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Abstract

Although considerable advances in our understanding of mammalian and avian embryonic
coronary development have occurred during the last decade, our current knowledge of this topic in
humans is limited. Accordingly, the aim of this study was to determine if the development of the
human coronary vasculature in humans is like that of other mammals and avians. The data
document a progression of events involving mesenchymal cell-containing villi from the
proepicardium, establishment of blood islands and a capillary network. The major finding of the
study is direct evidence that the capillary plexus associated with spindle cells and erythroblasts
invades the base of the aorta to form coronary ostia. A role for the dorsal mesocardium is also
indicated by the finding that cells from this region are continuous with the aorta and pulmonary
artery. The development of the tunica media of the coronary arteries follows the same base-apex
progression as in other species, with the development of branches occurring late in the embryonic
period. The fetal period is characterized by 1) growth and a numerical increase in the smallest
arterial branches, veins and venules, 2) innervation of arteries, 3) inclusion of elastic fibers in the
tunica media of the coronary arteries and development of the tunica adventitia. In conclusion, the
data demonstrate that the development of the coronary system in humans is similar to that of other
mammalian and avian species, and for the first time documents that the formation of the ostia and
coronary stems in humans occurs by ingrowth of a vascular plexus and associated cells from the
epicardium.
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INTRODUCTION

During the last two decades our knowledge concerning the development of coronary vessels
in experimental animals has greatly increased. For example, numerous growth factor
signaling mechanisms and the roles of progenitor cells have been identified (reviewed in
Tomanek, 2013; Dyer, et al., 2014). It is now well-known that the epicardium is derived
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from the proepicardium in both avian and mammalian species. In mice, proepicardial cells
are derived from the septum transversum, adjacent to the sinoatrial junction and form a
continuous mesothelial sheet, the epicardium (Viragh and Challice, 1981). That the cells
forming the coronary vessels derive from independent precursors that migrate to the heart
with the developing epicardium was documented in embryonic chicks (Mikawa and
Fischman, 1992; Mikawa and Gourdie, 1996). Moreover, epicardial cells are involved in
numerous signaling pathways that influence formation of coronary vessels (reviewed in
Pérez-Pomares and de la Pompa, 2011).

Recently Wu, et al., (2013) established that Thx18, a T-box family member, is expressed in
the proepicardium and controls key steps in the coronary development in mice. Moreover,
the formation of the coronary ostia and stems by an ingrowth of capillaries and progenitor
cells from extracardiac sources into the aorta has been documented in quail (Bogers et al.,
1989), chick (Waldo, et al., 1990), rat (Tomanek, et al., 1996; Ratajska and Fieka, 1999) and
mouse (Tian, et. al., 2013a, 2013b). The findings from these experimental animal models
indicate that the coronary vasculature forms by an elaborate process involving
vasculogenesis, angiogenesis and arteriogenesis.

In contrast, our understanding of this topic in humans remains very limited. During the
1970s, blood islands, capillary growth and the pattern of vascularization on the surface of
the human heart were described (Obrucnik, et al., 1972; Rychter, et al., 1975; Lichnovsky, et
al., 1978). A decade later Hirakow (1983) studied 52 embryos from the Kyoto University
collection and reported that the middle cardiac vein is present at stage (S) 16, i.e., about 37
days, and that the coronary ostia and stems develop between S18 and S19 (during the 6
week). A description of cell groups at the atrioventricular junction and subepicardium along
with “vascular buds” were reported by Conte and Pellegrini (1984). Both Hutchins et. al.
(1988), who studied the Carnegie collection, and Mandarin-de-Lacerda (1990), who
examined the Paris Embryonic Collection, confirmed the earlier findings of Hirakow.
Subsequently, Hirakow (1992) delineated the formation of the epicardium and its associated
villous protrusions of mesothelial cells.

Formation of coronary arteries was believed to occur by the formation of sprouts at the sites
of the coronary ostia, i.e., an outgrowth from the aorta (Hirakow, 1983; Boucek, et al., 1984;
Conte and Pellegini, 1984). In retrospect, one can understand this assumption, because these
investigators did not find a communication between the artery and preformed vascular
channels in the myocardium at the time of coronary artery stem formation. This assumption
was later questioned by Bogers and colleagues (1988). They examined human and rat
embryos, and noted that “a coronary orifice was never seen in the absence of a proximal
coronary artery.” Based on their observations, they concluded that the existing theories
regarding proximal coronary artery development, which mainly assumed an outgrowth of
the arteries, were inadequate to explain their observations. Subsequently, using serial
sections, these investigators were able to show that the coronary ostia were formed by
ingrowth of a capillary plexus in quail embryos (Bogers, et al, 1989).

The use of digitized microscopic images during the last two decades has facilitated our study
of serially-sectioned organs, enabling better detail of various components. Accordingly, the
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current study utilized microscopic slides from the Carnegie Collection in order to 1)
elucidate the sequence of events that constitute the development of the human coronary
vasculature and 2) compare these events to those noted in experimental animal models. A
major objective of this study was to determine if mesenchymal cell-containing villi from the
proepicardium are the primary source of cells that form the coronary vasculature and that the
coronary ostia form by an ingrowth of a capillary plexus. A second objective of this study
was to elucidate the growth of the coronary vasculature in the fetus based on the slides from
the Patten collection.

