Notch3 is required for arterial identity and 
maturation of vascular smooth muscle cells. Genes & Development, 
18(22), 2730–2735. https://doi.org/10.1101/gad.308904

Drake, C. J., & Fleming, P. A. (2000). Vasculogenesis in the day 6.5 to 9.5 
mouse embryo. Blood, 95(5), 1671–1679.

Dyer, L., Wu, Y. X., Moser, M., & Patterson, C. (2014). BMPER-
induced BMP signaling promotes coronary artery remodeling. 
Developmental Biology, 386(2), 385–394. https://doi.org/10.1016/j.
ydbio.2013.12.019

Ferdous, A., Caprioli, A., Iacovino, M., Martin, C. M., Morris, J., 
Richardson, J. A., … Garry, D. J. (2009). Nkx2-5 transactivates the 
Ets-related protein 71 gene and specifies an endothelial/endocardial 
fate in the developing embryo. Proceedings of the National Academy of 
Sciences of the United States of America, 106(3), 814–819. https://doi.
org/10.1073/pnas.08075 83106

Fischer, A., Schumacher, N., Maier, M., Sendtner, M., & Gessler, M. (2004). 
The Notch target genes Hey1 and Hey2 are required for embryonic 

https://doi.org/10.1002/dvdy.20578
https://doi.org/10.1002/dvdy.20578
https://doi.org/10.1038/ncomms2258
https://doi.org/10.1038/ncomms5552
https://doi.org/10.1038/nrm2639
https://doi.org/10.1038/ncomms13101
https://doi.org/10.1038/ncomms13101
https://doi.org/10.1006/dbio.1999.9307
https://doi.org/10.1016/j.stem.2008.06.009
https://doi.org/10.1371/journal.pgen.0030140
https://doi.org/10.1371/journal.pone.0051948
https://doi.org/10.1111/ede.12130
https://doi.org/10.1111/ede.12130
https://doi.org/10.1016/j.devcel.2015.03.018
https://doi.org/10.1016/j.devcel.2015.03.018
https://doi.org/10.1016/j.stemcr.2015.12.003
https://doi.org/10.1016/j.stem.2013.03.004
https://doi.org/10.1016/j.stem.2013.03.004
https://doi.org/10.1172/jci77483
https://doi.org/10.1242/dev.113639
https://doi.org/10.1038/nature07916
https://doi.org/10.1038/nature07916
https://doi.org/10.1006/dbio.1996.0161
https://doi.org/10.1006/dbio.1996.0161
https://doi.org/10.1002/dvdy.22724
https://doi.org/10.1038/ncb2304
https://doi.org/10.1038/ncb2304
https://doi.org/10.1038/32419
https://doi.org/10.1002/ar.1092350210
https://doi.org/10.1002/ar.1092350210
https://doi.org/10.1002/jez.1401570118
https://doi.org/10.1161/circresaha.110.229062
https://doi.org/10.1006/dbio.1997.8801
https://doi.org/10.1006/dbio.1997.8801
https://doi.org/10.7554/eLife.03848
https://doi.org/10.7554/eLife.03848
https://doi.org/10.1101/gad.308904
https://doi.org/10.1016/j.ydbio.2013.12.019
https://doi.org/10.1016/j.ydbio.2013.12.019
https://doi.org/10.1073/pnas.0807583106
https://doi.org/10.1073/pnas.0807583106


652  |     BORASCH et Al.

vascular development. Genes & Development, 18(8), 901–911. https://
doi.org/10.1101/gad.291004

Garcia-Martinez, V., & Schoenwolf, G. C. (1993). Primitive-streak or-
igin of the cardiovascular-system in avian embryos. Developmental 
Biology, 159(2), 706–719. https://doi.org/10.1006/dbio.1993.1276

Gonzalez-Iriarte, M., Carmona, R., Perez-Pomares, J. M., Macias, D., 
Costell, M., & Munoz-Chapuli, R. (2003). Development of the cor-
onary arteries in a murine model of transposition of great arteries. 
Journal of Molecular and Cellular Cardiology, 35(7), 795–802. https://
doi.org/10.1016/s0022 -2828(03)00134 -2

Grieskamp, T., Rudat, C., Ludtke, T. H. W., Norden, J., & Kispert, A. (2011). 
Notch signaling regulates smooth muscle differentiation of epicardi-
um-derived cells. Circulation Research, 108(7), 813–823. https://doi.
org/10.1161/circr esaha.110.228809

Guadix, J. A., Carmona, R., Munoz-Chapuli, R., & Perez-Pomares, J. M. 
(2006). In vivo and in vitro analysis of the vasculogenic potential of 
avian proepicardial and epicardial cells. Developmental Dynamics, 
235(4), 1014–1026. https://doi.org/10.1002/dvdy.20685

Haack, T., & Abdelilah-Seyfried, S. (2016). The force within: Endocardial 
development, mechanotransduction and signalling during car-
diac morphogenesis. Development, 143(3), 373–386. https://doi.
org/10.1242/dev.131425

Hara, Y., Wake, K., Inoue, K., Kuroda, N., Sato, A., Inamatsu, M., … Sato, 
T. (2016). Development of the heart endocardium at an early stage 
of chick embryos evaluated at light- and electron-microscopic 
levels. Anatomical Record-Advances in Integrative Anatomy and 
Evolutionary Biology, 299(8), 1080–1089. https://doi.org/10.1002/
ar.23372

