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• Both angiogenesis and vasculogenesis are active during early coronary vessel 

formation. 

• Different coronary domains are preferentially contributed by defined populations of 

endothelial cells. 

• Prospective coronary and veins remain disconnected during the first phases of coronary 

blood vessel formation. 
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Abstract 

 

Background: Coronary vasculature irrigates the myocardium and is crucial to late embryonic 

and adult heart function. Despite the developmental significance and clinical relevance of these 

blood vessels, the embryonic origin and the cellular and molecular mechanisms that regulate 

coronary arterio-venous patterning are not known in detail. In this study, we have used the 

avian embryo to dissect the ontogenetic origin and morphogenesis of coronary vasculature. 

Results: We show that sinus venosus endocardial sprouts and proepicardial angioblasts 

pioneer coronary vascular formation, invading the developing heart simultaneously. We also 

report that avian ventricular endocardium has the potential to contribute to coronary vessels, 

and describe the incorporation of cardiac distal outflow tract endothelial cells to the peritruncal 

endothelial plexus to participate in coronary vascular formation. Finally, our findings indicate 

that large sinus venosus-independent sections of the forming coronary vasculature develop 

without connection to the systemic circulation and that coronary arterio-venous shunts form a 

few hours before peritruncal arterial endothelium connects to the aortic root.  Conclusions: 

Embryonic coronary vasculature is a developmental mosaic, formed by the integration of 

vascular cells from, at least, four different embryological origins, which assemble in a 

coordinated manner to complete coronary vascular development. 
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Introduction 

The coronary vascular system is a complex network of arteries, capillaries and veins 

that supports blood circulation in the cardiac chamber walls, guaranteeing proper heart 

performance. Accordingly, congenital anomalies of coronary vessels may alter coronary 

circulation and thus have an impact on postnatal and adult life (Pérez-Pomares et al., 2016). 

Despite the extreme pathophysiological importance of coronary blood vessels, fundamental 

aspects of their embryogenesis remain unknown.  

The embryonic origin of the coronary endothelial cells has been extensively discussed  

(Rychter & Oštádal, 1971; Viragh & Challice, 1981; Hirakow, 1983; Conte & Pellegrini, 1984; 

Hutchins et al., 1988; Mikawa & Fischman, 1992; Poelmann et al., 1993; Vrancken Peeters et 

al., 1997a,b; Pérez-Pomares et al., 1998; Männer, 1999). Although none of the previous studies 

primarily intended to establish a single origin for coronary endothelium, it is frequent to find 

these and other works quoted to support the hypothesis of embryonic coronary intimal layer 

being formed from one endothelial population only (Red-Horse et al., 2010; Tian et al., 2015). 

Recent research, however, has crucially suggested that the embryonic coronary endothelium 

may derive from multiple cellular sources (Katz et al., 2012; Wu et al., 2012; Cano et al., 2016; 

Théveniau-Ruissy et al., 2016; Zhang et al., 2016).  

Our current interpretation of coronary embryonic development is strongly influenced by 

the combined analysis and extrapolation of results from studies carried out in different animal 

models. Retroviral tagging experiments and chimeric quail-to-chick transplantations 

unambiguously indicate that a significant part of the avian coronary vascular system is a 

proepicardium (PE) derivative (Mikawa & Fischman, 1992; Pérez-Pomares et al., 1998; Männer, 

1999; Guadix et al., 2006; Nesbitt et al., 2006; Pérez-Pomares et al., 2002a,b), but no 

experimental data are available in the literature on the endocardial contribution to avian 

coronary endothelium. On the contrary, genetic tracing in the mouse embryo confirms an 

extensive contribution of sinus venosus (Zhang et al., 2016), ventricular endocardium (Wu et al., 

2012) and the PE to coronary endothelium (Cano et al., 2016).  

In this study, we have taken advantage of the unique characteristics of the avian 

embryo, a classic model for the study of coronary vascular development, to assess the ability of 

different endothelial/endocardial populations to contribute to coronary endothelium and to study 

the developmental mechanics of coronary vascular morphogenesis. We would like to suggest 

that the hypothesis of coronary endothelium being a developmental mosaic better explains 

coronary vascular complexity, including the developmental dynamics of the assembly of 

coronary arteries and veins in the developing ventricular walls. In this regard, previous research 

on mouse coronary development suggests that coronary arteries are genetically reprogrammed 

from prospective coronary veins formed the sinus venosus endocardium (Red-Horse et al., 

2010), while other studies claim that a significant part of coronary endothelium derives from 

ventricular endocardium (Wu et al., 2012). Since murine prospective coronary veins are known 

to be located subepicardially and major arteries intramyocardially (Wagner et al., 2005; Lavine 

& Ornitz, 2008; Red-Horse et al., 2010; Cano et al., 2016), the first study (Red-Horse et al., 
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2010) implies the existence of a signal gradient directing primitive coronary endothelial growth 

from the surface of the heart towards the ventricular lumen (Tian et al., 2013). On the contrary, 

the assumption that ventricular endocardium is a major contributor to coronary endothelium (Wu 

et al., 2012) would require endocardial cell migration from the cardiac lumen to the 

subepicardium (Pires-Gomes & Pérez-Pomares, 2013). In the present work, we reconcile all 

these views with the anatomical evidence of prospective coronary arteries being isolated from 

the systemic blood flow during a significant period of time (Waldo et al., 1990; Ando et al., 2004; 

Ivins et al., 2015; Théveniau-Ruissy et al., 2016). 

