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Introduction

The cardiovascular system is the first organ system to form and
function in the developing vertebrate embryo. This comes from the
embryo’s need for nourishing the entire body while the cardiovas-
cular system is itself developing and maturing. In the case of
vertebrates, the heart contracts rhythmically to pump blood
unidirectionally, which is contrast to invertebrates, whose hearts
stochastically alternate the direction of the contractile wave (see
Gourdie et al., 1999). The vertebrate heart achieves this coordi-
nated contraction of the atrial and ventricular chambers due to the
precise initiation and transmission of action potentials through a
specialized tissue network, the cardiac conduction system (CCS).
The components of this specialized cardiac system (Fig. 1) include
the sinoatrial (SA) node that generates a pacemaker impulse; the
atrioventricular (AV) node that delays an electrical impulse for
separating the contraction of the atrial and ventricular chambers of
the heart; and His-Purkinje system for the fast and coordinated
conduction of impulses to, and throughout, the ventricles. For an
overview on the anatomy of the CCS, as well as associated
pathology and congenital disease, see Davies et al. (1983).

The primordial heart begins its function soon after the bilateral
cardiogenic mesoderm fuse to form the heart tube during body
folding (Fig. 2; Patten and Kramer, 1933; Manasek, 1968). At early
stages of heart function and development, the CCS has not yet
developed, let alone integrated the disparate components that
make up the CCS. The embryonic heart has developed strategies

to enable proper conduction and, therefore, coordinated contrac-
tion without a mature CCS. The tubular heart periodically and
spontaneously evokes action potentials before the myocardial
cells can contract (Hirota et al., 1979; Kamino et al., 1981; Hirota
et al., 1985). In the embryonic chick heart at the 7-8-somite stage,
these spontaneous action potentials initiate in the primordial si-
noatrial region and propagate throughout the myocardium where
all cardiomyocytes are electrically coupled via gap junctions. As
the heart tube undergoes a right-sided looping, cells of the myocar-
dium become contractile (Manasek, 1968). The direction of the
electrical excitatory wave along the myocardium – posterior to
anterior – produces a contractile wave from caudal to rostral in the
primordial heart. This unidirectional propagation of action poten-
tials and contractile wave remains during heart looping until inter-
ventricular septation completes (Fig. 3).

Upon separation of the ventricle into the left and right chambers,
the wave of electrical impulses that emanates from the atria is then
transmitted to the apex of the heart without directly activating
ventricular myocytes (Fig. 3; Chuck et al., 1997; Chuck and
Watanabe, 1997). In the mouse which has a small heart with a
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thinner myocardium, however, ventricular activation from the apex
can be observed slightly prior to the completion of ventricular
septation (Rentschler et al., 2001; Fig. 3). This dramatic shift in the
impulse-conducting pathway depends on the coordinated differen-
tiation and patterning of the CCS. The morphology, electrophysi-
ology and cellular properties of the CCS have long been the subject
of characterization. Importantly, new information has been gath-
ered in the last few years uncovering some of the molecular and
cellular mechanisms that regulate the differentiation and pattern-
ing of these specialized cardiac tissues during development. This
review gives an overview of recent advances in understanding the
induction and patterning of the CCS.

Functional Elements

The CCS consists of several components, each of which plays
a distinct role in coordinating rhythmic heartbeat (Fig. 1). Molecular
and functional markers specific for the CCS, as well as CCS sub-
components, have been reviewed in detail elsewhere (Schiaffino,
1997; Moorman et al., 1998; Gourdie et al., 1999; 2002; Welikson
and Mikawa, 2002).

Pacemaker
Pace making impulses are generated at the sinoatrial node (SA-

node), embedded in the right atrium. The SA-node is a heteroge-
neous tissue that varies in morphology and the degree of embed-
ding in the atrial wall from species to species (Boyett et al., 2000).
In cardiac muscle, which beats rhythmically without external stimu-
lus, the cells with the most rapid inherent rhythm set the rate of
beating of the rest of the myocardium. The cells of the SA node

display the most rapid rhythm and thus represent the «pacemaker»
of the heart. The SA-node is also richly innervated by both the
sympathetic and parasympathetic divisions of the autonomic ner-
vous system. The pace making action potential is produced by a
slow, diastolic depolarization that involves a number of different ion
channels, including T- and L-type calcium channels (Bohn et al.,
2000).