Harris, I. S., & Black, B. L. (2010). Development of the Endocardium. 
Pediatric Cardiology, 31(3), 391–399. https://doi.org/10.1007/s0024 
6-010-9642-8

Hartenstein, V., & Mandal, L. (2006). The blood/vascular system in a 
phylogenetic perspective. BioEssays, 28(12), 1203–1210. https://doi.
org/10.1002/bies.20497

Hatzistergos, K. E., Takeuchi, L. M., Saur, D., Seidler, B., Dymecki, S. M., 
Mai, J. J., … Hare, J. M. (2015). cKit(+) cardiac progenitors of neu-
ral crest origin. Proceedings of the National Academy of Sciences of 
the United States of America, 112(42), 13051–13056. https://doi.
org/10.1073/pnas.15172 01112

Hirakow, R. (1983). Development of the cardiac blood vessels in staged 
human embryos. Acta Anatomica, 115(3), 220–230. https://doi.
org/10.1159/00014 5693

Hofmann, J. J., Briot, A., Enciso, J., Zovein, A. C., Ren, S. X., Zhang, Z. 
W., … Iruela-Arispe, M. L. (2012). Endothelial deletion of murine Jag1 
leads to valve calcification and congenital heart defects associated 
with Alagille syndrome. Development, 139(23), 4449–4460. https://
doi.org/10.1242/dev.084871

Hu, Y., Belyea, B. C., Li, M. H., Gothert, J. R., Gomez, A., & Sequeira-
Lopez, M. L. S. (2017). Identification of cardiac hemo-vascular pre-
cursors and their requirement of sphingosine-1-phosphate receptor 
1 for heart development. Scientific Reports, 7, 45205. https://doi.
org/10.1038/srep4 5205

Ivins, S., Chappell, J., Vernay, B., Suntharalingham, J., Martineau, A., 
Mohun, T. J., & Scambler, P. J. (2015). The CXCL12/CXCR4 axis plays 
a critical role in coronary artery development. Developmental Cell, 
33(4), 455–468. https://doi.org/10.1016/j.devcel.2015.03.026

Katz, T. C., Singh, M. K., Degenhardt, K., Rivera-Feliciano, J., Johnson, 
R. L., Epstein, J. A., & Tabin, C. J. (2012). Distinct compartments of 
the proepicardial organ give rise to coronary vascular endothelial 
cells. Developmental Cell, 22(3), 639–650. https://doi.org/10.1016/j.
devcel.2012.01.012

Kertesz, N., Wu, J., Chen, T. H. P., Sucov, H. M., & Wu, H. (2004). The role 
of erythropoietin in regulating angiogenesis. Developmental Biology, 
276(1), 101–110. https://doi.org/10.1016/j.ydbio.2004.08.025

Kirby, M. L., Gale, T. F., & Stewart, D. E. (1983). Neural crest cells con-
tribute to normal aorticopulmonary septation. Science, 220(4601), 
1059–1061. https://doi.org/10.1126/scien ce.6844926

Kirby, M. L., Lawson, A., Stadt, H. A., Kumiski, D. H., Wallis, K. T., 
McCraney, E., … Schoenwolf, G. C. (2003). Hensen's node gives rise 
to the ventral midline of the foregut: Implications for organizing head 
and heart development. Developmental Biology, 253(2), 175–188. 
https://doi.org/10.1016/s0012 -1606(02)00024 -6

Lavine, K. J., Long, F. X., Choi, K., Smith, C., & Ornitz, D. M. (2008). 
Hedgehog signaling to distinct cell types differentially regulates 
coronary artery and vein development. Development, 135(18), 3161–
3171. https://doi.org/10.1242/dev.019919

Lavine, K. J., White, A. C., Park, C., Smith, C. S., Choi, K., Long, F. X., 
… Ornitz, D. M. (2006). Fibroblast growth factor signals regulate a 
wave of hedgehog activation that is essential for coronary vascular 
development. Genes & Development, 20(12), 1651–1666. https://doi.
org/10.1101/gad.1411406

Lavine, K. J., Yu, K., White, A. C., Zhang, X. Q., Smith, C., Partanen, J., 
& Ornitz, D. M. (2005). Endocardial and epicardial derived FGF 
signals regulate myocardial proliferation and differentiation in 
vivo. Developmental Cell, 8(1), 85–95. https://doi.org/10.1016/j.
devcel.2004.12.002

Lawson, N. D., Scheer, N., Pham, V. N., Kim, C. H., Chitnis, A. B., Campos-
Ortega, J. A., & Weinstein, B. M. (2001). Notch signaling is required 
for arterial-venous differentiation during embryonic vascular devel-
opment. Development, 128(19), 3675–3683.

Lawson, N. D., Vogel, A. M., & Weinstein, B. M. (2002). Sonic hedgehog 
and vascular endothelial growth factor act upstream of the notch 
pathway during arterial endothelial differentiation. Developmental 
Cell, 3(1), 127–136. https://doi.org/10.1016/s1534 -5807(02)00198 
-3

Le Noble, F., Moyon, D., Pardanaud, L., Yuan, L., Djonov, V., Matthijsen, 
R., … Eichmann, A. (2004). Flow regulates arterial-venous differen-
tiation in the chick embryo yolk sac. Development, 131(2), 361–375. 
https://doi.org/10.1242/dev.00929

Lescroart, F., Chabab, S., Lin, X. H., Rulands, S., Paulissen, C., Rodolosse, 
A., … Blanpain, C. (2014). Early lineage restriction in temporally 
distinct populations of Mespl progenitors during mammalian heart 
development. Nature Cell Biology, 16(9), 829–840. https://doi.
org/10.1038/ncb3024