 

 

Results  

 

Sinus venosus endocardium sprouts and proepicardial angioblasts grow simultaneously 

into the developing heart  

Fluorescein-conjugated Lens culinaris lectin (LC-FITC) injection in quail embryos 

(Fig.1A-C) allowed for the identification of the embryonic vasculature supporting active blood 

circulation (QH1 antibody was used as a general counterstain for quail endothelium). LC-FITC 

injections prior to PE attachment to the heart surface (HH16-17, 60 hours of incubation, Fig.1D, 

E) show that the endocardium is the only vascular tissue present in the heart chamber walls 

(Fig.1E). LC-FITC injections 24 hours after PE attachment to the myocardial surface (HH21, 80 

hours of incubation, Fig.1F, G), reveal that LC-FITC+ sinus venosus endocardial sprouts are 

growing subepicardially towards the atrioventricular and ventricular myocardium (Fig.1G); some 

the more distal cells in these structures show a tip-like morphology (Fig.1G’). The presence of 

LC-FITC in the proximal part of these vascular sprouts (QH1+/LC-FITC+) confirms they have a 

lumen and are connected to the systemic circulation (Fig.1G, G’). Large amounts of QH1+/LC-

FITC- vascular endothelial cells invade the subepicardial space together with SV endocardium-

derived vessels (Fig.1G). Late LC-FITC injections (HH26, 120 hours of incubation) still identify 

endocardial sprouts projecting towards the subepicardium (Fig.1H); the majority of non-perfused 

developing vascular structures (QH1+/LC-FITC-) form at a deeper level, embedded in the 

myocardial wall (Fig.1H). As we proceeded from the cardiac inflow (Fig.1I-L) towards the 

ventricular apex (Fig.1M-P), a unique distribution of primitive coronary vessels is observed. 

Vascular structures forming in close vicinity of the sinus venosus (HH23) always display a 

vascular lumen, are LC-FITC+, and do not invade the ventricular myocardium (Fig.1I-L). 

Primitive coronary vessels forming in the ventricular walls segregate in two different domains: 

QH1+/LC-FITC+ developing coronary vessels remain in the subepicardial space (Fig.1O, P), 

while angioblasts and some other QH1+/LC-FITC- vascular structures locate intramyocardially 

(Fig.1N, P). At later stages (HH28-29, 6.5 days of incubation), this characteristic location of LC-

FITC+ and LC-FITC- primitive coronary vascular structures persists (Fig.1Q-T). 
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Primitive coronary vasculature is comprised of two different but overlapping endothelial 

networks 

To better understand the complex topology of the developing coronary vasculature, we 

submitted LC-FITC-injected quail embryos (Fig.1A-C) to QH1 whole mount 

immunohistochemistry and studied the arrangement of blood-perfused (QH1+/LC-FITC+) versus 

non blood-perfused vascular sections (QH1+/LC-FITC-). At HH23 (4.5 incubation days), blood-

perfused (QH1+/LC-FITC+) sinus venosus endocardium sprouts locate at the surface of the 

heart, being more frequently found in the dorsal ventricular wall (Fig.2A, A’, B). Some QH1+/LC-

FITC- isolated cells (putative coronary angioblasts) distribute close to these dorsal QH1+/LC-

FITC+ vessels (Fig.2B). Large numbers of QH1+/LC-FITC- isolated cells were also found around 

QH1+/LC-FITC+ vessels, in the dorsal (Fig.2A) and ventral (Fig.2C) ventricular walls. Some of 

these QH1+/LC-FITC- cells coalesce to form vasculogenic chords (Fig.2A’, C’). Just before the 

embryonic coronary arterial capillary plexus connects to the aortic root (HH28-29, 6.5 incubation 

days), superficial QH1+/LC-FITC+ vessels are found covering the dorsal atrioventricular 

myocardium and most of the dorsal ventricular wall (Fig.2D, E). Connection between QH1+/LC-

FITC+ sinus venosus-derived vessels and QH1+/LC-FITC- vessels starts to be frequent; some of 

these vascular shunts are LC-FITC+ while some other remain LC-FITC- (Fig.2E). On the cardiac 

ventral wall, the proportion of LC-FITC+ (blood-perfused vessels) has increased around the 

atrioventricular canal. These vessels have not fully extended towards the ventricular wall and 

apex (Fig.2F). To study the patterning of developing coronary vascular structures from a 

different perspective, atrial chambers and the distal parts of the aortic and pulmonary trunks of 

HH29 embryos were removed. QH1/LC-FITC-stained hearts were photographed from the 

cardiac base (Fig.2G-J). The analysis of these whole mount samples shows that different 

QH1+/LC-FITC+ and QH1+/LC-FITC- prospective coronary vascular networks develop together at 

the dorsal cardiac surface. The peritruncal capillary plexus, which is mostly QH1+/LC-FITC-, 

surrounds the base of the forming pulmonary and aortic trunks, also extending distally (Fig.2G-

N). Both the more distal periarterial vascular plexus (Fig.2K, L, M) and the peritruncal capillary 

plexus (Fig.2K, N) do not show extensive connections with the coronary vasculature developing 

on the dorsal cardiac surface. 

 

Chimeric PE tracing shows stage-dependent plasticity of proepicardial angioblasts  

Since LC-FITC staining is not able to identify the ontogenetic origin of endothelial cells, 

we constructed quail-to-chick PE chimeras (Fig. 3A) and then injected them with LC-FITC 

before fixation (Fig.3A’, A’’). This experiment allows for the simultaneous tracing of PE-derived 

endothelial cells and the identification of their status with respect to the systemic circulation 

(only LC-FITC+ endothelium is connected to the systemic flow). All samples were 

counterstained with LC-FITC prior to the connection of prospective coronary arteries to the 

aortic root (around 7 days of incubation, HH30). At HH23-24, QH1+ cells at the cardiac inflow 

either associate to LC-FITC+ endothelium of subepicardial vascular structures (Fig. 3B) or 

integrate as part of this same endothelium (Fig. 3C). As we move apically, QH1+/LC-FITC- cells 
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are found scattered on the surface of the ventricles (Fig. 3D). Around 24 hours later (HH26), 

many QH1+/LC-FITC+ donor-derived cells are identified in the subepicardial vessels, while only 

a few intramyocardial QH1+ cells could be recorded at this time  (Fig. 3E). At HH28-29, QH1+ 

most cells remain forming part of the intimal layer of subepicardial LC-FITC+ coronary vessels 

(Fig. 3F), although some other QH1+ cells are found deep in the myocardium forming small, 

primitive vascular structures which are not connected to the systemic circulation (LC-FITC-) (Fig. 

