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Coronary Arteriogenesis
and Differentiation of

Periarterial Purkinje Fibers
in the Chick Heart: Is There a Link?

In the following review, we outline the cellular ontogeny and time course of coronary ar-
tery development within the vertebrate heart. Our eventual focus will be the potential
role of arteriogenesis in the differentiation of a subset of specialized conduction cells in
the chick heart. We begin by briefly outlining early heart formation, showing how the
outermost layer of the looped, tube heart—the epicardium—is of extracardiac origin and
provides the progenitor cells to the entire vascular bed. Subsequently, we summarize
the events of coronary arterial development that follow epicardialization. Finally, we dis-
cuss work in the chick that indicates how arteries form pioneering, directional conduits
through ventricular tissue, adjacent to which myocardial cells differentiate to form the
most peripheral component of the avian conduction system—a network of periarterial
Furkinje fibers. (Tex Heart Inst J 2002;29:262-70)

efore discussing the derivation and formation of coronary arteries, we will

consider briefly the development of the heart from its earliest principles.

Indicative of its pivotal function and importance, the heart is the Ist major
organ to form in vertebrates. A substantial body of literature exists concerning the
embryonic heart field—a region containing heart-cell progenitors. Cardiomyo-
genic cells can been detected at the onset of gastrulation as early as Hamburger and
Hamilton stage 3 (HH3).** At stage HH5, these cells are found lying in 2 columns
bilateral to the primitive streak.>¢ By stage HH10 (equivalent to mouse embryon-
ic day 8), these bilateral heart primordia fuse at the embryonic midline.” The re-
sulting structure takes the form of a simple, linear vessel—the tube heart—that
pumps blood in a caudal to rostral direction, triggered by a pacemaker.”

Conventionally, the tube heart has been divided into 5 subcompartments or seg-
ments: progressing rostrally, one encounters the sinus venosus, atrium, ventricle,
bulbous arteriosus, and truncus arteriosus. The process by which the tubular heart
initiates its transition into the more complex 4-chamber structure found in the
mature animal is termed looping. Here the right ventricular wall expands and
bulges while the opposing side becomes concave, forming a “hub” for the looping
process. Concurrently, the heart rotates and the atrium assumes its mature position
above the ventricle.*

For the purposes of this article, an appraisal of the cellular composition of the
tubular heart is relevant. The early tubular heart is initially a bilaminar structure
consisting of an internal layer, the endocardium, and a surrounding outer layer, the
myocardium.” As development proceeds, a 3rd layer external to the myocardium,
known as the epicardium, forms. The epicardium is derived from a highly prolifer-
ative and migratory cell population of extracardiac origin.'*" This small aggrega-
tion of cells, on the coelomic wall between the sinus venosus and the developing
liver, is known as the proepicardial organ (PEO) and extends projections over the
dorsal aspect of the heart from HH18.""> The PEO is a transient structure, de-
creasing in size as the developing epicardium envelops the heart."”'* In the bird,
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epicardial cells have been shown to spread over the
surface of the myocardium, in a rostral-dorsal direc-
tion, to form a continuous cell layer."*"” A process of
epithelial-mesenchymal transformation (EMT) gen-
erates migratory cells from the epicardium, which
penetrate heart tissues, providing a progenitor popu-

lation that eventually seeds the entire coronary vascu-
lar bed.">"

Molecular Biology of Early

Coronary Artery Development

Clues to our understanding of the molecular mecha-
nisms that facilitate PEO cell migration, transforma-
tion, and differentiation into the coronary arteries are
now emerging. The zinc finger protein FOG-2 is a
GATA transcription factor repressor and likely to be a
key player in the EMT process.” In mice, FOG-2 in-
activation causes cardiac abnormalities, including the
failure of coronary artery development.*? Notably,
this occurs despite the apparent normal development
of the epicardium, which suggests that for EMT to
occur, FOG-2 expression is required. Indeed the
EMT process might be regulated by a complex inter-
play of inductive and repressive growth factors, con-
sisting of FGE, VEGE and EGF growth factor family
members, and of bone morphogenetic proteins, the
TGEFs.?** Two molecules that may have roles in
both migration and differentiation have recently been
isolated: the transcription factor capsulin and the cell
adhesion molecule Bves. Capsulin is a member of the
basic helix-loop-helix (tHLH) transcription factor
family and is associated with the EMT process in
organogenesis.”* This gene has alternative names,
which include capsulin, epicardin, and Pod1. Cap-
sulin is expressed in the PEO of the mouse at around
embryonic day 9.5 (E9.5) and continues into the de-
veloping coronary vasculature.**® This gene is re-
quired for epithelial cell differentiation in the lung,
but a similar requirement in the development of the
coronary vasculature has yet to be elucidated.” Blood
vessel epicardial substance (Bves) is a prototype of a
novel class of cell-adhesion molecules expressed in the
chick and mouse hearts.” ' Mouse Bves also became
known as popeye 1a, following its isolation, together
with 2 other related peptides, by another laboratory.”
In the chick, Bves is detected at HH10 in a subset of
cells within the PEO. In the mouse Bves, positive cells
are detected in the epicardium and subepicardium by
E7. As development proceeds, Bves staining is associ-
ated with cells in the subendocardium and arterial vas-
cular channels, where it localizes to smooth muscle
cells of mature coronary arteries.”” In accordance with
the role played by Bves in cellular adhesion, Bader and
colleagues have noted that the subcellular distribution
of Bves shifts from a perinuclear localization to the
cell membrane upon contact with other cells.”” One