At present, there are two models for the heterogeneity of the SA
node; one, the «gradient model», is one in which there is a gradual
change in the properties of node cells from the periphery to the
center; secondly, the «mosaic model», is where there is a variable
mix of atrial and SA node cells from the periphery to the center.
Boyett et al. (2000) tentatively conclude that, at least in the rabbit,
the «gradient model» best represents the organization of the SA
node. This heterogeneity appears to be necessary for numerous
reasons, including: protection of the SA node from the hyperpolar-
izing influence of the surrounding atrial muscle; assistance to the
SA node to drive the surrounding atrial muscle and protecting the
SA node from action potentials outside the SA node. The complex-
ity of the SA node accounts for the heterogeneity of electrical
activity throughout the SA node, the non-radial spread of the action
potential from the leading pacemaker site in the SA node, and the
block of conduction from the leading pacemaker site towards the
atrial septum and pacemaker shift (Boyett et al., 2000).

The pacemaker activity is the first element to function in the
CCS. When the primitive heart tube forms, all epithelioid myocytes
are electrically active, but pace making impulses are evoked
predominantly by myocytes in the posterior inflow tract, the pre-
sumptive sinus venosus and atrium (Kamino et al., 1981; Yada et
al., 1985). Impulses spread to the anterior end of the heart, towards

Fig. 1. Components of the cardiac conduction system. (A) Panels show action potentials for components of the chick heart, in (B). The panels on the
right demonstrate immunofluorescence to detect slow tonic myosin heavy chain in Purkinje fibers (green) and myosin-binding protein C in ventricular
myocytes (red). (C) Subendocardial Purkinje fibers. (D) Branch point from subendocardial Purkinje fibers. (E) Intramural Purkinje fibers. ao, aorta; av,
atrioventricular; lv, left ventricle; rv, right ventricle; sa, sinoatrial.
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the outflow tract, through gap junctions between the epithelioid
myocytes (Fig. 3), generating a posterior-to-anterior contractile
wave along the heart tube (Patten and Kramer, 1933). Although the
presumptive ventricle and atrium are molecularly distinguishable
at this stage (Yutzey et al., 1994), action potentials propagate
throughout a straight heart tube without any local changes in
velocity. In mammals, the SA node becomes morphologically
distinct, well after the heart becomes contractile, located at the
junction of the right common cardinal vein and the wall of the right
atrium (Virágh and Challice, 1980). Little is known about the
mechanisms that induce and maintain the pacemaker cells at this
predictable site of the heart. Interestingly, in lower vertebrate
species, the pacemaker resides in the sinus in a fashion (Virágh

and Challice, 1983) analogous to the primitive sinus of embryonic
higher vertebrates (Kamino et al., 1981). This spatial and functional
relationship prompts one to consider the evolutionary origins of the
SA node in higher vertebrates.

AV-delay
The atrioventricular (AV) node is located at the base of the

interatrial septum and positioned near the endocardium (Tawara,
1906; Fig. 1). The main function of the AV node is to slow the
pacemaking impulse from the atrium to the ventricular myocar-
dium. Like cells of the SA node, cells of the AV node are inter-
spersed with connective tissue and extensive vasculature. In
mammals, the AV node is separated from the endocardium by a

Fig. 2. Diagrammatic repre-

sentation of the fate of

cardiomyocyte precursors.

Developmental progression is
represented from left to right. A
color gradient represents the
location of cardiac cells and their
precursors as the heart devel-
ops, the darker being the most
posterior of cardiac precursors
to ingress through the primitive
streak. a, atria; la, left atrium, lv,
left ventricle; ot, outflow tract;
ra, right atrium; rv, right ven-
tricle; v, ventricle.

Fig. 3. Impulse conduction in the

developing heart. Cardiomyocytes in
the presumptive sinoatrial node are the
first to become electrically active, and
effectively become the primitive “pace-
maker” for the rest of the heart tube.
Cardiac development from the heart
tube stage is represented from left to
right. Note that as septation completes,
there is a dramatic shift in the wave of
impulse dissemination (yellow arrows).