3F, G). Whole-mount stainings of LC-FITC injected HH28-29 quail-to-chick proepicardial 

chimeras confirm these data (Fig.H-I’). 

Three days after coronary arterial plexus connection to the aortic root (HH42), only 

arterial endothelium displays EPHRINB2 and NOTCH1 gene expression (Fig. 3J-M’). In our 

chimeras, donor endothelial cells were found in both prospective venous and non-venous 

endothelial domains of the chimeric embryos. Some of these cells integrate in the endothelium 

of mature arterial sections, as shown by the co-localization of the donor vascular marker (QH1) 

and arterial endothelium-specific EphrinB2 (Fig. 3J, K’) and Notch1 mRNA transcripts (Fig. 3L, 

M’). Quantitation of donor (QH1+) PE-derived endothelial contribution to developing coronary 

blood vessels prior to the connection of arterial vessels to the aortic root (HH28-29) indicates 

that only 29.15±5.66% of such cells contribute to the prospective venous endothelium (LC-

FITC+). The rest of QH1+ cells incorporate in the intramyocardial prospective arterial and 

capillary vascular networks. 

 

Proepicardial and ventricular quail-to-chick chimeras  

 Recent studies on the origin of murine coronary endothelium have suggested that the 

ventricular endocardium, migrating from the inner to the outer cardiac surface, contributes to 

coronary endothelium (Wu et al., 2012). We thus aimed to test the coronary potential of avian 

ventricular endocardium using quail-to-chick chimeras in combination with intravascular LC-

FITC injections (Fig.4). As compared to proepicardial chimeras (Fig. 4A-G), quail ventricular 

transplantation onto chick hearts (Fig. 4H-N) reveals that the majority of early donor endocardial 

cells incorporate to the host endocardium after transplantation (HH23, Fig. 4I-K). At later stages 

(HH28-29), many donor endocardial cells locate in the host endocardium, but some of them 

form coronary-like structures in the outer, ventricular compact layer (Fig. 4L-N). 

 

Distal outflow tract quail-to-chick chimeras  

The abundance of QH1+ endothelial cells found in the walls of the developing cardiac 

outflow tract of quail embryos prompted us to check whether endothelial cells at the arterial pole 

of the heart contribute to coronary vascular development. In order to do so, the upper distal 

outflow tract of HH18-19 embryos was either labelled with DiO (chick) or homotopically 

transplanted (quail) to HH17-18 chick hosts (Fig.5A). After 3 days of incubation, the aortic and 

pulmonary roots were inspected (Fig. 5B). Only the upper, distal part of the cardiac outflow tract 

was found to be stained in control embryos (Fig. 5C, D, E). After 48 hours of incubation, the DiO 

stain concentrates in the truncal myocardium (Fig.6F, G). VEGFR2+ angioblasts and endothelial 
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cells are abundant in the floor of the aortic sac (Fig.5F, G) and the cardiac outflow tract walls; 

some of these VEGFR2+ cells were also DiO+ (Fig. 5G, H, H’). To confirm the incorporation of 

cardiac distal outflow tract cells to the forming peritruncal capillary plexus (Fig. 5J), homotopic 

chimeric transplantation of quail distal outflow tract tissue to chick embryo hosts was performed. 

The results of this experiment confirm the incorporation of donor-derived distal cardiac outflow 

tract QH1+ endothelial cells to the pulmonary and aortic roots (Fig. 5K-L).  

 A summary of the experimental methods used to trace the fate of coronary endothelial cells 

and the results provided by each method is included in Table 1. 

 

Discussion 

Research on cardiac vascularization by coronary endothelium has proven to be 

challenging due to various reasons. The first one is the reduced number of molecular tools 

available for the identification and tracking of specific endothelial subpopulations (Pérez-

Pomares et al., 2016). An additional difficulty that limits the sequential analysis of endothelial 

progenitor/cell growth, coalescence and fusion is that the differentiation of endothelial cells from 

angioblast progenitors and their assembly to form primitive vascular structures occurs rapidly 

(Flamme et al., 1995; Drake et al., 1997; Drake & Fleming, 2000). Furthermore, endothelial 

progenitors and early embryonic endothelial cells show high plasticity, differentiating into 

particular cell phenotypes (e.g. arterial or venous) in response to changing environmental cues 

(Moyon et al., 2001; le Noble et al., 2004).  

In accordance to all these limitations, the identification of the origin of coronary 

endothelium has been submitted to controversy for decades (Red-Horse et al., 2010; Wu et al., 

2012; Tian et al., 2015; Pérez-Pomares et al., 2016). Careful analysis of recent publications in 

the field reveals that such controversy is often based in the assumption that all coronary 

endothelium derives from a single endothelial cell progenitor pool (discussed in Zhang & Pu, 

2013; Tian et al., 2015; Pérez-Pomares et al., 2016). Such interpretation relies in results derived 

from in vivo, Cre/LoxP-based cell lineage tracing of murine coronary endothelium (Zhou & Pu, 

2012; Wu et al., 2012; Cano et al., 2016). Cre/LoxP is a powerful genetic technology that does 

not, however, allow for the discrimination of multiple, independent cell lineages as based on the 

expression of a single molecular marker (Zhou & Pu, 2012). Hence, contradictory conclusions 

on the development of coronary blood vessels may reflect the restricted ability of the Cre-LoxP 

technology to study the quantitative dynamics of more than one endothelial cell population at 

the time, as well as to provide information on the functional status of different coronary 

vasculature domains. Relevant to this discussion, it has been suggested that the quantitative 

contribution of different endocardial/endothelial cells to vertebrate coronary endothelium needs 

to be regarded carefully, as a relatively small population of endothelial cells could be key to the 

completion of specific segments of the coronary vascular circuitry (Cano et al., 2016). 

In order to integrate, complete and complement published data on the origin of coronary 

endothelium and the developmental dynamics of coronary morphogenesis, we have revisited 

coronary blood vessel formation in the avian embryo, a classical model for the study of 
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cardiovascular embryonic development (Mikawa & Fischman, 1992; Poelmann et al., 1993; 

Mikawa & Gourdie, 1996; Dettman et al., 1998; Pérez-Pomares et al., 1998; Männer, 1999). As 

opposed to the mouse embryo, the chick one allows for the combined use of several 

experimental techniques to obtain new data and improve our understanding coronary blood 

vessel development. 