Texas Heart Institute Journal

further element of the mechanism that may be re-
quired for normal heart development and the process-
es of both EMT and PEO cell migration is the
RhoA-RhoK GTPase signaling system.®* These
molecules participate in actin reorganization, and per-
turbation experiments prevent PEO cells from mi-
grating into the myocardium.* In addition to these
molecules, retinoic acid (RA) has recently been iden-
tified within the PEO.” Retinoids are morphogens
implicated in the development of a number of differ-
ent systems,” and recent investigations suggest that
the heart is no exception.” By studying the expres-
sion pattern of the retinoic acid-synthetic enzyme
(RALDH2), Xavier-Neto and colleagues® discovered
a biphasic pattern, with heart development. The lat-
ter phase, pertinent here, begins at HH18 within the
PEO and persists through the formation of the epi-
cardium.

Cellular Phenotype and
Ontogeny of Coronary Arteries
Mature coronary arteries, when viewed in cross sec-
tion, are composed of 3 layers: an inner endothelial
layer (tunica intima) enclosing the lumen, a central
ring of smooth muscle cells (tunica media), and an
outer layer of connective tissue and fibroblasts (tunica
adventitia). The timing of coronary artery formation
has been characterized in vertebrates by studying
smooth muscle cell (SMC) differentiation.'*5! [n
the rat, the SMC phenotype develops upon coronary
ostia formation at E15.5 and continues in a proximal
distal direction.””' Smooth muscle cells begin to ex-
press alpha smooth muscle actin (aSMA) at E16,
smooth muscle myosin heavy chain (SM-MHC) at
E17, and finally smoothelin at E20.°" Similarly, in
avians, the accretion of SMCs to developing arteries
occurs after the establishment of coronary blood flow
at HH32.""7% Avian SMC differentiation is also well
characterized by the sequential expression of alpha
actin (SmaA), the 1E12 antigen, calponin, and SM-
MHC."**% Serum response factor (SRF) has been de-
tected at the transcript and protein levels during SMC
maturation. Loss-of-function experiments using SRF
dominant negative approaches show that the SMC
phenotypic expression pattern fails to develop, which
indicates that SRF may play a role in the transcrip-
tional regulation of SMC differentiation.”
Lineage-tracing strategies in the chick show that the
PEO contains the endothelial progenitor cells of the
coronary vasculature and that these migrate into the
myocardium at around HH16-20."* Consequent to
expansion of these data, it is now known that cardiac
fibroblasts, non-SMC perivascular cells, and SMCs of
coronary arteries have a similar derivation from the
PEO, distinct from aortic SMC populations.'”2*2*2
Parallels exist between avian and mammalian systems,
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and observations made in mammalian models—in
particular, the study of null mutant transgenic mice
lacking either the vascular cell adhesion molecule-1
(VCAM-1) or its receptor integrin alpha4—have
been revealing.*** In both of these knockout mouse
lines, the formation of epicardium is deficient, with
the result that the coronary vasculature fails to form;
this suggests that the mammalian PEO is key to the
formation of cells of the mammalian coronary vas-
culature.

Coronary Arteriogenesis

and Purkinje Fiber Differentiation

As discussed in the preceding section, the timing of
PEO cell migration and subsequent differentiation to
establish the coronary arterial bed is well defined in
avians.'®'”> Proepicardial organ cells begin to mi-
grate at HH18, while complete coronary blood flow
circuits are established at HH32. Significantly, the
formation of the coronary arteries predates the differ-
entiation of a specific element of the chick heart con-
duction system: the periarterial Purkinje fibers. The
primary function of this network of specialized car-
diac cells is to transduce the pacemaker signal, thereby
ensuring rapid and coordinated ventricular contrac-
tions.” More than 1 subclass of Purkinje fibers exists
in the bird—periarterial Purkinje fibers (PPF) and
subendocardial Purkinje fibers (SPF)—and together
these form the distal parts of the peripheral conduc-
tion system (PCS) (Fig. 1).