MATERIALS AND METHODS

RESULTS

The data in this study are based on digitized images from embryonic (Carnegie Collection)
and fetal (Patten Collection) hearts archived at the National Museum of Health and
Medicine, Silver Springs, MD. Histological serial sections from a total of 79 hearts were
examined and selected images were digitized. The number of embryonic hearts studied from
various stages (S) was as follows: S15 -5, S16 — 8, S17 -7, S18 — 10, S19 -9, S20 - 8, S21
—7,S22 -6, S23 — 6. The number of fetal hearts studied at 12-13, 15-16, 18-19 and 26-30
weeks was 5, 4, 2 and 2 respectively. Embryonic “stages” in the Carnegie Collection are
based on the morphological state of development and therefore not on chronological age.
Similarly, fetal age of specimens in the Patten Collection is also an estimate based on the
morphological state of development.

The specimens used for figures that were digitized from the from the Carnegie Collection
are: Fig. 1 A& B -3512, C-6931, D -5515. Fig. 2 A, B & C - 6520, D — 6521. Fig. 3A -
613, B — 6529. Fig. 4 A — 6528, B — 4430, C — 4480, D - 4430. Fig. 5 A -432,B-9113,C
& D -8965. Fig. 6 A & B — 6426, C— 7272, D & E — 9614, F — 4960. Fig. TA-782,B —
4289. Those from the Patten Collection are: Fig. 8 A-D — 853. Fig. 9 — 318. Fig. 10A — 318,
B - 433. Fig. 11 — 838. Fig. 12A & B — 831. Most of the sections were stained with
hematoxylin and eosin. Usage of other stains is indicated in the Figure legends.

Table 1 provides some characteristics of the embryonic heart at Carnegie Stages (S) 13-23.
Carnegie Stages are based on Streeter’s definitive classification of human embryos with
regard to their characteristics rather than age (Streeter, 1942). S23 was considered the end of
the embryonic period as defined by the onset of marrow formation in the humerus (Streeter,
1951). The formation of the coronary vasculature is initiated at the time of septation of the
truncus arteriosus, which begins at S14 — S15 and is completed at S16 (Orts-Llorca, et al.,
1982).

Events Preceding Formation of Coronary Arteries

At S15 and S16 (34 and 37 days) two key structures are evident in all specimens: blood
islands at the atrioventricular and interventricular grooves, and epicardial atrioventricular
cushions, a term used in this study to denote the thickened portion of the subepicardium that
is characteristic of this region (Figure 1). The latter contains a network of loose cells,
including mesothelial cells and erythroblasts, which are associated with the formation of the
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coronary ostia, and the two coronary artery stems, processes that occur between S17 and
S19 (days 41 and 48). Epicardial atrioventricular cushions, as well as the epicardium, are
derived from proepicardial villi; a portion of one is seen in Figure 1D). Villi are projections
of the proepicardium that attach to the dorsal surface of the heart and form the epicardium.
The epicardial cushions at the atrioventricular groove are thicker persist throughout the
embryonic period. The ventricles contain both spongy and compact myocardium and the
subepicardium displays expanded regions, which contain various cell types and some
capillaries. The subepicardium is the main site of blood islands (Figure 1B,C). Endothelial
cell precursors migrate to the subepicardium, as shown in animal models (Mikawa and
Fischman, 1992; Mikawa and Gourdie, 1996), and are the source endothelial cells that form
a vascular network in the compact myocardium (reviewed in Tomanek, 2013).

By S17 (41 days) the compact regions of the ventricles are thicker, as seen in Figure 2,
compared to S15 (Figure 1A, B). The epicardial cushions at the atrioventricular groove
contain not only spindle-shaped mesothelial cells, erythroblasts, but also blood islands
(Figure 2B). Blood islands, as seen in Figure 2D, are located throughout the subepicardium,
and consist of erythroblasts and spindle-shaped mesothelial cells. They extend to the aortic-
ventricular junction, where the coronary ostia and coronary stems form, a process initiated at
S17. The endocardial cushions are aligned with the atrioventricular grooves (Figure 2A, B,
C). Separation of the atrial and ventricular myocardium in the human heart begins during the
seventh week of development and provides insulation between the chambers (Wessels, et al.,
1996). Therefore, the formation of the coronary ostia, as documented here, occurs
concurrently with atrial-ventricular septation. The epicardial cushions, adjacent to the
endothelial cushions, are also in proximity of the sinus venosus Figure 2A). They persist
throughout the period of arterial stem formation, which is completed by S19 in all hearts
observed in this study, and throughout embryonic development (up to S23). They contain
the precursors of a capillary system that originates in this region.

Formation of the ostia and coronary arteries

The formation of coronary ostia and coronary artery stems has been shown in various
mammalian and avian species to occur via ingrowth of a capillary network, and has been
suggested to occur in humans as well. Here | show, for the first time, that in the human
heart, cells and capillaries from the villus are seen penetrating the aortic root, thus forming a
coronary ostium similar to that seen in experimental animals. The presence of capillaries in
the epicardial cushions becomes clear at S17 (Figure 3A), and by S18 the capillary and cell
network invades the aortic wall (Figure 3B). Erythroblasts are also included in the cell
network that invades the aorta. Note, as seen in Figure 3B, that the endothelium of the aorta
is still intact at this point in time.