Li, Y., Wang, X. Y., Ma, Z. L., Chuai, M. L., Munsterberg, A., Lee, K. K., & 
Yang, X. S. (2014). Endoderm contributes to endocardial composition 
during cardiogenesis. Chinese Science Bulletin, 59(22), 2749–2755. 
https://doi.org/10.1007/s1143 4-014-0366-7

Lin, F. J., Tsai, M. J., & Tsai, S. Y. (2007). Artery and vein formation: A 
tug of war between different forces. EMBO Reports, 8(10), 920–924. 
https://doi.org/10.1038/sj.embor.7401076

Linask, K. K., Knudsen, K. A., & Gui, Y. H. (1997). N-cadherin-catenin 
interaction: Necessary component of cardiac cell compartmental-
ization during early vertebrate heart development. Developmental 
Biology, 185(2), 148–164.

Linask, K. K., & Lash, J. W. (1993). Early heart development – Dynamics 
of endocardial cell sorting suggests a common origin with cardiomy-
ocytes. Developmental Dynamics, 196(1), 62–69.

Lindsley, R. C., Gill, J. G., Murphy, T. L., Langer, E. M., Cai, M., Mashayekhi, 
M., … Murphy, K. M. (2008). Mesp1 coordinately regulates cardiovas-
cular fate restriction and epithelial-mesenchymal transition in differ-
entiating ESCs. Cell Stem Cell, 3(1), 55–68. https://doi.org/10.1016/j.
stem.2008.04.004

Liu, H., Zhang, W. B., Kennard, S., Caldwell, R. B., & Lilly, B. (2010). 
Notch3 is critical for proper angiogenesis and mural cell investment. 
Circulation Research, 107(7), 860–870. https://doi.org/10.1161/circr 
esaha.110.218271

Liu, Y., Lu, X. R., Xiang, F. L., Poelmann, R. E., Gittenberger-de Groot, A. C., 
Robbins, J., & Feng, Q. P. (2014). Nitric oxide synthase-3 deficiency 

https://doi.org/10.1101/gad.291004
https://doi.org/10.1101/gad.291004
https://doi.org/10.1006/dbio.1993.1276
https://doi.org/10.1016/s0022-2828(03)00134-2
https://doi.org/10.1016/s0022-2828(03)00134-2
https://doi.org/10.1161/circresaha.110.228809
https://doi.org/10.1161/circresaha.110.228809
https://doi.org/10.1002/dvdy.20685
https://doi.org/10.1242/dev.131425
https://doi.org/10.1242/dev.131425
https://doi.org/10.1002/ar.23372
https://doi.org/10.1002/ar.23372
https://doi.org/10.1007/s00246-010-9642-8
https://doi.org/10.1007/s00246-010-9642-8
https://doi.org/10.1002/bies.20497
https://doi.org/10.1002/bies.20497
https://doi.org/10.1073/pnas.1517201112
https://doi.org/10.1073/pnas.1517201112
https://doi.org/10.1159/000145693
https://doi.org/10.1159/000145693
https://doi.org/10.1242/dev.084871
https://doi.org/10.1242/dev.084871
https://doi.org/10.1038/srep45205
https://doi.org/10.1038/srep45205
https://doi.org/10.1016/j.devcel.2015.03.026
https://doi.org/10.1016/j.devcel.2012.01.012
https://doi.org/10.1016/j.devcel.2012.01.012
https://doi.org/10.1016/j.ydbio.2004.08.025
https://doi.org/10.1126/science.6844926
https://doi.org/10.1016/s0012-1606(02)00024-6
https://doi.org/10.1242/dev.019919
https://doi.org/10.1101/gad.1411406
https://doi.org/10.1101/gad.1411406
https://doi.org/10.1016/j.devcel.2004.12.002
https://doi.org/10.1016/j.devcel.2004.12.002
https://doi.org/10.1016/s1534-5807(02)00198-3
https://doi.org/10.1016/s1534-5807(02)00198-3
https://doi.org/10.1242/dev.00929
https://doi.org/10.1038/ncb3024
https://doi.org/10.1038/ncb3024
https://doi.org/10.1007/s11434-014-0366-7
https://doi.org/10.1038/sj.embor.7401076
https://doi.org/10.1016/j.stem.2008.04.004
https://doi.org/10.1016/j.stem.2008.04.004
https://doi.org/10.1161/circresaha.110.218271
https://doi.org/10.1161/circresaha.110.218271


     |  653BORASCH et Al.

results in hypoplastic coronary arteries and postnatal myocardial 
infarction. European Heart Journal, 35(14), 920–930. https://doi.
org/10.1093/eurhe artj/ehs306

Lucitti, J. L., Jones, E. A. V., Huang, C. Q., Chen, J., Fraser, S. E., & 
Dickinson, M. E. (2007). Vascular remodeling of the mouse yolk sac 
requires hemodynamic force. Development, 134(18), 3317–3326. 
https://doi.org/10.1242/dev.02883

Lucitti, J. L., Visconti, R., Novak, J., & Keller, B. B. (2006). Increased arterial 
load alters aortic structural and functional properties during embryo-
genesis. American Journal of Physiology-Heart and Circulatory Physiology, 
291(4), H1919–H1926. https://doi.org/10.1152/ajphe art.01061.2005