"\\‘—H
W Periarterial  \

Purkinje Fibers
‘\

Chick PPFs have been instructive insofar as they
have shaped our ideas about the cellular and molecu-
lar factors involved in the differentiation of specialized
cardiac lineages. It should nonetheless be noted that

SA Node

AV Ring Bundle Branch

Left Ventricle
AV Node

Right
Ventricle Periarterial

Subendocardial Puatkinis Fibars

Purkinje Fibers

Fig. 1 Basic structural and functional organization of the
embryonic pacemaking and conduction system. The organi-
zation of the conduction system in the avian heart is similar
to its mammalian counterpart. Central conduction system
elements include the sinoatrial node (SA node) or pacemaker,
the atrioventricular ring (AV ring) and atrioventricular node (AV
node), and bundle of His. The peripheral conduction system
components are the left and right septal bundle branches,
subendocardial Purkinje fibers, and periarterial Purkinje fibers.
The description of periarterial Purkinje fibers in the chick is, to
date, species specific, and no such fibers have been identified
in the mammalian system thus far. In both mammals and
avians, the subendocardial region contains subendocardial
Purkinje fibers and is functionally distinct from the working
myocardium.

Fig. 2 Basic structural and functional organization of the embryonic pacemaking and conduction system. The model shown in
the left-hand panel is based on the embryonic chick heart. In the chick, the terminal-most component of the conduction system
penetrates into the ventricular muscle in intimate association with the coronary arteries. The periarterial Purkinje fiber (PPF)
shown enlarged in the right-hand panel has been simultaneously labeled for 3 markers of conduction lineage: a gap junction
protein connexin40 (Cx40, yellow); a myosin heavy chain (sMHC, green); and Nkx-2.5 (red), a transcription factor. The endothelial

cells lining the artery also contain Cx40 gap junctions.
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no such relationship between arteries and specialized
myocardial cells has been found thus far in mammals,
nor is it clear that lessons learned in the developing
chick can be generalized to other species.

From around HH26, the developing chick PCS can
be definitively visualized as a compartment separate
from the working myocardium.®-** At this stage, con-
duction system cells begin to terminally differentiate,
as shown by their lowered proliferative potential.”* To
date, only a single molecular marker of the PCS at
these earliest stages has been described, the homeobox
domain containing transcription factor Nkx2.5. In the
chick, increased levels of Nkx2.5 expression, com-
pared with surrounding myocardium, occur at HH35
and remain elevated until HH42.%%> Other markers
of the PCS appear later in development and include
(in the chick) the gap junction protein Connexin40
(Cx40) (from HH306), the neural-associated protein
transitin (from HH40), and the slow tonic myosin
heavy chain protein (sMHC), a structural protein ex-
pressed from HH42 forward.®

Our earlier work demonstrated that Cx40, a then-
novel gap junction protein, was expressed in the devel-
oping chick heart by both PEO-derived endothelial
cells and adjacent myocardial cells” (Fig. 2).

The myocardial populations could be shown to dif-
ferentiate into definitive PPFs by the later expression
of other markers, including transitin and sMHC.
Using retrovirus lineage tracing, we were able to show
that these PPFs differentiated from cardiomyogenic
cells in the tubular heart.”** Moreover, by analysis of
the composition of clones of myocytes infected by
retrovirus, working myocytes and PPFs were found to
coexist within clonal domains (Fig. 3). Also, the fre-
quency of heterogeneous clones was found to increase
between stages HH40 and HH44.

On the basis of these data, a model was proposed in
which conduction cells of myogenic origin were pro-

myocyte nuclei

gressively recruited and signaled to differentiate in
response to the ongoing process of coronary artery
arborization. In essence, the developing and expand-
ing arterial tree establishes a directional framework
over which the peripheral conduction system is steadi-
ly recruited and patterned by intimate association.