This appears to be in contrast to the situation in the developing mouse heart; recent findings using the MC4 transgenic line to visualize the developing murine
cardiac conduction system (Rentschler et al., 2001; Rentschler, Morley and Fishman, unpublished), indicate that there is an apex-to-base change in conduction
before septation is complete. The rate of impulse dissemination in different regions of the heart is represented by a color gradient, red being greatest. a,
atria; av, atrioventricular canal; la, left atrium; lv, left ventricle; ot, outflow tract; pm, pacemaker; ra, right atrium; rv, right ventricle; v, ventricle.
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thin layer of atrial myocardium. The cells in the periphery of this
region are flat and spindle like, while more irregularly shaped fibers
are located more deeply (Thaemert, 1973). The superior and right
margins are composed of more loosely connected fibers and tend
to intermingle with the muscle fibers of the right atrium and
interatrial septum. The inferior region of the node becomes more
regularly aligned, as it becomes continuous with the atrioventricu-
lar bundle. The peripheral cells in the medial portion of the node are
globular like and contain hardly any myofibrils.

The AV-delay first becomes detectable when the looping heart
undergoes a morphogenic constriction to divide atrial and ventricu-
lar chambers (Fig. 3; Lieberman and Paes de Carvalho, 1967; de
Jong et al., 1992). This AV delay gives rise to an effective peristaltic
wave of myocardial contraction of the looping heart. Myocytes at
the AV-junction preferentially express connexin45 (Cx45) (Alcolea
et al., 1999), a low conductance gap junction channel that is also
expressed in the SA node as well as the AV node of the mature
heart (Coppen et al., 1999). It remains to be determined whether
myocytes in the AV-junction of looping stage hearts differentiate
into cells of the AV-node (Cheng et al., 2000).

Rapid Impulse Conduction
From the AV node, pacemaking impulses are transmitted to the

ventricular conduction network that consists of the AV-bundle,
bundle branches and Purkinje fibers. The main function of the
ventricular conduction network is to rapidly propagate and transmit
impulses to the ventricular muscle. Our knowledge of how this is
facilitated has been aided by the discovery that the high-conduc-
tance gap junction proteins, Cx40 (previously termed Cx42) and
Cx43, are expressed in a spatially restricted manner, namely in
cells of the more distal elements of the CCS (Gros et al., 1992;
Gourdie et al., 1993a; Gourdie et al., 1993b; Gourdie, 1995). His
(1893) first described the bundle of cells that forms a connection
between the atrial and ventricular chambers in the mammalian
heart. The AV bundle, that also bares his name, the His bundle,
originates at the posterior right atrial wall near the atrial septum
above the atrioventricular groove. The AV bundle passes over the
upper margin of the ventricular septal muscle, where their respec-
tive fibers intermingle with each other. It then bifurcates near the
aorta into a right and a left bundle branch, the latter terminating at
the base of the aortic leaflet of the mitral valve. The pioneering work
of His advanced the thinking about the conduction of excitation in
adult mammalian hearts – that this excitation could be conducted
from the atria to the ventricles through continuous, muscular tissue
(Tawara, 1906).

The left and right bundle branches eventually lead into the
Purkinje fibers. Purkinje fibers are distributed widely throughout
the subendocardium of the left and right ventricles (Fig. 1). In some
species they penetrate transmurally deep into the myocardium.
The tips of Purkinje fibers are electrically coupled to muscle cells
via gap junctions, thereby initiating an apex to base contraction of
the ventricle. Of the components that comprise the CCS, the
pattern of the intramural Purkinje fibers shows the most variation
between species (Truex and Smythe, 1965). One common theme
amongst vertebrate hearts is, however, in the pattern or location of
the proximal aspect of the Purkinje fiber network (reviewed by
Moorman et al., 1998; Welikson and Mikawa, 2002). These con-
duction cells are invariably arranged in a sub-endocardial pattern,
and are termed the subendocardial Purkinje fibers.