Luttun, A., & Carmeliet, P. (2003). De novo vasculogenesis in the heart. 
Cardiovascular Research, 58(2), 378–389. https://doi.org/10.1016/
S0008 -6363(03)00258 -X

Männer, J. (1992). The development of pericardial villi in the chick 
embryo. Anatomy and Embryology, 186(4), 379–385. https://doi.
org/10.1007/bf001 85988

Männer, J. (1999). Does the subepicardial mesenchyme contribute myo-
cardioblasts to the myocardium of the chick embryo heart? A quail-
chick chimera study tracing the fate of the epicardial primordium. 
The Anatomical Record, 255(2), 212–226. https://doi.org/10.1002/
(sici)1097-0185(19990 601)255:2<212::aid-ar11>3.3.co;2-o

Mickoleit, M., Schmid, B., Weber, M., Fahrbach, F. O., Hombach, S., 
Reischauer, S., & Huisken, J. (2014). High-resolution reconstruc-
tion of the beating zebrafish heart. Nature Methods, 11(9), 919–922. 
https://doi.org/10.1038/nmeth.3037

Mikawa, T., & Gourdie, R. G. (1996). Pericardial mesoderm generates a 
population of coronary smooth muscle cells migrating into the heart 
along with ingrowth of the epicardial organ. Developmental Biology, 
174(2), 221–232. https://doi.org/10.1006/dbio.1996.0068

Milgrom-Hoffman, M., Harrelson, Z., Ferrara, N., Zelzer, E., Evans, S. M., 
& Tzahor, E. (2011). The heart endocardium is derived from vascular 
endothelial progenitors. Development, 138(21), 4777–4787. https://
doi.org/10.1242/dev.061192

Misfeldt, A. M., Boyle, S. C., Tompkins, K. L., Bautch, V. L., Labosky, P. A., 
& Baldwin, H. S. (2009). Endocardial cells are a distinct endothelial 
lineage derived from Flk1+multipotent cardiovascular progenitors. 
Developmental Biology, 333(1), 78–89. https://doi.org/10.1016/j.
ydbio.2009.06.033

Mommersteeg, M. T. M., Dominguez, J. N., Wiese, C., Norden, J., de 
Gier-de Vries, C., Burch, J. B. E., … Christoffels, V. M. (2010). The 
sinus venosus progenitors separate and diversify from the first and 
second heart fields early in development. Cardiovascular Research, 
87(1), 92–101. https://doi.org/10.1093/cvr/cvq033

Munoz-Chapuli, R., Carmona, R., Guadix, J. A., Macias, D., & Perez-
Pomares, J. M. (2005). The origin of the endothelial cells: An evo-
devo approach for the invertebrate/vertebrate transition of the cir-
culatory system. Evolution & Development, 7(4), 351–358. https://doi.
org/10.1111/j.1525-142X.2005.05040.x

Munoz-Chapuli, R., Perez-Pomares, J. M., Macias, D., Garcia-Garrido, L., 
Carmona, R., & Gonzalez, M. (1999). Differentiation of hemangio-
blasts from embryonic mesothelial cells? A model on the origin of 
the vertebrate cardiovascular system. Differentiation, 64(3), 133–141. 
https://doi.org/10.1046/j.1432-0436.1999.64301 33.x

Nakano, A., Nakano, H., Smith, K. A., & Palpant, N. J. (2016). The devel-
opmental origins and lineage contributions of endocardial endothe-
lium. Biochimica Et Biophysica Acta-Molecular Cell Research, 1863(7), 
1937–1947. https://doi.org/10.1016/j.bbamcr.2016.01.022

Nakano, H., Liu, X. Q., Arshi, A., Nakashima, Y., van Handel, B., Sasidharan, 
R., … Nakano, A. (2013). Haemogenic endocardium contributes to 
transient definitive haematopoiesis. Nature Communications, 2013(4), 
1564. https://doi.org/10.1038/ncomm s2569

Nemer, G., & Nemer, M. (2002). Cooperative interaction between GATA5 
and NF-ATc regulates endothelial-endocardial differentiation of car-
diogenic cells. Development, 129(17), 4045–4055.

Noden, D. M., Poelmann, R. E., & Groot, A. C. G. (1995). Cell origins 
and tissue boundaries during outflow tract development. Trends in 
Cardiovascular Medicine, 5(2), 69–75. https://doi.org/10.1016/s1050 
-1738(99)80002 -4

Olivey, H. E., & Svensson, E. C. (2010). Epicardial-myocardial signaling 
directing coronary vasculogenesis. Circulation Research, 106(5), 818–
832. https://doi.org/10.1161/circr esaha.109.209197

Palencia-Desai, S., Kohli, V., Kang, J., Chi, N. C., Black, B. L., & Sumanas, 
S. (2011). Vascular endothelial and endocardial progenitors dif-
ferentiate as cardiomyocytes in the absence of Etsrp/Etv2 func-
tion. Development, 138(21), 4721–4732. https://doi.org/10.1242/
dev.064998

Palencia-Desai, S., Rost, M. S., Schumacher, J. A., Ton, Q. V., Craig, M. 
P., Baltrunaite, K., … Sumanas, S. (2015). Myocardium and BMP sig-
naling are required for endocardial differentiation. Development, 
142(13), 2304–2315. https://doi.org/10.1242/dev.118687

Patan, S. (2000). Vasculogenesis and angiogenesis as mechanisms of vas-
cular network formation, growth and remodeling. Journal of Neuro-
Oncology, 50(1–2), 1–15. https://doi.org/10.1023/a:10064 93130855

Pennisi, D. J., & Mikawa, T. (2005). Normal patterning of the coronary 
capillary plexus is dependent on the correct transmural gradient of 
FGF expression in the myocardium. Developmental Biology, 279(2), 
378–390. https://doi.org/10.1016/j.ydbio.2004.12.028

Perez-Pomares, J. M., Carmona, R., Gonzalez-Iriarte, M., Atencia, G., 
Wessels, A., & Munoz-Chapuli, R. (2002). Origin of coronary endothe-
lial cells from epicardial mesothelium in avian embryos. International 
Journal of Developmental Biology, 46(8), 1005–1013.