A portion of the dorsal mesocardium remains attached to the outflow tract in S18 (44 days)
hearts, where various cell types are continuous with the external tunic of the truncus
arteriosus (Figure 4A). A loose cell network and blood islands between the aorta and
pulmonary artery is seen, and persists during later time periods (Figure 4C, D). The presence
of a single (left) coronary artery was seen in 4 of 6 hearts, that were sectioned at the aortic
root, at S18 (Figure 4B) and both left and right arteries were noted in all S19 specimens. As
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in other mammalian and avian species, cells exterior to the aorta are required for the
formation of the two ostia and coronary arteries in the human heart. The sites where the ostia
form (above the left and right aortic cusps) the subepicardium remains wide and is rich in
erythroblasts and spindle-shaped cells (Figures 4B and 5B). The forming coronary artery
stem passes through this enlarged subepicardium (subepicardial cushion) at the
atrioventricular groove (Figures 4B and 5B).

Newly formed coronary ostia and stems (Figure 5A, B) consist of a single layer of vascular
smooth muscle cells (VSMC). With the formation of coronary ostia and the onset of
coronary flow, the capillary bed is dilated and more readily observed (5D). Recruitment and
assembly of VSMC occurs first at the ostium and progresses distally as seen in Figure 6A,
B. These micrographs illustrate that, at S19, VSMCs have yet to be recruited to the branches
of the main coronary arteries. However, far removed from the atrioventricular groove,
another site of angiogenesis occurs at the apex of the heart, in the interventricular groove, as
first noted by the presence of a blood island (Figure 5C).

By S20, subepicardial venules and veins are more characteristic (Figure 6C, D). However,
the veins have not yet developed a tunica media. They are joined to the vascular plexus, that
originates in the subepicardium, as well as to the sinus venosus. Formation of the left
anterior descending artery in the interventricular groove at the heart’s apex is documented
from an S21 specimen in figure 6E. This is the site where a blood island is found at earlier
stages (Figure 5C). Thus, VSMC incorporation into this major coronary artery extends
distally to the apex by S21. This stage is also characterized by the appearance of nerve
bundles at the aortic root (6F). At this stage, and later, dark cells, shown to be chromaffin
cells with nerve fibers that innervate the coronary arteries (Gardner and O’Rahilly, 1976;
Pauza, et al., 2000), are often present (not shown here but seen in Figure 7B).

Final stages of the embryonic period (S22 and S23)

Following the establishment of coronary ostia and coronary circulation, several
morphological changes occur in a short period of time, i.e., about 3 days. First the compact
portions of the two ventricles expand. Second, coronary artery branches begin developing a
tunica media (Figure 7A), and the main coronary arteries develop a partial second layer of
VSMC in their proximal portions. Some small branches begin to take a transmural course,
but remain limited close to the epicardium. Third, nerves with associated chromaffin
(ganglionic) cells course along the aorta (Figures 7B).

Coronary development during the fetal period

Vessel maturation is a key characteristic of the fetal period. Between the end of the
embryonic period (8 weeks) and 12 weeks, or one month into the fetal period, the major
coronary arteries increase both their luminal diameters and the thickness of the tunica media
(Figure 8A-D). Medial development of smaller arteries has occurred and larger veins have a
distinct tunica media (Figure 8C, D). The number of veins, venules, arteries and arterioles
has greatly increased. By 16 weeks the transmural arteries and arterioles are well-developed
(Figure 9), in response to the thickening of the compact region of the ventricle. Other
characteristics include increases in the density of epicardial vessels, especially in the apical
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region of the ventricles, and in the number of nerve branches associated with innervation of
the coronary arteries (Figure 10).

In hearts of 18-19 week fetuses transmural veins are more numerous and larger than those
observed in their 16 week counterparts (Figure 11). A later fetal period (26—-30 weeks) is
characterized by the inclusion of elastic fibers and expansion of the tunica adventitia in the
main coronary arteries. As seen in Figure 12, the thickness of the tunica adventitia, by this
stage, exceeds that of the media (Figure 12). Thus, between the 16 and 18-19t" weeks the
coronary arteries and veins increase in number and develop a thicker tunica media. Then the
arteries undergo maturation, involving the addition of elastic fibers and expansion of the
tunica adventitia, as noted in third trimester (26—30 week) fetuses.

DISCUSSION

This study is the first to document the time course of coronary vascular development in the
human embryo and fetus and supports three important conclusions. First, the coronary ostia
form by an ingrowth of capillaries and spindle cells from epicardial cushions that are
derived from the proepicardium. Proepicardial villi preferentially target the atrioventricular
groove and the aortic root. This evidence indicates that human coronary ostia formation is
virtually identical to that of other mammalian and avian species. Second, a role for the
mesocardium in coronary development is suggested by the continuity of cells of the dorsal
thoracic wall and those surrounding the aorta and pulmonary artery. Third, erythroblasts
appear to play a key role in the formation of coronary vessels, as evidenced not only in their
presence in blood islands, but also as free cells associated with the formation of the coronary
ostia and arterial stems. A recent study on mice (Jankowska-Steifer et al., 2015), based on
immunohistochemical and ultrastructural methods, found that the blood islands in the
subepicardium of interventricular sulci consist of both vasculogenic and hematopoietic
progenitors and macrophages. The latter would appear to be necessary for the penetration of
endothelial and other cell types that form the coronary ostia. Thus, blood islands contribute
to both the formation of the early cardiac vascular tubes and to the establishment of coronary
ostia and stems.