Myocyte Origin of the Conduction System

Much of our knowledge of the development of the vertebrate
heart stems from studies conducted on the chick embryo. Histori-
cally, there has been much debate as to the origin of cells of the
CCS, particularly Purkinje fibers. This, in part, is rooted in the
observation that cells of the CCS necessarily display expression of
markers similar to neuronal cells as well as those expressed by
muscle cells (reviewed by Schiaffino, 1997; Moorman et al., 1998;
Welikson and Mikawa, 2002). Given the invasion of the heart by
neural crest cells that do express «neuronal» factors, and the
expression of common markers by CCS cells and neuronal cells,
such as HNK-1 and neurofilament proteins (Gorza et al., 1988;
Vitadello et al., 1990), it is not surprising that hypotheses arose
about a neural crest origin for the CCS (Gorza et al., 1988).

Fate map studies in the chicken embryo have identified that cells
from three distinct embryonic origins, cardiogenic mesoderm,
neural crest and the proepicardial organ, constitute the heart
(reviewed by Mikawa, 1999). Mesoderm bilateral to Hensen’s node
becomes committed to myocyte and endocardial cell lineages just
after gastrulation begins, and form the double-walled tubular heart
(reviewed by Garcia-Martinez and Schoenwolf, 1993). Cardiac
neural crest cells migrate towards the heart tube from the neural
tube at somite levels 1-3 and form great vessel smooth muscle and
cardiac ganglia (reviewed in Kirby, 1988; Poelmann et al., 1994).
Prior to the arrival of cardiac neural crest cells to the heart, cells of
the proepicardium also migrate from the mesothelium towards the
looping, beating heart tube, forming the epicardium (Ho and
Shimada, 1978; Virágh and Challice, 1981; Hiruma and Hirakow,
1989; Männer, 1993) and coronary vessels (Mikawa and Fischman,
1992; Poelmann et al., 1993; Mikawa and Gourdie, 1996; Dettman
et al., 1998).

Of these three distinct sources of cardiac cells, that elements of
the distal CCS, namely the Purkinje fibers, and elements of the
proximal conduction system, such as the AV-node, His bundle and
bundle branches, are derived from working myocytes was demon-
strated beyond doubt in a series of retroviral lineage studies in the
chick embryo (reviewed by Mikawa, 1999; Gourdie et al., 2002;
Mikawa et al., 2002). In these studies, replication-defective retroviral
vectors, encoding recombinant β-galactosidase (β-gal), were used
to infect, and thus «tag», single cells of each of three cardiogenic
primordia, the mesoderm and heart tube (Mikawa et al., 1992a,b;
Gourdie et al., 1995; Cohen-Gould and Mikawa, 1996; Cheng et
al., 1999; Wei and Mikawa, 2000), cardiac neural crest (Gourdie et
al., 1995; Cheng et al., 1999), and proepicardium (Mikawa and
Fischman, 1992; Mikawa and Gourdie, 1996). β-gal-positive Purkinje
fiber cells were exclusively and frequently found in myocyte clones.
In contrast, no conduction cells are produced from cardiac neural
crest or primordial epicardial cells. Evidence consistent with the
non-neurogenic origin of the conduction system has recently been
obtained by studies on neural crest derivatives in the mouse
embryo (Epstein et al., 2000; Jiang et al., 2000). These studies
show that Purkinje fibers are differentiated from a subset of
contractile myocytes, not from the neural crest as previously
suggested (Fig. 4).

Individual myocyte precursor cells give rise to a series of
progeny that migrate more centripetally than circumferentially to
form clones that often span the full thickness of the myocardium,
i.e., from the epicardial to endocardial surface of the muscle wall
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(Fig. 4; Mikawa et al., 1992b; Mikawa, 1995; re-
viewed in Mikawa and Fischman, 1996; Mikawa,
1999). This clone-based differentiation is a com-
mon motif in both proximal conduction fascicles,
such as the His bundle (Cheng et al., 1999), and in
the distal Purkinje system (Gourdie et al., 1995).
Importantly, in no case were Purkinje fibers and
cells of the proximal conduction system found in the
same β-gal-positive clones. This revealed that con-
duction cell differentiation occurs within individual
myocyte clones that occupy only a segment of the
myocardium and, thus, clonally related conduction
cells only form a segment of the Purkinje network.