Perez-Pomares, J. M., Phelps, A., Sedmerova, M., Carmona, R., Gonzalez-
Iriarte, M., Munoz-Chapuli, R., & Wessels, A. (2002). Experimental 
studies on the spatiotemporal expression of WT1 and RALDH2 in 
the embryonic avian heart: A model for the regulation of myocardial 
and valvuloseptal development by epicardially derived cells (EPDCs). 
Developmental Biology, 247(2), 307–326. https://doi.org/10.1006/
dbio.2002.0706

Poelmann, R. E., Gittenbergerdegroot, A. C., Mentink, M. M. T., 
Bokenkamp, R., & Hogers, B. (1993). Development of the cardiac cor-
onary vascular endothelium, studied with antiendothelial antibod-
ies, in chicken-quail chimeras. Circulation Research, 73(3), 559–568. 
https://doi.org/10.1161/01.res.73.3.559

Pombal, M. A., Carmona, R., Megias, M., Ruiz, A., Parez-Pomares, J. M., & 
Munoz-Chapulib, R. (2008). Epicardial development in lamprey sup-
ports an evolutionary origin of the vertebrate epicardium from an 
ancestral pronephric external glomerulus. Evolution & Development, 
10(2), 210–216. https://doi.org/10.1111/j.1525-142X.2008.00228.x

Red-Horse, K., Ueno, H., Weissman, I. L., & Krasnow, M. A. (2010). 
Coronary arteries form by developmental reprogramming of venous 
cells. Nature, 464(7288), 549–553. https://doi.org/10.1038/natur 
e08873

Redkar, A., Montgomery, M., & Litvin, J. (2001). Fate map of early avian 
cardiac progenitor cells. Development, 128(12), 2269–2279.

Romer, A. S., & Parsons, T. S. (1986). The vertebrate body (6th ed.). Boston, 
MA: Cengage Learning.

Rosenquist, G. C. (1970). Location and movements of cardiogenic 
cells in the chick embryo: The heart-forming portion of the primi-
tive streak. Developmental Biology, 22(3), 461–475. https://doi.
org/10.1016/0012-1606(70)90163 -6

Rosenthal, N., & Harvey, R. P. (2010). Heart development and regeneration 
(Vol. 1). New York, NY: Academic Press.

Ruppert, E. E. (2005). Key characters uniting hemichordates and chor-
dates: Homologies or homoplasies? Canadian Journal of Zoology-
Revue Canadienne De Zoologie, 83(1), 8–23. https://doi.org/10.1139/
z04-158

Ruppert, E. E., & Carle, K. J. (1983). Morphology of metazoan circulatory 
systems. Zoomorphology, 103(3), 193–208. https://doi.org/10.1007/
bf003 10477

https://doi.org/10.1093/eurheartj/ehs306
https://doi.org/10.1093/eurheartj/ehs306
https://doi.org/10.1242/dev.02883
https://doi.org/10.1152/ajpheart.01061.2005
https://doi.org/10.1016/S0008-6363(03)00258-X
https://doi.org/10.1016/S0008-6363(03)00258-X
https://doi.org/10.1007/bf00185988
https://doi.org/10.1007/bf00185988
https://doi.org/10.1002/(sici)1097-0185(19990601)255:2%3C212::aid-ar11%3E3.3.co;2-o
https://doi.org/10.1002/(sici)1097-0185(19990601)255:2%3C212::aid-ar11%3E3.3.co;2-o
https://doi.org/10.1038/nmeth.3037
https://doi.org/10.1006/dbio.1996.0068
https://doi.org/10.1242/dev.061192
https://doi.org/10.1242/dev.061192
https://doi.org/10.1016/j.ydbio.2009.06.033
https://doi.org/10.1016/j.ydbio.2009.06.033
https://doi.org/10.1093/cvr/cvq033
https://doi.org/10.1111/j.1525-142X.2005.05040.x
https://doi.org/10.1111/j.1525-142X.2005.05040.x
https://doi.org/10.1046/j.1432-0436.1999.6430133.x
https://doi.org/10.1016/j.bbamcr.2016.01.022
https://doi.org/10.1038/ncomms2569
https://doi.org/10.1016/s1050-1738(99)80002-4
https://doi.org/10.1016/s1050-1738(99)80002-4
https://doi.org/10.1161/circresaha.109.209197
https://doi.org/10.1242/dev.064998
https://doi.org/10.1242/dev.064998
https://doi.org/10.1242/dev.118687
https://doi.org/10.1023/a:1006493130855
https://doi.org/10.1016/j.ydbio.2004.12.028
https://doi.org/10.1006/dbio.2002.0706
https://doi.org/10.1006/dbio.2002.0706
https://doi.org/10.1161/01.res.73.3.559
https://doi.org/10.1111/j.1525-142X.2008.00228.x
https://doi.org/10.1038/nature08873
https://doi.org/10.1038/nature08873
https://doi.org/10.1016/0012-1606(70)90163-6
https://doi.org/10.1016/0012-1606(70)90163-6
https://doi.org/10.1139/z04-158
https://doi.org/10.1139/z04-158
https://doi.org/10.1007/bf00310477
https://doi.org/10.1007/bf00310477


654  |     BORASCH et Al.