Our results show that endothelial/endocardial cells from different sources (sinus 

venosus endocardium, ventricular endocardium, PE and distal cardiac outflow tract 

mesenchyme) independently contribute to the formation of embryonic coronary vasculature. 

This conclusion is based in the following findings. First, intravascular LC-FITC injections at 

different developmental stages allowed us to distinguish between two subsets of primitive 

coronary blood vessels.  One of them corresponds to sinus venosus dorsal endocardial sprouts 

(starting around the third incubation day), which were first described by Lewis more than a 

century ago (Lewis, 1904). These sprouts are polarized, contain a vascular lumen from their 

inception and are soon perfused by blood, as shown by their fast incorporation of LC-FITC. 

Since adult coronary veins drain into the coronary sinus, which is a partial derivative of the 

embryonic sinus venosus (Steding et al., 1990), we think these primitive embryonic vessels 

represent a developmental scaffold for the formation of coronary veins. These LC-FITC+ sinus 

venosus endocardial sprouts progressively encircle the atrioventricular groove, growing from the 

dorsal cardiac wall towards the ventral one. Some studies pointed to VEGF as the major 

chemotactic signal guiding coronary vessel growth (Tomanek et al., 2006; Liu et al., 2010; 

Tomanek et al., 2010), we thus used a modified fibrin matrix bound to VEGF (Ruiz-Villalba et 

al., 2013) to show that these primitive coronary endothelial cells at the venous cardiac pole 

indeed migrate in response to VEGF, efficiently invading the recombinant fibrin matrix. This 

finding also suggests that sinus venosus endocardium outgrowth is an active, developmentally 

patterned process (Red-Horse et al., 2010).  

Sinus venosus endocardial sprouts, however, are not the only endothelial cells invading 

the heart at these stages. Previous studies have shown that multiple QH1+ angioblasts 

(endothelial progenitors) migrate from the PE to reach the atrioventricular and ventricular 

myocardium via the subepicardium (Kattan et al., 2004). Our results prove that, starting at 

incubation day 4 (HH23), some of these angioblasts assemble and form subepicardial primitive 

cord-like vascular structures which remain disconnected from the systemic blood flow (LC-FITC-

) for at least three days. This latter feature suggests that such primitive vascular structures are 

not directly related with sinus venosus endocardial sprouts since these are, as we have 

previously shown, connected to the systemic circulation from the very moment of their 

formation. Later in development, vascular structures disconnected from the systemic circulation 

(not perfused by blood, LC-FITC) also form in the depth of the ventricular walls, while sinus 

venosus endocardium-derived blood vessels (LC-FITC+, connected to systemic blood flow) 

remain confined to the subepicardial space. All these results confirm that both angiogenic and 

vasculogenic blood vessel growth mechanisms are active during the early phases of coronary 

development  (Pérez-Pomares et al., 1998; Kattan et al., 2004; Red-Horse et al., 2010). Another 
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conclusion that can be drawn from our LC-FITC injections is that the embryonic vascular 

sections disconnected from the systemic circulation, including the peritruncal capillary plexus at 

the base of the cardiac outflow tract, are unlikely to be ontogenetically related to sinus venosus 

endocardium. This is in agreement with pioneer studies on coronary vascular development, 

which identified these peritruncal endothelial cells as the origin of left and right coronary arterial 

stem endothelium (Bogers et al., 1989; Waldo et al., 1990; Ando et al., 2004;) and described 

them forming a plexus of vascular structures disconnected from the systemic flow (Waldo et al., 

1990).  

To evaluate the contribution of PE angioblasts to avian coronary development, we took 

advantage of interspecific quail-to-chick transplantations and combined them with intravascular 

LC-FITC injections. Together, these two techniques become a powerful tool to study PE 

contribution to coronary vasculature. Our results show that proepicardial endothelial derivatives 

in early (HH23) PE quail-to-chick chimeras associate and/or incorporate to the nascent coronary 

vasculature, which at these stages is basically comprised of blood-perfused LC-FITC+ sinus 

venosus endocardium-derived vessels (prospective coronary veins). Later on (HH26-29), PE 

angioblasts are also found to contribute to LC-FITC- blood vessel segments, most especially in 

the ventricular walls. These findings might suggest that avian PE angioblasts significantly 

contribute to coronary endothelium during the early phases of coronary vascular development, 

but also that these endothelial cells, like extraembryonic ones (le Noble et al., 2004), are not 

originally committed to a venous or an arterial fate. Surprisingly, donor-derived endothelial cells 

(QH1+) in late chimeras (HH42) are more frequent in arterial (EphrinB2+/Notch1+) than in 

venous coronary endothelial domains (EphrinB2-/Notch1-), but it is not clear whether this is a 

consequence of primitive coronary endothelium remodelling or a time-dependent, 

developmentally-regulated restriction of proepicardial-derived endothelial fate. Unfortunately, 

the restricted availability of bona fide markers for avian venous endothelium prevents us from 

characterizing this phase of avian coronary development in more detail. 

In addition to sinus venosus endocardium and proepicardial angioblasts, studies in the 

mouse embryo have identified the ventricular endocardium as a third, relevant source of 

coronary endothelium (Wu et al., 2012; Zhang & Zhou, 2013). However, it is not known whether 

avian ventricular endocardium also participates in coronary vascular formation. To retrieve 

information on the coronary potential of ventricular endocardium, we grafted pieces of quail 

ventricles (H16-17) onto the cardiac surface of chick host embryos (HH16-17). Results from this 

experiment reveal that the majority of donor ventricular endocardial cells in early chimeras 

(HH23) migrate towards the cardiac lumen to mix with the host ventricular endocardium against 

the predicted endocardial-to-epicardial direction path. In later chimeras (HH28), donor-derived 

endocardium also displays a similar trend, but is also able to give rise to vascular structures in 

the outer ventricular wall. These findings demonstrate that avian ventricular endocardium has 

the potential to contribute to coronary endothelium, but it remains unclear whether the 

incorporation of ventricular endocardial cells to the forming coronary vessels is a passive 

phenomenon, depending on the complex events that take place during ventricular wall 
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trabeculation and maturation (Grego-Bessa et al., 2007; Luxán et al., 2013), or rather an active 

endothelial growth guided by chemotactic cues provided by adjacent tissues. 