Summary of events comprising coronary vessel formation

A review of prenatal coronary morphogenesis (Tomanek, 2013, pp.25-46) provides some
details that pertain to the events described in this study. The proepicardium and the sinus
venosus region provide the precursor cells required for the formation of coronary tree. Villi
from the proepicardium attach to the dorsal surface of the heart and form the epicardium.
Mesothelial cells under the epicardium contribute to the formation of the early vascular
plexus by the process of vasculogenesis, i.e., the assembly of cells to form vascular
channels, which grow by establishing branches and extending the vessels (angiogenesis).
One of the regions of the vascular plexus surrounds the aortic root and provides cells that
penetrate the great vessel to establish the two coronary ostia. The recruitment of vascular
smooth muscle cells enables the establishment of the main coronary arteries (arteriogenesis),
a process that occurs in a base to apex direction. An important concurrent event is the
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remodeling of the vascular bed to enable blood flow from the coronary arteries through the
capillaries and into the venous system.

Pericardial villi and the dorsal mesocardium

There is ample evidence that proepicardial cells in both avian and mammalian models reach
the dorsal surface of the heart, via multicellular villous projections, where they proliferate
and spread over the surface of the heart (reviewed in Tomanek, 2013; Dyer et al., 2014).
More than two decades ago Manner (1992) found that the chick coelomic epithelium of the
ventral wall of the sinus venosus forms villous protrusions that contact the dorsal wall of the
heart to form a secondary dorsal mesocardium (a connection between the ventral wall of the
sinus venosus and the dorsal surface of the heart). He then reported that the attachments of
the secondary dorsal mesocardium form the epicardium (Ménner, 1993). Subsequently it
was found that mesothelial cells of the septum transversum are components of the
epicardium and subepicardium in the mice (Komiyama et al., 1987) and rats (Van den
Eijnde et al., 1995). Colonization of proepicardial cells in the developing avian heart were
shown to occur via a bridge from the posterior thoracic wall (Nahirney et al., 2003). Nesbitt
and colleagues (2006) then found that a direct attachment of these cells to the heart in rats
occurs in a manner similar to that documented in avians. A direct contact of the multicellular
proepicardial villi with the myocardium to form the epicardium has also been established in
mice (Rodgers et al., 2008).

As seen in Figure 1D, the villus at the atrioventricular groove has a mesothelial outer layer
and an inner core of mesenchymal cells, as has been described in various species (reviewed
in Tomanek, 2013). Some epicardial cells undergo epithelial-mesenchymal transition and
differentiate into various lineages. These cells, along with those of the villus core invade the
myocardium and contribute to the formation of the coronary vasculature. A subpopulation of
these cells selectively migrates to the base of the aorta where they contribute to the
formation of the coronary ostia. As seen in Figure 3, a capillary plexus and erythroblasts
penetrate the aorta, a phenomenon that is similar to that which occurs in other mammals and
in avians. In humans, the mesothelial cells of the villous protrusions migrate to form the
epicardium between stages S12 — S16 (Hirakow, 1992).

Importance of atrioventricular groove

Villous protrusions have been found to contact the dorsal walls of the ventricles in human
ventricles as early as S12 (Hirakow, 1992). In that study the epicardium was present in all
S13 specimens studied. The current study reveals that these villous projections target the
atrioventricular groove. Moreover, it illustrates that the dorsal mesocardium surrounds the
aorta and pulmonary trunk and contains cells similar to those on the dorsal wall. Thus, the
cells from the dorsal wall are likely derivatives of the so-called “second heart field”. A
review of the literature supports the conclusion that the dorsal mesenchymal protrusion
provides an extracardiac population of mesenchyme for the common atrium and contributes
to the atrioventricular complex (Briggs, et al., 2012). It has also been found to be important
for the development of pulmonary veins in humans (Bliss and Hutchins, 1994). This is
consistent with the finding of the current study that the villi consistently appear at the
atrioventricular groove. Indeed, the inner curvature of the heart is selectively permissive for
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the penetration of endothelial precursor cells as noted in chicks (Lie-Venema et al., 2005);
these cells then spread radially from the atrioventricular groove (Ratajska, et al., 2008).
Using specific antibodies (QH1) for endothelial cells in the embryonic quail heart, Kattan et
al. (2004) demonstrated that the atrioventricular groove is the earliest site of endothelial cell
appearance. Moreover, the work revealed that CD45+ hematopoietic precursors are closely
related to the vasculogenic/angiogenic process.

These findings support the observations in the current human heart study that the
atrioventricular groove is a focal point for the development of the coronary ostia and arteries
as well as endothelial tube formation. As found in the current human study, the expanded
subepicardium at the atrioventricular junctions persists during the embryonic period and is
closely associated with the coronary ostia. As shown in mice, this site of epithelial —
mesenchymal transition provides cells for the atrioventricular cushions, as well as coronary
vessels (Wessels et al., 2012).