Birth-dating studies indicate that the local recruit-
ment of the proximal conduction system, such as the
AV-node, His bundle and bundle branches, ends
soon after ventricular septum formation completes
(Cheng et al., 1999), while recruitment of cells to
Purkinje fiber network continue until hatching (Gourdie
et al., 1995; Cheng et al., 1999; Litchenberg et al.,
2000). The finding of Purkinje fiber differentiation
within individual myocyte clones has provided a new
insight into the mechanism by which the Purkinje
system expands and is patterned during heart devel-
opment, lending strong support for the model of
recruitment to the CCS from cardiomyocytes rather
than a simple "outgrowth" model.

The Inductive Role of the Cardiac Vascula-
ture

Fig. 4. Identification of the myocyte origin of Purkinje fibers. Lineage tracing experiments
where myocytes were “tagged” using replication-incompetent retroviral vectors demon-
strated that Purkinje fibers of the cardiac conduction system are derived from clonally related
myocytes. Furthermore, these experiments demonstrated that Purkinje fibers were re-
cruited locally and that the conduction system did not expand simply by outgrowth and
branching. Blue represents “tagged” cardiomyocytes and clonally related daughter cells.
Green represents Purkinje fibers of the conduction system. ao, aorta; lv, left ventricle; ra, right
atrium rv, right ventricle.

1971b; Vrancken Peeters et al., 1997) when the emerging vascular
network grows into the aorta (Bogers et al., 1989) and then
circulating blood drains into this network (Virágh and Challice,
1981).

Definitive proof of the discontinuous nature of the formation of
the coronary vasculature was provided by cell-tagging and lineage
tracing using replication-defective retroviral vectors, thus demon-
strating a vasculogenic process (Mikawa and Fischman, 1992;
Mikawa and Gourdie, 1996). That the coronary vessels form by a
vasculogenic process precludes the theory of the coronary vascu-
lature arising from the base of the aorta. For further applications on
the use of replication defective retroviral vectors, see the reviews
by Mikawa et al. (1996), Fischman and Mikawa (1997), and Hyer
and Mikawa (1997). The model that paracrine interactions of
myocytes with developing coronary arteries play an inductive role
in conduction cell differentiation (Gourdie et al., 1995; Mikawa and
Fischman, 1996; Mikawa, 1999) has been tested experimentally
by two complementary approaches: inhibiting as well as promoting
coronary arterial branching (Hyer et al., 1999). Inhibition of coro-
nary vessel development resulted in a significant loss of intramural
Purkinje fiber differentiation, indicating the necessity of coronary
arterial beds for intramural conduction cell differentiation. Further-
more, ectopic Purkinje fibers developed along arteries that were
ectopically induced in the myocardium (Hyer et al., 1999). Thus,
coronary arterial beds are not only necessary but also sufficient for
recruiting adjacent myocytes to differentiate into conduction cells.

Periarterial Purkinje fibers are, however, not commonly seen in
mammalian hearts (Moorman et al., 1998). For example, the

In avian hearts, both subendocardial and intermyocardial com-
ponents of the Purkinje fiber network persist (Moorman et al.,
1998). Intramyocardial Purkinje fibers penetrate from the
subendocardium into the myocardium following coronary artery
branches, but not venous or capillary networks (Davies, 1930;
Vassal-Adams, 1982; Gourdie et al., 1995; Takebayashi-Suzuki et
al., 2000). The unique location of Purkinje fiber recruitment within
individual myocyte clones of the chick heart has provided an
important insight into the cellular and molecular factors involved in
the inductive events that pattern the Purkinje fiber system in the
embryonic heart. This section discusses the possibility that paracrine
interactions between embryonic myocytes and cardiac endothelial
cells play a key role in the local recruitment of conduction cells from
beating myocytes.