As it can be inferred from the previous discussion, at least three different types of 

endothelia/endocardial cells contribute to the formation of primitive avian coronary endothelium: 

sinus venosus endocardium, ventricular endocardium and PE angioblasts. To further evaluate 

whether endothelial cells from the arterial pole of the heart could also be recruited to the 

developing coronary endothelium as recently suggested (Théveniau-Ruissy et al., 2016), we 

performed quail-to-chick distal outflow tract tissue homotopic transplantations. The analysis of 

this new type of chimeras reveals a significant, distal to proximal incorporation of endothelial 

cells to the peritruncal capillary plexus, i.e. the embryonic coronary domain that will eventually 

connect with the aortic lumen to form the right and left coronary arterial stems (Waldo et al., 

1990). Although the chemotactic signals that guide this migration are not know, the CXCL12-

CXCR4 axis, reported to be involved in the formation of coronary artery stems from peritruncal 

endothelial cells (Ivins et al., 2015), stands as a potential candidate. Since the donor grafts 

included cells from the subpharyngeal mesenchyme and the aortic sac endothelium, it is not 

possible to ascertain whether cardiac arterial pole-derived endothelial cells directly derive from 

the aortic sac endothelium or differentiate from the anterior/second secondary heart field (Kelly 

et al., 2001; Waldo et al., 2001). These results, which were further confirmed by DiO in vivo cell 

tracking experiments, identify a novel origin for at least part of peritruncal (prospective arterial) 

endothelial cells in the tissues surrounding the distal part of the cardiac outflow tract.  

The careful inspection of previously reported results on coronary embryonic 

development (Mikawa et al., 1992; Pérez-Pomares et al., 1998, 2002; Katz et al., 2012; Cano et 

al., 2016) suggests there are intrinsic differences in coronary morphogenesis between avians 

(chick and quail) and mammals (mouse). The most significant discrepancies between these 

species relate to the relative contribution of different endothelial sources to coronary blood 

vessel formation and the final location of large coronary arterial tracts in these vertebrate 

models. Regarding the origins of coronary endothelial cells, it has been shown elsewhere that 

extracardiac (proepicardial) endothelial contribution to coronary formation is quite extensive, 

while studies in mouse embryos restrict the proepicardial contribution to a rough 20% of 

coronary endothelial cells. We believe that the characteristic, early attachment of the avian 

proepicardium to the atrioventricular myocardium can explain this difference, as the avian 

proepicardium becomes a permanent path for the fast and continuous migration of extracardiac 

endothelial cells to the surface of the heart at the time of coronary morphogenesis. On the other 

hand, the definitive location of large coronary arterial vessels is also different in both animal 

models. While major coronary arteries run intramyocardially in mice, large avian coronary 

vessels are mostly subepicardial (Pérez-Pomares et al., 2016). We think that avian coronary 

artery formation is likely to involve an early subepicardial confinement of prospective coronary 

arterial endothelial cells, followed by a rapid stabilization of large arteries through the formation 

of their medial wall. On the contrary, we hypothesize that the depletion of coronary arterial 

endothelium throughout the ventricular wall is a more progressive event in the mouse embryo, 
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explaining the preferential intramyocardial location of major coronary arteries in this species. It 

is also possible that differential expression of chemotactic cues involved in coronary vascular 

formation occurs between mouse and avian embryos, but further research is necessary to 

confirm this point.  

In summary, our work indicates that the developing avian coronary vasculature recruits 

endothelial cells from the sinus venosus endocardium as well as from extracardiac sources at 

the venous (PE) and arterial (distal cardiac outflow tract) poles of the heart. PE and distal 

cardiac outflow tract-derived endothelial cells display significantly different behaviours, as PE 

endothelial cells incorporate to both prospective venous and arterial endothelium while distal 

cardiac outflow tract endothelial cells preferentially join to the peritruncal coronary arterial 

endothelium. Moreover, we have confirmed the coronary vascular potential of ventricular 

endocardium. Although our work does not exclude a possible transdifferentiation of venous 

endothelial cells into arterial ones (Red-Horse et al., 2010), it clearly shows that the early 

coronary vasculature is an ontogenetically heterogeneous group of blood vessels requiring the 

contribution of various endothelial cell populations (Fig.6m). Then, we also report that only a 

part of the vascular networks that form during early coronary development are connected to the 

systemic blood flow. Such primitive coronary blood vessels grow independently from other 

segments of the developing vasculature which are not connected to systemic blood circulation. 

These two types of primitive coronary vascular networks seem to assemble just before 

prospective coronary arteries connect to the aortic root, i.e. before a complete coronary blood 

circuitry is established (Pérez-Pomares et al., 2016). Our work provides new data on the cellular 

mechanisms that participate in normal coronary blood vessel development, and might help us to 

increase our understanding of the etiology of coronary congenital anomalies. 

 

 

Experimental Procedures 

 

Quail and chick embryos 

 The animals used in our research program were handled in compliance with the 

international guidelines (1964 Declaration of Helsinki) for animal care and welfare. Experimental 

procedures have been revised and approved by the Ethics Committee at the University of 

Málaga. Eggs were kept in a rocking incubator at 38ºC. Embryos were staged according to the 

Hamburger and Hamilton stages of chick development (Hamburger & Hamilton, 1951). Routine 

tissue inspection of the samples was performed using hematoxylin-eosin staining. 

 

Lens culinaris (LC) lectin injections 

Around 1µl of undiluted FITC-conjugated Lens culinaris agglutinin (VECTOR FL1041) 

was microinjected into the embryonic vasculature of avian embryos via vitelline veins (HH17-26) 

or allantoic veins (HH29) (Jilani et al., 2003). Injected embryos were re-incubated for 10 
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minutes, excised and fixed in 4%PFA overnight/4ºC and processed for immunohistochemistry 

as described. At least 10 embryos were injected per each stage. 