Ostial and coronary artery stem formation

The assumption that the coronary artery stems arise from the aorta was well engrained in the
literature until Bogers, et al., (1989) questioned this notion, since their observations in quail
embryos indicated that the coronary ostia were always connected to a proximal coronary
artery. Waldo et al., (1990) then demonstrated that a capillary ring surrounding the aortic
and pulmonary outflow tracts, in chicks, penetrates the aorta to form channels giving rise to
the two coronary ostia. As noted earlier, a similar phenomenon has been found to occur in
mammals. This process, as demonstrated in the chick, requires apoptosis of aortic cells
enabling the influx of the capillary ring plexus (Velkey and Bernanke, 2001). Subsequently,
Ando and colleagues (2004) documented multiple endothelial strands entering the aorta at
several sites in quail hearts, but only two of the sites persisted with fusion of the endothelial
strands. This event is followed by the development of a tunica media and the formation of
coronary artery stems. Details of VSMC recruitment and assembly in experimental animals
have been recently reviewed (Tomanek, 2013; Wu, et al., 2013).

Earlier studies in humans assumed that the “endothelial buds” observed on the outside of the
aorta were the consequence of endothelial outgrowths (Hirakow, 1983; Conte and Pellegrini,
1984). However, Hutchins, et al. (1988) were uncertain how the ostia connected with the
coronary artery stems and Bogers and colleagues (1988), as previously noted, doubted the
endothelial outgrowth explanation of coronary stem formation. The current study certifies a
series of events underlying the formation of the coronary ostia and stems in the human heart.
First the villus structure, firmly attached in the atrioventricular groove contains erythroblasts
and a capillary plexus. Second, these are the structures that are shown to invade the aorta.
Third, the aortic wall is modified, i.e. a loss of aortic VSMCs at the site of capillary and cell
invasion. Finally, these events occur only during the time frame of ostial formation, which
has been shown to occur between S17 and S20 (Hirakow, 1983; Conte and Pellegrini, 1984;
Hutchins et al., 1988; Mandarin-de-Lacerda, 1990). The finding that the left coronary artery
forms before the right, also reported earlier (Bogers, et al., 1988; Mandarin-de-Lacerda,
1990), relates to the observation that the left ventricle is vascularized before the right
ventricle (Rychter et al., 1975). That left coronary artery formation precedes that of the right
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is consistent with data from chickens (Rychter and Ostadal, 1971) and rats (Bogers, et al.,
1988; Ratajska and Fiejka, 1999).

Coronary vessel growth and maturation

The earliest signs of venous connections in human hearts occur in S16 — S17 embryos
(Hirakow, 1983; Hutchins et al., 1988). The images in the current study indicate that at these
stages the structures are mainly venules, whereas veins are more obvious at the time of
arterial formation and later. A study in quails found that arteriovenous anastomoses, present
when ostia form, disappear as veins mature (Vrancken Peeters, et al., 1997). Prior to that
time the coronary vascular plexus consists only of endothelial-lined tubes lacking a tunica
media. These are, at least in part, derivatives of the early vascular plexus that originated
from the subepicardium. Thus, the development of these venous channels requires the fusion
between the capillary plexus, a derivative of the cells of the subepicardium, and the
endothelial sprouts of the sinus venosus. Hutchins, et al. (1988) noted that this
“establishment of venous connection of epicardial plexus to the coronary sinus” was not
established in most embryos until S17. The muscularization of coronary veins, like that of
arteries, is dependent on the establishment of coronary flow, which occurs at S19 (about 47
days). For this reason, muscular veins are not seen until later. However, the development of
the tunica media in larger veins occurs rapidly as seen in S21 (Figure 6D) and 12 week
hearts (Figure 8C).

Some of the vessels seen in the fetal hearts that have characteristics of venules (small
diameters and no smooth muscle) may be lymphatic vessels. These channels are preceded by
the development of the coronary arteries, “both in time and place” (Wilting and Manner,
2013). Cardiac lymphatic vessels arise from the jugular lymph sac and grow out through the
subepicardium toward the apex (reviewed in Wilting and Manner, 2013). These thin-walled
channels are positioned around the coronary arteries.

The development of a distinct pulmonary vein was observed in the left atrium in close
proximity to the atrioventricular groove in a S17 (about 41 days) heart, and already at S14 in
previous studies (Bliss and Hutchins, 1995; Wessels et al., 2000). The pulmonary vein
“contributes to the posterior part of the atrial septum and is continuous with the dorsal
sinuatrial fold,” which is the future left venous valve (Blom, 2001). It arises from the dorsal
mesocardium and is a prominent structure in S16 hearts (Wessels, et al., 2000).

Branches of the two main coronary arteries develop during the late embryonic period. Licata
(1954) noted branches to the sinuatrial node and main AV bundle in a 9 week human heart
(about S22). However, the process of VSMC recruitment is gradual and continues into the
fetal period. Although, myocardial perfusion commences with the formation of the coronary
ostia, much of the pre-capillary vasculature is not yet muscularized. With the thickening of
the ventricular walls, transmural vessels begin attaining a tunica media; however, this occurs
primarily during the fetal period.