Modulation of Coronary Artery Formation
Directly Influences PPF Patterning

It is now widely accepted that a 2nd extracardiac
population, the cardiac neural crest (CNC), has an
important role in patterning the coronary vascula-
ture.®*®7" In the chick, the CNC begins to migrate
from the caudal hindbrain at around HH12 and reach-
es the base of the cardiac outflow tract at around
HH18.® Experimental ablation of the CNC results in
a number of abnormalities to the developing heart,
including systemic rearrangements of the coronary
vasculature®” and reductions in the density of intra-
mural arterial branches.”” The CNC per se does not
contribute to the cellular elements of the developing
coronary arteries; however, parasympathetic ganglia
(of CNC origin) are found in close association with
them.” Recent work suggests that CNC cells undergo
a high degree of apoptosis, but it is at present un-
known what function this might serve.”” Although a
specific function has yet to be attributed to the CNC
in coronary artery development, it is likely that a con-
tribution to remodeling processes occurs. We have
considered the PEO origin of coronary arteries and
the CNC'’s contribution in initiating this patterning;
but how does the vasculature undergo expansion as
the developing heart increases in size? Growth factors
are prime candidates for such a process, and FGFs
have been shown to have a role in the arborization of
coronary arteries in both avians and mammals.”7*7?
Both FGF-1 and 2 have been identified in the chick

heart; and incubation with, or overexpression of,

B
rone -<- -

-<
- \-C"“‘f_““i"“ cell

Hemodynamically induced signal

Fig. 3 Induction of periarterial Purkinje fiber (ppf) conduction cells. The left-hand panel shows a cluster of red nuclei delineating a
clone of lacZ-expressing cells infected with a defective retrovirus. The clone contains both working myocytes and an sMHC+
(green) Purkinje fiber—a pattern consistent with the occurrence of localized recruitment of a multipotent progenitor cell to
specialized myocardial lineages in the avian heart. The right-hand panel shows a model in which hemodynamically induced factors
(for example, endothelin-1) from arterial tissues locally mediate this divergence into either working myocytes or Purkinje fiber

conduction cells within a cardiomyogenic lineage.
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FGF-2 results in ectopic vasculature in the chorioal-
lantoic membrane and chick myocardium.””>* In
mammals, members of the FGF family have been
identified in cardiomyocytes and within the extracel-
lular matrix.”>”* In addition, expression has been lo-
calized to the endothelium and SMCs of coronary
arteries.”*’*”” Functional investigations in vitro and by
the transgenic overexpression of FGF-1 in vivo have
resulted in increased coronary artery density and
branching, which suggests that FGFs regulate coro-
nary artery differentiation.”*" In light of such knowl-
edge, we undertook a detailed study in which we
manipulated the coronary vasculature and observed
effects on the patterning of peripheral conduction tis-
sue. We found that intervention in normal coronary
artery development in the chick, by CNC ablation,
results in markedly decreased numbers of PPFs.”
Conversely, the stimulation of ectopic vascularization
by overexpression of FGF in vivo results in ectopic
PPFs. These data provide strong evidence to suggest
that the pattern of coronary artery ingrowth provides
the inductive cues for the differentiation and organi-
zation of the periarterial Purkinje fibers of the periph-
eral conduction system.

Endothelin Induces Conduction Cell
Phenotype in Embryonic Myocytes

Given the close spatial and temporal developmen-
tal relationship of PPFs with coronary arteries, we
considered that paracrine signaling was a potential
mechanism underlying such a recruitment process.
In screening likely candidates, we found that the shear-
stress-induced cytokine endothelin-1 (ET-1) could
elicit just such an activity in myocytes in culture, in-
creasing the levels of Cx40 and sMHC expression in
vitro and in vivo.®** This response appears to be
specific to this molecule, because other candidates as-
sociated with the vasculature, such as VEGE do not
elicit up-regulation of conduction system markers.
The effect of ET-1 on expression of conduction sys-
tem markers is dose dependent and can be inhibited
by using specific endothelin receptor antagonists. En-
dothelin-1 has been described in vascular endothelial
cells and in the developing heart, where it is initially
present as a precursor molecule, preproendothelin-1
(preproET-1). Preproendothelin-1 is subsequently
cleaved to form big endothelin-1 (bigET-1), before
active ET-1 is produced by 1 more round of cleavage
by the endothelin-converting enzyme (ECE-1).5* To
gain insight into the effect of ET-1 on PCS develop-
ment, an elegant experiment was conducted by means
of viral-mediated co-overexpression of both pre-
proET-1 and ECE-1 in the developing chick heart.*
These experiments result in the precocious and ec-
topic induction of PPFs within zones of viral-mediat-
ed co-overexpression. This finding, together with in
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Fig. 4 A model for the molecular induction of Purkinje fiber
conduction cells. The site of specific cleavage of bigET-1 by
ECE-1 may be a mechanism by which localized induction of
conduction cells occurs.