 

Quail to chick chimeras 

Quail donor embryos were incubated until stages HH16-17, excised, and washed in 

sterile PBS. For proepicardial transplantations (15 chimeras), quail proepicardia were carefully 

dissected using tungsten needles, small iridectomy forceps and scissors and transplanted into 

prospective pericardial cavity, close to the inner curvature of HH16-17 (60 hours of incubation) 

chick embryo host hearts. For the endocardial chimeras (7 chimeras), HH16-17 quail ventricles 

were isolated and opened in sterile PBS, and then grafted into the prospective pericardial cavity 

with the quail endocardium facing to the chick myocardium of HH16-17 chick embryos. Some 

PE and ventricular chimeras were injected with LC-FITC 2 days (HH23-24) and 4 days (HH29) 

after surgery. Distal cardiac outflow tract chimeras (6 chimeras) were constructed homotopically 

grafting small quail tissue pieces from the upper distal outflow tract of HH18-19 quail embryos 

into HH17-18 chick hosts. All chimeras were typically fixed 24-48 hours after transplantation. I 

all cases embryos were isolated, washed in PBS and fixed in PFA (4%) overnight at 4ºC. 

Samples were dehydrated in a graded series of ethanol, cleared in butanol, embedded in 

Paraplast (56ºC), sectioned (10µm) and mounted on microscope slides (MENZEL-GLÄSER). 

The relative PE-derived endothelial cell contribution to prospective venous versus non-venous 

ventricular domains was calculated as the percentage of QH1+/LC-FITC+ cells with respect to 

the total number of QH1+ cells (QH1+/LC-FITC+ & QH1+/LC-FITC-) using the IMARIS software. 

In total, four HH28-29 chimeras were inspected and counts were carried out in 5 histological 

sections per chimera (the minimal distance between sections was 50µm). 

 

DiO cell tracking 

To trace cardiac arterial pole endothelial cells, 3,3′-Dioctadecyloxacarbocyanine 

perchlorate (DiO, SIGMA D1554) in vivo cell stainings were carried out in eight chick embryos. 

In detail, a micromanipulator (Narishige) was used to hold a single DiO crystal next to the 

uppermost part of the distal outflow tract of HH18-19 chick embryos for 45 seconds. Then the 

DiO was removed, the eggs sealed with Scotch tape, and reincubated for 48 hours. Embryos 

were fixed in 1%PFA, cryopreserved in sucrose (15-30%), embedded in OCT resin (TissueTek) 

and sectioned in a cryostat (10µm). 

 

Immunohistochemistry 

Immunohistochemical characterization of donor-derived chimeric tissues was performed 

using the QH1 antibody, a known quail endothelial cell marker. Single QH1 

immunofluorescence on tissue sections was performed by blocking non-specific binding sites 

with SBT and incubating the slides in the primary QH1 antibody (1/100 diluted, DSHB) overnight 

at 4ºC. Then, the slides were washed in TPBS solution (3x5 minutes) and incubated for 2 hours 

at room temperature in Cy5 AffiniPure Donkey Anti-Mouse IgG (1/200 diluted, Jackson 715-175-
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150). Double QH1-cTnT immunofluorescence on sections was performed with the same 

protocol previously described, using QH1 (1/100 diluted, DSHB) and cardiac troponin cTnT1 

(1/100 diluted, Santa Cruz 15368) as primary antibodies. Alexa Fluor® 647 AffiniPure Donkey 

Anti-Rabbit IgG (1/200 diluted, Jackson 711-605-152) and TRITC-conjugated Goat Anti-Mouse 

IgG (1/200 diluted, Sigma T5393) were used as secondary antibodies. Optional nuclear DAPI 

(1/2000 diluted, Sigma D9542) counterstaining was performed. Finally, the slides were mounted 

and analyzed under a LEICA SP5 laser confocal microscope. 

For whole-mount QH1 staining, whole hearts were isolated in PBS and fixed in PFA 

(4%) overnight at 4ºC. Samples were washed in PBS (3x30’), incubated in SBT (2 hours at 4ºC) 

and incubated in QH1 primary antibody (1/100 diluted, DSHB) overnight at 4ºC. Samples were 

washed in PBS (3x30’) and incubated in Cy5 AffiniPure Donkey Anti-Mouse IgG (1/200 diluted, 

Jackson 715-175-150) and DAPI (1/2000 diluted, Sigma D9542) for 5 hours at 4ºC. Finally, the 

samples were washed in PBS (3x30’) before analysis under a LEICA SP5 laser confocal 

microscope. All the incubations were done on an orbital shaker. 

 

In situ hybridization 

In situ hybridization was performed as previously described (Kruithof et al., 2006). The 

embryos were sectioned at 10µm, deparaffinized, rehydrated in a graded series of alcohol and 

incubated with 10mg/ml proteinase K dissolved in PBS for 15min at 37ºC. The proteinase K 

activity was blocked by rinsing the sections in 0.2% glycinein PBST (PBS + 0.05%Tween-20) for 

5min. After rinsing in PBS, the sections were post-fixed for 10 min in 4% PFA and 0.2% 

glutaraldehyde in PBS, followed by rinsing in PBS. After pre-hybridization for at least 1h at 70ºC 

in hybridization mix: 50%formamide, 5 X SSC (20 X SSC, 3M NaCl, 0.3M tri-sodium citrate, 

pH4.5),1% blocking solution (Roche), 5mM EDTA, 0.1% 3-[(3-cholamidopropyl) 

dimethylammonio]-1-pro panesulfonate (SIGMA), 0.5mg/ml heparin (BD Biosciences), and 

1mg/ml yeast total RNA (Roche),digoxigenin(DIG)-labeled EphrinB2 or Notch1 probe was 

added to the hybridization mix to a final concentration of 1ng/ml.  
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Figure and table legends 

 

Figure 1. Early avian coronary vasculature forms from sinus venosus endocardium and 

proepicardial (PE) angioblasts.  A-C. Quail embryos (HH17; HH21-23; HH28-29, respectively) 

were injected with FITC-conjugated L. culinaris lectin (LC-FITC) before fixation as shown. D-E. 