Since vascular growth and maturation are dependent on signaling mechanisms, the presence
of receptors on coronary vessels is of importance. A differential expression of endothelial
growth factor receptors was found in human embryos and fetuses (Partanen et al., 1999).
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VEGFR-1, VEGFR-2, Neuropilin-1, Tie-1 and Tie-2 were expressed in the endothelia of
myocardial arteries, veins and capillaries, whereas epicardial coronaries (these are the larger
arteries) lacked VEGFR-2. VEGFR-3 expression was more intense in 5 week embryos, but
was downregulated after that. These findings are consistent with the well-established
evidence that the developing coronary vasculature requires a variety of growth factors
associated with angiogenesis and vessel growth (Tomanek, et al., 2010; Tomanek, 2013).

Nerves, ganglia and neural crest cells

Gardner and O’Rahilly (1976), who studied the nerve supply and conduction system in a
S23 human embryonic heart, described ganglia consisting of immature neurons with large
pale nuclei that they considered to be sympathetic, parasympathetic or sensory. They also
noted dark-staining chromaffin cells, satellite cells and fibroblasts. Preganglionic coronary
nerves, in humans have been shown to enter the heart between the aorta and pulmonary
trunk ganglia and are considered to be mainly post-ganglionic fibers innervating the
coronary arteries (Pauza, et al., 2000). These coronary subplexuses have a dense distribution
in this region and account for about 10% of all ganglia to the heart. Navaratnum (1965), who
studied 91 human embryonic and fetal hearts, found that the nerves first pass through the
venous mesocardium at S17 and then through the arterial mesocardium at S18. By 2 months
the nerves coalesce to form the deep cardiac plexus. Subsequently, the plexuses associated
with the coronary arteries increase in size and arterial innervation is initiated by S23 (Smith,
1970). As seen in Figure 10, numerous nerve branches are found in the supepicardium of 16
week fetuses. A review of neural crest cells indicates that they may contribute to the
development of the autonomic nerves to the heart (Hildreth, et al., 2008).

Neural crest cells have also long been considered to play, at least, a regulatory role in
coronary ostial formation. In chick embryos the development of coronary artery vascular
smooth muscle was dependent upon the presence of neural crest cells, since their ablation
resulted in disrupted development of the tunica media of the coronary arteries (Hood and
Rosenquist, 1992). Using quail-to-chick chimeras, a subsequent study verified that neural
crest cell-derived parasympathetic ganglia are associated with the survival of the persistent
coronary arteries (Waldo, et al., 1994). The study revealed that branches from the
parasympathetic nerves entered the stems of the coronary arteries near the sites of neural
crest cells. Although these studies did not find that neural crest cells contributed VSMCs to
the coronary arteries, a recent study has suggested that neural crest cells from the preotic
hindbrain region (mice and chicks) contribute mesenchymal-like cells and VSMCs to the
heart (Arima, et al., 2012). Ablation of these cells resulted in altered sites of coronary artery
origins and asymmetry in VSMC deployment.

The fetal period

The findings of the current study indicate that a maturation process of the coronary
vasculature is the major characteristic of the fetal period. Development of the tunica media
occurs by the addition of VSMC layers in the coronary arteries and the recruitment of
VSMCs to the smallest arterioles. Development of the latter increases their numerical
density. During the first month of the fetal period (9 — 12 weeks) the major arteries increase
in diameter and the number of veins increases. Formation of transmural arteries and
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arterioles becomes evident at 16 weeks. In agreement with previous work (Matonoha and
Zechmeister, 1992), the elastic components of arteries are not yet well developed at this
time. Elastic development occurs during the late fetal period, along with a marked expansion
of the tunica adventitia, a finding also reported by Matonoha and Zechmeister (1992). A
distinct and continuous internal elastic membrane in the main coronary arteries is evident at
5 months (Moon, 1957). Laurie and Woods (1958) noted coronary anastomoses in the hearts
of neonates. Four decades later, Cortis and Serrato (1998) utilized barium sulfate
angiograms to document coronary collateral vessels (ranging 3-50 um in diameter) in 19-32
week fetuses. Previous work had reported coronary anastomoses in neonates, but noted that
they tended to involute during childhood (Reiner, 1961). Coronary collateral vessels may be
remnants of the extensive vascular connections that precede the establishment of a
functional coronary circulation. The involution of collateral channels is likely the
consequence of limited flow in some of the channels.

In the absence of immuno-staining, it is difficult to distinguish lymphatic vessels from
venules and veins. However, the development of the former occurs later than that of the
latter in most species, including humans (reviewed in Wilting and Méanner, 2013).
Lymphatic channels are derived from the jugular lymph sacs. In humans the lymph sacs
were found in 6-7 week embryos (Van der Putte, 1975), or after 8 weeks (Kampmeier,
1928). The latter study found that during the third month a net of lymphatic vessels grows
from the lymphatic sacs and spreads over the heart. Lymphatic vessels are usually in close
association with the coronary arteries and their development proceeds toward the apex of the
heart (Wilting and Ménner, 2013).

During the fetal period the coronary nerves passing between the aorta and pulmonary trunk
give rise to a dense subplexus of nerve fibers that are more numerous at the left than at the
right coronary artery (Pauza, et al., 2000). The plexus of nerves increases in size and extent
at about the 9" week (Navaratnam, 1965; Smith, 1970), and as documented in the current
study, numerous nerve branches extend into the subepicardium by the 16" week. Human
coronary epicardial arteries and veins have sympathetic, parasympathetic and sensory nerves
at their adventitial-medial borders (reviewed in Saetrum Opgaard et al, 1997). Smaller
vessels have only a sparse plexus of nerve fibers; veins have fewer fibers than arterioles
(Smith, 1970).