Saga, Y., Kitajima, S., & Miyagawa-Tomita, S. (2000). Mesp1 expres-
sion is the earliest sign of cardiovascular development. Trends in 
Cardiovascular Medicine, 10(8), 345–352. https://doi.org/10.1016/
s1050 -1738(01)00069 -x

Saga, Y., Miyagawa-Tomita, S., Takagi, A., Kitajima, S., Miyazaki, J., & 
Inoue, T. (1999). MesP1 is expressed in the heart precursor cells 
and required for the formation of a single heart tube. Development, 
126(15), 3437–3447.

Sato, Y., Poynter, G., Huss, D., Filla, M. B., Czirok, A., Rongish, B. J., … 
Lansford, R. (2010). Dynamic analysis of vascular morphogenesis 
using transgenic quail embryos. PLoS ONE, 5(9), e12674. https://doi.
org/10.1371/journ al.pone.0012674

Schlueter, J., Manner, J., & Brand, T. (2006). BMP is an important regulator 
of proepicardial identity in the chick embryo. Developmental Biology, 
295(2), 546–558. https://doi.org/10.1016/j.ydbio.2006.03.036

Schumacher, J. A., Bloomekatz, J., Garavito-Aguilar, Z. V., & Yelon, D. 
(2013). tal1 regulates the formation of intercellular junctions and the 
maintenance of identity in the endocardium. Developmental Biology, 
383(2), 214–226. https://doi.org/10.1016/j.ydbio.2013.09.019

Sedmera, D. (2011). Function and form in the developing cardiovas-
cular system. Cardiovascular Research, 91(2), 252–259. https://doi.
org/10.1093/cvr/cvr062

Sharma, B., Chang, A., & Red-Horse, K. (2017). Coronary artery develop-
ment: Progenitor cells and differentiation pathways. Annual Review of 
Physiology, 79, 1–19. https://doi.org/10.1146/annur ev-physi ol-02251 
6-033953

Sugi, Y., & Markwald, R. R. (1996). Formation and early morphogenesis 
of endocardial endothelial precursor cells and the role of endoderm. 
Developmental Biology, 175(1), 66–83. https://doi.org/10.1006/
dbio.1996.0096

Sugishita, Y., Leifer, D. W., Agani, F., Watanabe, M., & Fisher, S. A. 
(2004). Hypoxia-responsive signaling regulates the apoptosis-de-
pendent remodeling of the embryonic avian cardiac outflow tract. 
Developmental Biology, 273(2), 285–296. https://doi.org/10.1016/j.
ydbio.2004.05.036

Tammela, T., Enholm, B., Alitalo, K., & Paavonen, K. (2005). The biology of 
vascular endothelial growth factors. Cardiovascular Research, 65(3), 
550–563. https://doi.org/10.1016/j.cardi ores.2004.12.002

Tian, X. Y., Hu, T. Y., He, L. J., Zhang, H., Huang, X. Z., Poelmann, R. E., 
… Zhou, B. (2013a). Peritruncal coronary endothelial cells contrib-
ute to proximal coronary artery stems and their aortic orifices in 
the mouse heart. PLoS ONE, 8(11), e80857. https://doi.org/10.1371/
journ al.pone.0080857

Tian, X. Y., Hu, T. Y., Zhang, H., He, L. J., Huang, X. Z., Liu, Q. Z., … Zhou, 
B. (2013b). Subepicardial endothelial cells invade the embryonic ven-
tricle wall to form coronary arteries. Cell Research, 23(9), 1075–1090. 
https://doi.org/10.1038/cr.2013.83

Tomanek, R. J., Christensen, L. P., Simons, M., Murakami, M., Zheng, 
W., & Schatteman, G. C. (2010). Embryonic coronary vasculogen-
esis and angiogenesis are regulated by interactions between mul-
tiple FGFs and VEGF and are influenced by mesenchymal stem 
cells. Developmental Dynamics, 239(12), 3182–3191. https://doi.
org/10.1002/dvdy.22460

Tomanek, R. J., Holifield, J. S., Reiter, R. S., Sandra, A., & Lin, J. J. C. 
(2002). Role of VEGF family members and receptors in coronary ves-
sel formation. Developmental Dynamics, 225(3), 233–240. https://doi.
org/10.1002/dvdy.10158

Tomanek, R. J., Ishii, Y., Holifield, J. S., Sjogren, C. L., Hansen, H. K., & 
Mikawa, T. (2006). VEGF family members regulate myocardial tub-
ulogenesis and coronary artery formation in the embryo. Circulation 
Research, 98(7), 947–953. https://doi.org/10.1161/01.RES.00002 
16974.75994.da

Tomanek, R. J., Sandra, A., Zheng, W., Brock, T., Bjercke, R. J., & Holifield, 
J. S. (2001). Vascular endothelial growth factor and basic fibroblast 
growth factor differentially modulate early postnatal coronary 

angiogenesis. Circulation Research, 88(11), 1135–1141. https://doi.
org/10.1161/hh1101.091191