Before attaching to the myocardium (HH17), the PE contains QH1+/LC-FITC- angioblasts (red, 

arrowheads). Both the sinus venosus and ventricular endocardium are QH1+/LC-FITC+ (yellow). 

F-G. At HH21 the primitive epicardium and subepicardial space are formed. G-G’. Sinus 

venosus endocardial sprouts (G, arrow, magnified in G’); only the tip-like cells in these sprouts 

remain LC-FITC- (G’, arrow). H. At HH26, sinus venosus endocardial sprouts (arrow) growing 

into the subepicardial matrix are connected with the systemic circulation (LC-FITC+); 

Subepicardial QH1+/LC-FITC- angioblasts are also frequent (G, H, red, arrowheads). I-L. 

Transverse sections of HH23 hearts (J-L) show sinus venosus derivatives (QH1+/LC-FITC+, 

yellow, arrows) in the subepicardial space. M-P. Ventricular transverse sections illustrate the 

presence of both perfused subepicardial (QH1+/LC-FITC+, yellow, arrows) and non-perfused 

intramyocardial (QH1+/LC-FITC-, red, arrowheads) vascular structures in the ventricular wall 

from HH23. Q-T. At HH28-29 QH1+/LC-FITC+ (yellow, arrows) are mostly found in the 

myocardium; QH1+/LC-FITC- vascular structures are intramyocardial (R, T, arrowheads). Cell 

nuclei were counterstained with DAPI (blue). Abbreviations: AVC: atrio-ventricular canal; End; 

endocardium; Ep: epicardium; Li: liver; SE: subepicardium; SV: sinus venosus; SVE; sinus 

venosus endocardium; V: ventricle; VM; ventricular myocardium. Scale bars: A-G, H-T: 50 µm; 

G’: 20µm. 

 
Figure 2. Whole heart staining confirms early avian coronary vasculature is composed of 

two different endothelial networks. A-C. HH23 quail heart, dorsal (A-B) and ventral (C) 

views. Blood-perfused QH1+/LC-FITC+ endocardial sprouts from the sinus venosus (large boxed 

area in A, magnified in B) grow over the dorsal ventricular wall, coinciding in space and time 

with non-perfused QH1+/LC-FITC- vasculogenic chords (small boxed area in A, magnified in A’). 

QH1+/LC-FITC+ primitive coronary vessels (B, arrows) interact with QH1+/LC-FITC- cells (B, 

arrowheads). At this stage, the ventral ventricular wall is poorly vascularized, but QH1+/LC-

FITC- angioblasts (arrowheads) and vascular cords (boxed area, magnified in C’) are 

conspicuous. D-J. HH28-29 quail heart, dorsal (D-E), ventral (F) and cranial (G-J) views. In the 

dorsal ventricular wall QH1+/LC-FITC+ blood vessels have extended from the base of the heart 

towards the cardiac apex. Note that some QH1+/LC-FITC- vascular structures (arrowheads) also 

grow in the same direction. The boxed area in D is magnified in E to show the formation of small 

vascular shunts between perfused (QH1+/LC-FITC+) and non-perfused (QH1+/LC-FITC-) 

coronary blood vessels (E, arrowheads). In the ventral wall, QH1+/LC-FITC+ vessels grow 

laterally following the AV canal (F, arrows) while QH1+/LC-FITC- peritruncal vascular structures 

extend to the ventricular walls (F, arrowheads). Cranial view shows dorsal and ventral 

developing coronary vessels are not connected. The small boxed area in G (magnified in I, J) 
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show dorsal vessels include perfused (arrows) and non-perfused (arrowheads) vascular 

segments. The ventral, peritruncal blood vessels at the base of the cardiac outflow tract (G, 

large boxed area, magnified in H) are mostly QH1+/LC-FITC- (H, arrowheads). K-N. Whole 

mount immunostainings of HH28-29 hearts show coronary blood vessel arrangement along the 

arterial pole of the heart (the dashed lines in K mark the levels shown in sections L-N). Note 

that the majority of these peritruncal and arterial pole vessels are not perfused by LC-FITC (red, 

arrowheads). Cell nuclei are counterstained with DAPI (blue). Abbreviations: Ao: Aorta; CV: 

coronary vein; LA: left atrium; LAVC: left atrioventricular canal; LV: left ventricle; OFT: outflow 

tract; Pu: pulmonary artery; RA: right atrium; RAVC: right atrioventricular channel; RV: right 

ventricle; SV: sinus venosus. Scale bars: A-C, D, F, G, H: 100 µm; E, I, J: 50 µm; K: 300 µm; 

L-N: 200 µm. 

 

Figure 3. Proepicardial contribution to avian coronary development. A-A’’. Quail-to-chick 

proepicardial chimeras were constructed (A) and intravascularly injected with LC-FITC at 

different developmental stages (A’, A’’). In B-G the outer epicardial surface and the 

subepicardial-myocardial transition are indicated with dotted and dashed lines, respectively. B-

C. Donor proepicardial derivatives (QH1+) at the base of the heart (HH23-24) locate either on 

the outer surface of nascent QH1-/LC-FITC+ host-derived coronary vessels (B, red, arrowheads) 

or have mixed with host endothelium to form subepicardial and intramyocardial blood-perfused 

(LC-FITC+) chimeric vessels (C, yellow, arrows). D. Apical sections of HH23-24 chimeric 

ventricles show donor proepicardial-derived cells forming primitive vascular cords in the 

subepicardium (red, arrowheads); the compact ventricular myocardial is not vascularized. E. At 

HH26, most donor proepicardial-derived cells (QH1+) locate subepicardially, forming blood-

perfused (LC-FITC+) coronary vessels (yellow, arrows). Some of these cells remain isolated 

forming vascular structures disconnected from systemic blood flow (red, arrowheads). F-G. At 