Conduction cell

situ analyses of endogenous ECE-1 expression, firmly
supports a theory wherein coronary-artery-derived
ET-1 has a role to play in the terminal differentiation
of PPFs (Fig. 4).

Are PEO Derivatives
Involved in Patterning SPFs?

We have outlined experiments showing how the PEO
gives rise to coronary arteries, which in turn locally
recruit conduction system cells—PPFs—from a myo-
cardial population. These experiments also show that
the underlying mechanism of paracrine signaling may
involve endothelin. However, PPFs are not the sole
component of the chick peripheral conduction sys-
tem; and how would a recruitment model apply to
SPFs? Commonalities exist between PPFs and SPFs:
for instance, the timing of formation in the devel-
oping heart; the expression of high relative levels of
Cx40, transitin and sMHC; the proximity to endo-
thelia; and the probable exposure to hemodynamic
forces. With these points in mind, one might be sur-
prised to find that diverse mechanisms underlie the
formation of these 2 similar but separate subcom-
partments of the conduction system. Intriguingly, 3
independent studies that used similar chick-quail
chimeras have identified quail-derived cells within the
developing superficial myocardium of HH25-43
host chick hearts.”>**** In specific regard to the con-
duction system, 1 study pointed to the accumulation
of these cells in both subendocardial and periarterial
locations.” This evidence shows that PEO-derived
cells are also present in close association with SPFs,
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but it remains to be seen whether a direct relationship
exists between these cells and the patterning of SPFs
in the chick heart. Additionally, if such a mechanism
was proved in the bird, it may be pertinent to consid-
er whether a similar process occurs in the mammalian
system.

Commonalities with

Mammalian PCS Development

We have shown that parallels between avians and
mammals exist in the normal development of the
coronary arterial tree. Phylogenetic similarities also
exist in the development of the conduction systems of
different vertebrate species, and accumulating inferen-
tial evidence includes aspects of both lineage and pro-
tein expression. Until recently, the fate of mammalian
CNC was difficult to investigate, but it is possible
through the use of Cre/Lox mouse technology.***
These studies show, as was concluded in the chick,
that a neurogenic contribution to mammalian SPFs is
unlikely.®*¢72#7%8 Connexins are the subunits of gap
junction channels that facilitate cell-to-cell coupling
and propagation of electrical activation.** Interest-
ingly, Cx40 has been shown to be the predominant
isoform in the PCS in the majority of higher verte-
brates.*?*? In mice and human beings, as in the bird,
the transcription factor Nkx-2.5 is expressed in the
conduction system.* Investigators have identified a
number of heterozygous Nkx-2.5 mutations that
result in functional and structural defects to atrioven-
tricular conduction in human beings.”** Similar con-
duction system defects have been noted in transgenic
mice that express one of the known human Nkx-2.5
mutants.” Such defects are consistent with Nkx-2.5
playing a role in the differentiation of the mammalian
PCS. Recently, a lacZ-based marker of what Rentsch-
ler and colleagues™ describe as the entire developing
mouse cardiac conduction system was identified. The
lacZ-expressing tissues were shown to correlate with
the distribution of conduction fascicles. This trans-
genic mouse should provide an invaluable tool for the
study of the murine conduction system.

We have presented data to outline a molecular and
cellular mechanism that does indeed link coronary ar-
terialization to the induction and patterning of spe-
cialized conduction cells in the chick heart. It remains
to be seen whether this knowledge will give insights
into the processes underlying conduction system de-
velopment in other vertebrate species.
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Key to Abbreviations

BigET-1 Big endothelin-1 PEO Proepicardial organ

Boes Blood vessel epicardial substance PPF Periarterial Purkinje fibers

CCS Central conduction system PreproET-1 Preproendothelin-1

CNC Cardiac neural crest RA Retinoic acid

E7, E9, erc. Embryonic day as indicated by number ~ RALDH2  Retinoic acid-synthetic enzyme

ECE-1 Endothelin converting enzyme-1 SA node Sinoatrial node

EGF Epidermal growth factor SMC Smooth muscle cell

EMT Epithelial-mesenchymal transformation ~ sMHC Slow tonic myosin heavy chain protein

ET1 Endothelin-1 SPF Subendocardial Purkinje fibers

FGF Fibroblast growth factor SRF Serum response factor

FOG-2 Friend of GATA 2 IGFB Transforming growth factor-beta

HH Hamburger & Hamilton stage VEGF Vascular endothelial growth factor

PCS Peripheral conduction system

270 Arteriogenesis and Differentiation of Periarterial Purkinje Volume 29, Number 4, 2002