Udan, R. S., Vadakkan, T. J., & Dickinson, M. E. (2013). Dynamic responses 
of endothelial cells to changes in blood flow during vascular remodel-
ing of the mouse yolk sac. Development, 140(19), 4041–4050. https://
doi.org/10.1242/dev.096255

Van den Akker, N. M. S., Caolo, V., Wisse, L. J., Peters, P., Poelmann, R. E., 
Carmeliet, P., … Groot, A. (2008). Developmental coronary matura-
tion is disturbed by aberrant cardiac vascular endothelial growth fac-
tor expression and Notch signalling. Cardiovascular Research, 78(2), 
366–375. https://doi.org/10.1093/cvr/cvm108

Van den Ameele, J., Tiberi, L., Bondue, A., Paulissen, C., Herpoel, A., 
Iacovino, M., … Vanderhaeghen, P. (2012). Eomesodermin induces 
Mesp1 expression and cardiac differentiation from embryonic 
stem cells in the absence of Activin. EMBO Reports, 13(4), 355–362. 
https://doi.org/10.1038/embor.2012.23

Van Handel, B., Montel-Hagen, A., Sasidharan, R., Nakano, H., Ferrari, R., 
Boogerd, C. J., … Mikkola, H. K. A. (2012). Scl represses cardiomyo-
genesis in prospective hemogenic endothelium and endocardium. 
Cell, 150(3), 590–605. https://doi.org/10.1016/j.cell.2012.06.026

Van Wijk, B., van den Berg, G., Abu-Issa, R., Barnett, P., van der Velden, 
S., Schmidt, M., … Van den Hoff, M. J. B. (2009). Epicardium and 
myocardium separate from a common precursor pool by cross-
talk between bone morphogenetic protein- and fibroblast growth 
factor-signaling pathways. Circulation Research, 105(5), 431–441. 
https://doi.org/10.1161/circr esaha.109.203083

Viragh, S., Szabo, E., & Challice, C. E. (1989). Formation of the primitive 
myocardial and endocardial tubes in the chicken embryo. Journal 
of Molecular and Cellular Cardiology, 21(2), 123–137. https://doi.
org/10.1016/0022-2828(89)90856 -0

Voboril, Z., & Schiebler, T. (1969). Development of blood supply in rat 
heart. Zeitschrift Fur Anatomie Und Entwicklungsgeschichte, 129(1), 
24–40. https://doi.org/10.1007/bf005 21953

Volz, K. S., Jacobs, A. H., Chen, H. D. I., Poduri, A., McKay, A. S., Riordan, 
D. P., … Red-Horse, K. (2015). Pericytes are progenitors for coronary 
artery smooth muscle. eLife, 4, e10036. https://doi.org/10.7554/
eLife.10036

Waldo, K. L., Willner, W., & Kirby, M. L. (1990). Origin of the proximal cor-
onary artery stems and a review of ventricular vascularization in the 
chick embryo. American Journal of Anatomy, 188(2), 109–120. https://
doi.org/10.1002/aja.10018 80202

Wang, H. U., Chen, Z. F., & Anderson, D. J. (1998). Molecular distinction 
and angiogenic interaction between embryonic arteries and veins 
revealed by ephrin-B2 and its receptor Eph-B4. Cell, 93(5), 741–753. 
https://doi.org/10.1016/s0092 -8674(00)81436 -1

Wang, H., She, Q., Gao, L. Z., Zha, C. Q., Du, J. L., & Jing, X. D. (2015). 
Tbx18 function in the development of mouse coronary vascular and 
ventricular wall structures. Progress in Biochemistry and Biophysics, 
42(4), 348–355.

Ward, N. L., Van Slyke, P., Sturk, C., Cruz, M., & Dumont, D. J. (2004). 
Angiopoietin 1 expression levels in the myocardium direct coronary 
vessel development. Developmental Dynamics, 229(3), 500–509. 
https://doi.org/10.1002/dvdy.10479

Wei, Y., & Mikawa, T. (2000). Fate diversity of primitive streak cells 
during heart field formation in ovo. Developmental Dynamics, 219(4), 
505–513.

Wikenheiser, J., Wolfram, J. A., Gargesha, M., Yang, K., Karunamuni, G., 
Wilson, D. L., … Watanabe, M. (2009). Altered hypoxia-inducible fac-
tor-1 alpha expression levels correlate with coronary vessel anom-
alies. Developmental Dynamics, 238(10), 2688–2700. https://doi.
org/10.1002/dvdy.22089

Wu, B. R., Zhang, Z., Lui, W., Chen, X. J., Wang, Y. D., Chamberlain, A. A., 
… Zhou, B. (2012). Endocardial cells form the coronary arteries by 
angiogenesis through myocardial-endocardial VEGF signaling. Cell, 
151(5), 1083–1096. https://doi.org/10.1016/j.cell.2012.10.023