Concluding remarks

This study documents the events that constitute the development of the human coronary
vasculature during the embryonic and fetal periods. These events are similar to those that
have been detailed in avian and mammalian models. One of the most important findings in
this study is the formation of the coronary ostia by ingrowth of capillaries, which occurs in
conjunction with a blood island positioned in the epicardial cushion, situated in the
atrioventricular groove. Compared to the capillary ingrowth noted in experimental animal
models, which emanates from a broad capillary plexus, the ingrowth that occurs in humans
appears to involve a less extensive capillary plexus and therefor is more focused. It appears
that the cells contributing to the formation of the coronary ostia and arterial stems are
derived from both the mesenchyme of the villus core and from epithelial-mesenchymal
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transition. Moreover, mesenchymal stem cells may influence the signaling of growth factors,
as documented in cultured embryonic mouse hearts (Tomanek, et al., 2010).

Although the current study reveals morphological events in humans that are similar to those
in other mammals and avians, it remains to be determined if the signals regulating these
events are the same as those in other species. The identity of coronary vessel progenitors,
their pathways, and the signals that activate these cells are topics of current investigations in
animal models. One area of investigation concerns the origins of the various cells that form
the coronary hierarchy. Our current understanding of this topic is that they may arise from
proepicardial cells contributing to the epicardium, the sinus venosus or the endocardium
(Perez-Pomeres and de la Pompa, 2011; Chen, et al., 2014). Of the many growth factors
implicated in vascularization of the heart, VEGF family members to play key roles, as
established in avian (Tomanek, et al., 2006) and mouse (Chen, et al., 2014) models. As
shown by Chen, et al. (2014) VEGF-C from the epicardium plays a specific role in
regulating dorsal and lateral coronary growth. Based on our current state of knowledge, it
would not be surprising to find that the progenitor cells and their signaling events are
conserved through evolution.
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Figure 1.
Early cardiac vascularization during S15 (A &B) and S16 (C & D). A, mesenchymal-

containing epicardial atrioventricular cushions (E-cus) at the interventricular groove (RV,
right ventricle; LV, left ventricle). B, blood islands (BI) are present in the subepicardium,
the site of early capillary formation. C, blood islands increase in size. D, a proepicardial
villus is attached to the left ventricle near the A-V junction (*). Note that a large portion of
the mesothelial-lined villus, which contains mesenchymal cells, is still unattached.
Magnification bar = 100 um.
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Figure 2.
Hearts from S17 embryos illustrating the importance of the mesenchymal-containing

epicardial atrioventricular cushions (Epi-cus), at the atrioventricular groove. These
structures represent the expanded subepicardium. A, an overview of the heart indicates that
they are present at both right (RV) and left (LV) ventricles near the endocardial cushions
(EC); the sinus venosus (SV) is also seen in this image. B, a blood island (BI) appears within
the epicardial cushion. C, the endocardial cushion and the mesenchyme-filled epicardial
cushion are seen at a higher power than in A. D, subepicardial blood islands (BI) are seen in
close association with epicardial-derived subepicardial cells (*). Magnification bar = 100
pm.
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Figure 3.
A. this coronal section includes a capillary plexus (Cap) that is established within a

epicardial cushion (Epi-cus) at the root of the aorta (Ao) in a S17 embryonioc heart. B, the
capillary plexus (in this oblique section) penetrates the aorta (S18 embryo), which results in
the formation of a coronary ostium. Note the presence of erythroblasts that accompany the
vascular plexus at the site of the coronary ostium. The region between the broken lines
contains the capillaries and cells that are penetrating the aortic root. Magnification bar = 100
um.
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Figure 4.
S18 heart sections comprise this figure, which represents the time of coronary ostia and stem

formation. A, In this transverse section at the level of the arterial trunk, the dorsal
mesocardium (DMC) is seen attaching to the aorta and pulmonary trunk (between arrows)
and serves as a source of cells for the arterial trunk. B, formation of a coronary artery (CA)
passing through the persisting epicardial cushion (epi-cus) at the aortic root (Ao). C, a
network of cells (mostly mesenchymal) surrounds the pulmonary trunk (PA) and aorta (Ao).
D, a higher power of C. The asterisk indicates blood islands and isolated erythrocytes that
are characteristic of this region. Magnification bar = 100 um. B,C and D are from coronal
sections.
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Figure 5.
S19 hearts, a stage that is characterized by the presence of both ostia and coronary stems. A,

this coronal section shows a coronary artery (CA) with a single layer of VSMCs at the point
of emergence from the aorta (Ao) into the left ventricle (LV). B. a coronary artery with a
complete layer of smooth is seen at the aortic root, but lacks VSMCs more distally, (azure-
Mallory stain). C, downstream development of the tunica media of the left anterior
descending coronary artery at the apical atrioventricular groove is preceded by a blood
island (BI). D, with the establishment of coronary flow by S19, perfusion of the preformed
capillary bed occurs as capillaries (arrows) appear dilated in the compact region (between
arrowheads) of the ventricle. Magnification bar = 100 um.
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Figure 6.
S20 (A-C) and S21 (D-F) heart specimens. A, during these stages the formation of primary