HH28-29, donor proepicardial-derived cells contribute to blood-perfused (QH1+/LC-FITC+, 

yellow, arrows) and non-perfused (QH1+/LC-FITC-, red, arrowheads) coronary vessels (the 

vessels marked with asterisks in F are magnified in G). H-I’. Whole mount stainings of HH28-29 

quail-to-chick chimeras allow for the immediate identification of proepicardial endothelial 

derivative incorporation to developing coronary vessels. In H (ventral view) QH1+/LC-FITC- 

vessels are conspicuous in the ventricles and the aortic and pulmonary root (arrowheads). Note 

that no donor-derived endothelial cells are found distally to the truncus (dotted lines in H, H’). In 

I (dorsal view) prospective coronary veins (LC-FITC+) are found connected to the sinus 

venosus; the boxed area in I is magnified in I’ to show donor-derived cells (QH1+) in these 

vessels (arrowheads). J-M’. Arterial endothelial markers EphrinB2 and Notch1 are expressed in 

late (HH42) coronary arteries but not veins (J). Stage-matched chimeras (HH42) display donor 

proepicardial-derived cells (QH1+, green) overlapping (K’, L’, M’) with the endothelium of right 

coronary artery stem (i, EphrinB2+ mRNA+, purple) and major arterial coronary vessels (L’, M’, 

Notch1+ mRNA+, purple). Abbreviations: Ao: aorta; CA: coronary artery; CV: coronary vein; 

End: endocardium; Ep: epicardium; LA: left atrium; LV: left ventricle; Pu: pulmonary artery; RA: 
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right atrium; RCA: right coronary artery; RV: right ventricle; SV: sinus venosus; VM: ventricular 

myocardium. Scale bars: B, F, G: 50 µm; C: 100 µm; D: 25 µm; E: 30 µm; H,I: 300 µm; H’, I’: 

50 µm; J, K, K’, L, L’: 25 µm; M, M’: 15 µm. 
 

Figure 4. Ventricular endocardium has the potential to contribute to coronary vessel 

formation. A-N. Quail-to-chick proepicardial (A) and ventricular chimeras (H) are compared. B-

G. From HH23 (B-D) to HH28-29 (E-G) donor proepicardial-derived vascular cells (QH1+, red, 

arrows) progressively vascularize the subepicardium and myocardium of ventricular walls. 

Lectin intravascular injections were used to counterstain the endocardium (LC-FITC+, green, 

arrows). I-N. Early ventricular chimeras (I-K, HH23) show a fast incorporation of donor 

ventricular endocardium-derived vascular cells (QH1+, red, arrowheads) to the host ventricular 

endocardium (LC-FITC+, green, arrowheads). In late chimeras (L-N, HH28-29) donor ventricular 

endocardium-derived vascular cells also incorporate to the host endocardium (QH1+/LC-FITC+, 

yellow, arrowheads), but some of them remain in the compact ventricular myocardium forming 

vascular structures that are disconnected from the blood flow (QH1+/LC-FITC-, red, 

arrowheads). The boxed area in L-N has been magnified to show these structures in detail. 

Abbreviations: CVM: compact ventricular myocardium; End: endocardium; Ep: epicardium. 

Scale bars: 50 µm. 

 
Figure 5. Distal cardiac outflow tract (OFT) endothelial cells contribute to coronary 

vascular development. A. To test the potential contribution of distal cardiac OFT endothelial 

cells (boxed area in A, left) to coronary vascularization, DiO and homotopic quail-to-chick 

transplantations (A, middle) were performed and cells were tracked as indicated (A, right). B-

H’’. Control DiO stainings of the distal cardiac OFT show the stain is originally restricted to this 

area (B, C, arrows). After 48 hours DiO tagged cells concentrate at the proximal cardiac outflow 

tract (D, green, arrowheads). Tissue sections confirm this staining pattern (compare E with F-

H’’). Endothelial cells (VEGFR2+, red) close to the aortic sac (G, arrowheads) are in continuity 

with DiO+ (green) endothelial cells (VEGFR2+, red) of the OFT walls (H-H’’, arrowheads). The 

region of the heart shown in J-L is boxed in I. J. The peritruncal capillary plexus is patent at 

stages HH32-33. K-L. Cardiac distal outflow tract-derived endothelial cell incorporation to the 

forming peritruncal plexus was tracked using distal cardiac outflow tract homotopic quail-to-

chick transplantations (see also A, middle). Donor-derived QH1+ endothelial cells (green) 

incorporate to the aortic root, just at the level of the forming ventriculo-arterial valves (K, 

arrowheads). Some of these cells penetrate the valvular walls (L, arrowheads). M. A model for 

the integration of different coronary endothelial cell populations is shown. Abbreviations: A: 

atrium; Ao: aorta; dOFT: distal cardiac outflow tract; LA: left atrium; LV: left ventricle; OFT: 

cardiac outflow tract; PE: proepicardium; Pu: pulmonary artery; RA: right atrium; RV: right 

ventricle; SV: sinus venosus; V: ventricle; Scale bars: B: 500 µm; C: 100 µm; d: 50 µm; E, F: 

100 µm; G, H, H’, H’’: 35 µm; J: 200 µm; K:100 µm; L: 20 µm. 
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Table 1. Endothelial cells from different sources contribute to distinct domains of the 

developing coronary vascular tree. Endothelial cell contribution to developing coronary 

vessels is indicated (+) for each transplantation method. In all cases, blood vessels are 

identified as connected to or disconnected from the systemic circulation by their staining after 

Lens culinaris-FITC intravascular injection (LC-FITC+ and LC-FITC-, respectively).  

 

 

Table 1 

 

 

Method 

 

Donor endothelial cells 

(QH1
+
)  in vessels 

connected to the 

systemic flow (LC-

FITC+) 

 

Donor endothelial cells 

(QH1
+
)  in vessels 

disconnected to the 

systemic flow (LC-FITC-) 

 

Donor endothelial cells 

(QH1
+
)  in the 

endocardium (LC-

FITC+) 

Quail proepicardial chimeras + + - 

Quail ventricular chimeras + + + 

Quail distal cardiac outflow 

tract chimeras 

- + - 
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