https://doi.org/10.1016/s1050-1738(01)00069-x
https://doi.org/10.1016/s1050-1738(01)00069-x
https://doi.org/10.1371/journal.pone.0012674
https://doi.org/10.1371/journal.pone.0012674
https://doi.org/10.1016/j.ydbio.2006.03.036
https://doi.org/10.1016/j.ydbio.2013.09.019
https://doi.org/10.1093/cvr/cvr062
https://doi.org/10.1093/cvr/cvr062
https://doi.org/10.1146/annurev-physiol-022516-033953
https://doi.org/10.1146/annurev-physiol-022516-033953
https://doi.org/10.1006/dbio.1996.0096
https://doi.org/10.1006/dbio.1996.0096
https://doi.org/10.1016/j.ydbio.2004.05.036
https://doi.org/10.1016/j.ydbio.2004.05.036
https://doi.org/10.1016/j.cardiores.2004.12.002
https://doi.org/10.1371/journal.pone.0080857
https://doi.org/10.1371/journal.pone.0080857
https://doi.org/10.1038/cr.2013.83
https://doi.org/10.1002/dvdy.22460
https://doi.org/10.1002/dvdy.22460
https://doi.org/10.1002/dvdy.10158
https://doi.org/10.1002/dvdy.10158
https://doi.org/10.1161/01.RES.0000216974.75994.da
https://doi.org/10.1161/01.RES.0000216974.75994.da
https://doi.org/10.1161/hh1101.091191
https://doi.org/10.1161/hh1101.091191
https://doi.org/10.1242/dev.096255
https://doi.org/10.1242/dev.096255
https://doi.org/10.1093/cvr/cvm108
https://doi.org/10.1038/embor.2012.23
https://doi.org/10.1016/j.cell.2012.06.026
https://doi.org/10.1161/circresaha.109.203083
https://doi.org/10.1016/0022-2828(89)90856-0
https://doi.org/10.1016/0022-2828(89)90856-0
https://doi.org/10.1007/bf00521953
https://doi.org/10.7554/eLife.10036
https://doi.org/10.7554/eLife.10036
https://doi.org/10.1002/aja.1001880202
https://doi.org/10.1002/aja.1001880202
https://doi.org/10.1016/s0092-8674(00)81436-1
https://doi.org/10.1002/dvdy.10479
https://doi.org/10.1002/dvdy.22089
https://doi.org/10.1002/dvdy.22089
https://doi.org/10.1016/j.cell.2012.10.023


     |  655BORASCH et Al.

Wu, S. P., Dong, X. R., Regan, J. N., Su, C., & Majesky, M. W. (2013). Tbx18 
regulates development of the epicardium and coronary vessels. 
Developmental Biology, 383(2), 307–320. https://doi.org/10.1016/j.
ydbio.2013.08.019

Xavier, J., Castro, R. A., Sampaio, A. C., Azambuja, A. P., Castillo, H. 
A., Cravo, R. M., & Simoes-Costa, M. S. (2007). Parallel avenues in 
the evolution of hearts and pumping organs. Cellular and Molecular 
Life Sciences, 64(6), 719–734. https://doi.org/10.1007/s0001 
8-007-6524-1

Xu, C., Hasan, S. S., Schmidt, I., Rocha, S. F., Pitulescu, M. E., Bussmann, 
J., … Siekmann, A. F. (2014). Arteries are formed by vein-derived 
endothelial tip cells. Nature Communications, 5, 5758. https://doi.
org/10.1038/ncomm s6758

You, L. R., Lin, F. J., Lee, C. T., DeMayo, F. J., Tsai, M. J., & Tsai, S. Y. (2005). 
Suppression of Notch signalling by the COUP-TFII transcription fac-
tor regulates vein identity. Nature, 435(7038), 98–104. https://doi.
org/10.1038/natur e03511

Yuan, H. T., Khankin, E. V., Karumanchi, S. A., & Parikh, S. M. (2009). 
Angiopoietin 2 is a partial agonist/antagonist of Tie2 signaling in 
the endothelium. Molecular and Cellular Biology, 29(8), 2011–2022. 
https://doi.org/10.1128/mcb.01472 -08

Zhang, H., Pu, W. J., Li, G., Huang, X. Z., He, L. J., Tian, X. Y., … Zhou, B. 
(2016). Endocardium minimally contributes to coronary endothelium 
in the embryonic ventricular free walls. Circulation Research, 118(12), 
1880–1893. https://doi.org/10.1161/circr esaha.116.308749

Zhang, Z., & Zhou, B. (2013). Accelerated coronary angiogenesis by 
Vegfr1-knockout endocardial cells. PLoS ONE, 8(7), e70570. https://
doi.org/10.1371/journ al.pone.0070570

Zhou, B., Ma, Q., Kong, S. W., Hu, Y., Campbell, P. H., McGowan, F. X., … 
Pu, W. T. (2009). Fog2 is critical for cardiac function and maintenance 
of coronary vasculature in the adult mouse heart. Journal of Clinical 
Investigation, 119(6), 1462–1476. https://doi.org/10.1172/jci38723

How to cite this article: Borasch K, Richardson K, Plendl J. 
Cardiogenesis with a focus on vasculogenesis and 
angiogenesis. Anat Histol Embryol. 2020;49:643–655. https://
doi.org/10.1111/ahe.12549

https://doi.org/10.1016/j.ydbio.2013.08.019
https://doi.org/10.1016/j.ydbio.2013.08.019
https://doi.org/10.1007/s00018-007-6524-1
https://doi.org/10.1007/s00018-007-6524-1
https://doi.org/10.1038/ncomms6758
https://doi.org/10.1038/ncomms6758
https://doi.org/10.1038/nature03511
https://doi.org/10.1038/nature03511
https://doi.org/10.1128/mcb.01472-08
https://doi.org/10.1161/circresaha.116.308749
https://doi.org/10.1371/journal.pone.0070570
https://doi.org/10.1371/journal.pone.0070570
https://doi.org/10.1172/jci38723
https://doi.org/10.1111/ahe.12549
https://doi.org/10.1111/ahe.12549