branches (1, 2) of the main coronary arteries occurs, but the development of the tunica
media is still limited to the proximal portion of the left, main coronary artery (LCA). B, a
higher magnification of A, the limitation of VSMC recruitment to more distal region of the
artery (asterisk) can be seen. Note that distally the VSMCs are only on the artery’s
epicardial side. C and D, at this stage epicardial veins and venules (CV) are more common;
in the atrioventricular groove (*) they are adjacent to coronary arteries (CA). Development
of the tunica media is limited to the largest veins at this stage. E, the left anterior descending
coronary artery (CA) is undergoing development of its tunica media in the apical
atrioventricular groove during the S21 stage. This is the site where the blood island was
noted in Figure 4C. F, a nerve (N) and blood islands (BI) (aluminum cochineal stain), are
seen near the aortic root (Ao). Magnification bar = 100 um.
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Figure 7.
Coronal sections of S23 hearts (the last stage of the embryonic period). A, smooth muscle

development of the left coronary artery (LCA) has progressed to its branches (arrowheads).
B, chromaffin cell clusters (asterisks) along the aorta (Ao) are closely associated with
numerous nerve bundles (N). Magnification bar = 100 pum.
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Figure 8.
A and B, by the 12" week the coronary arteries (CA) of fetal hearts have a well-developed

tunica media. C and D, the venous drainage has expanded as seen by numerous venules,
although some of the structures may be lymphatic vessels (Ven/lym ). C, great cardiac vein
(CV) at the base of the aorta (Ao) has a complete tunica media, and the coronary artery
branches (CA) have well-developed meda. D, the number of veins and arteries (in the left
ventricle) have increased substantially in the subepicardium. Ven/lym, veins/lymphatic
vessels; RCA, right coronary artery, LCA, left coronary artery. Slides in A and B were
stained with Masson trichrome. Magnification bar = 100 pm.
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Figure 9.
Development of transmural arteries (TA) in the left ventricle is evident in 16 week fetuses,

as seen here in a transverse section (Masson trichrome stain). Magnification bar = 100 um.
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Figure 10.
A major characteristic of 16 week fetuses is the substantial growth of subepicardial vessels

and nerve fibers. A, the atrioventricular junction (AV) is especially rich in nerves (N) and
veins (Ven). B, development of arteries (Art) and veins has progressed to the apical region
of the ventricles. Slides were stained with Masson trichrome. Magnification bar = 100 pm.
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Figure 11.
The transmural venous (Ven) drainage is further developed by the 18t and 19t weeks. Note

the well-developed subepicardium (S-Epi) at the site of venous drainage in this transverse
section. Magnification bar = 100 um.
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Figure 12.
Late coronary development, as seen in 26-30 week fetuses. A, a major development is the

deposition of elastic fibers in the major coronary arteries (CA). B, a second characteristic is
the accumulation of collagen to the adventitia (Adv) of the major coronary arteries; thus the
tunica adventitial becomes thicker than the media. Ao, aorta; RCA & LCA, right & left
coronary arteries; Epi, epicardium; Adv, adventitia. A stained for elastin, B stained with
Masson trichrome. Magnification bar = 100 pum.
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Table 1

Some developmental events of the embryonic heart at various stages (S); post-ovulatory days (D)"

S13 (28D) Heart with primitive ventricle and common atrium

S14 (43D) Pulmonary vein present: onset of aorticopulmonary septation

S15 (33D) Outflow tract cushions form in looping heart

S16 (37D) Semilunar valves begin forming in looped heart

S17 (41D) Ostium secundum and semilunar valves are formed; completion of aorticopulmonary septation

S18 (44D) Interventricular septum complete; septation of 4 chambers complete; appearance of septum secundum and foramen ovale

S19 (47D) Fusion of aortic and mitral endocardial cushion material; outflow tract septum formed and aortic and pulmonary streams divided
S20 (50D) Nerve processes and collagen appear in sinus node region

S21 (52D) Subepicardium becomes thicker

S22 (54D) Chordae tendinae begin forming

S23 (56D) SA and AV nodes evident; ganglion cells and immature neurons appear between aorta and pulmonary trunk; embryo’s length is
double that of S18 Data from: McBride, et al., 1981; Orts-Llorca, et al, 1982; Leatherbury and Waldo, 1995; Conte and Pellegrini, 1984;
Boucek, et al., 1984; Lomonico, et al., 1986; Wessels, et al., 2000; Magovern et al., 1986.

*
The approximate age for each stage is according to Olivier and Pineau, 1962.
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Table 2

Milestones in coronary vessel formation and development. S, Carnegie Stage.

S15 Blood islands, capillaries and epicardium are present

S17-18 Subepicardial expansion at AV groove contains capillaries, mesenchymal cells and erythroblasts, which invade the aortic wall to form
coronary ostia; primitive coronary plexus connects with sinus venosus sprouts

S19 Both coronary ostia and stems are present; smooth muscle recruitment occurs in the proximal portions of coronary artery stems

S22-23 Tunica media formation in coronary artery branches; nerves with associated chromaffin (ganglionic) cells invade region around the
aortic base: onset of lymphatic development

9-12 weeks Formation of tunica media in large veins and small arteries
16 weeks Transmural arteries and arterioles are well-developed; epicardial vessel density is increased

26-30 weeks Elastic fibers added to main coronary arteries; the thickness of the adventitia is greatly increased
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