As with the ontogeny of the CCS, the origins of the coronary
vasculature have been a controversial subject. There have been
two major schools of thought on the subject of the formation of the
blood vessels of the heart. One supports the notion of sprouting out
from the base of the aorta, that is to say, an entirely angiogenic
process. The other supports the idea that an existing vascular bed
contacts the base of the aorta to allow circulation to the closed
coronary vascular system. Fate mapping studies in the chick have
demonstrated that epicardium-derived cells contribute to the coro-
nary vasculature, perivascular fibroblasts and intermyocardial
fibroblasts (Mikawa and Fischman, 1992; Mikawa and Gourdie,
1996; Dettman et al., 1998; Pérez-Pomares et al., 1998). The
coronary vasculature in the embryonic chick becomes functional at
around E14 (Rychter and Ostádal, 1971a; Rychter and Ostádal,
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mouse heart develops subendocardial, but not intramyocardial,
Purkinje fibers (reviewed in Moorman et al., 1998; Welikson and
Mikawa, 2002). Our studies in the mouse suggest that the en-
docardial endothelial cells may play a role in this process (Fig. 5).
The mouse CCS in the embryonic and neonatal hearts have
recently been visualized by way of a LacZ reporter gene (Rentschler
et al., 2001) in the MC4 (Engrailed-LacZ transgenic) mouse line
(Logan et al., 1993). Expression of the LacZ reporter gene in the
CCS in this case resulted from the rather serendipitous insertion
of the reporter into a particular region of the genome, rather than
the control of the engrailed promoter. It thus appears the reporter
construct came under the control of a CCS-specific promoter. The
transgene is expressed from 8.5 days post coitum (dpc) through to
the neonatal period and its expression in the ventricle is exclusive
to myocytes adjacent to the endocardium.

To investigate the potential role of endocardial cells in the
expression of the LacZ reporter of the MC4 embryonic heart, we
conducted experiments co-culturing myocytes of the transgenic
mouse line with several cell types including endocardial endothe-
lial cells (Fig. 5). The transgene expression remained in cultured
heart tubes or ventricular segments dissected from embryos at

Fig. 5. Endocardial cells promote induction and/or maintenance of a

conduction phenotype amongst cardiomyocytes in the murine con-

duction system. (A) X-gal staining (blue) of an E13.5 mouse heart from the
MC4 transgenic line shows the extent of the developing cardiac conduction
system. (B) A cross section through the ventricular region of an MC4 E13.5
heart after X-gal staining (counter stained with eosin). Note the Purkinje
fibers (stained blue) adjacent to endothelial cells. (C) Ventricular segments
of E9.5 hearts cultured in vitro for 3 days. Note that LacZ expression persisted
in the ventricular segments, whereas in isolated myocyte cultures (E), LacZ
expression was greatly diminished. (D) Shows a model for the endothelial
induced up-regulation and maintenance of LacZ expression (therefore a
propensity for conversion to a conduction cell phenotype) amongst embry-
onic cardiomyocytes. This model was tested under co-culture conditions;
WT (CD1) E9.5 hearts were dissociated and endocardial cells were preferen-
tially isolated and cultured for 2 days to form a monolayer. Cardiomyocytes
were harvested from the MC4 transgenic line and added to endocardial cells
and cultured for a further 5 days. No LacZ-positive cells were found amongst
endocardial cells cultured alone (E), while amongst cardiomyocytes cultured
alone, some cells showed low levels of LacZ expression (F). When endocar-
dial cells and cardiomyocytes were co-cultured, however, a marked increase
in the proportion and levels of LacZ expression amongst myocytes was
observed (G). To test whether this effect was specific for endocardial cells,
the co-culture experiment was used to compare endocardial cells and MDCK
cells for the ability to exert an effect on LacZ expression in cardiomyocytes
from the MC4 transgenic line. Both co-cultures showed a similar number of
X-gal-positive cells, though in the endocardial co-cultures, the myocytes that
were X-gal-positive stained more intensely for X-gal (H) than X-gal-positive
myocytes cultured with MDCK cells (I). The higher level of myocyte LacZ
expression in endocardial co-cultures indicates that another epithelial-like
cell line can not recapitulate the effect conferred by endocardial cells. We
conclude that a factor secreted by endocardial cells, or direct contact with
endocardial cells, encourages the higher levels of X-gal expression in
cardiomyocytes. end, endocardial cells; la, left atrium, lv, left ventricle; myo,
myocytes; pf, Purkinje fibers; ra, right atrium; rv, right ventricle.

8.5 and 9.5 dpc. In contrast, the LacZ expression was significantly
diminished when myocytes were isolated and cultured as a
monolayer. The strong expression of the transgene was restored
when myocytes were co-cultured with endocardial cells. Myocytes
from 13.5 dpc and neonatal hearts, however, exhibited low but
detectable levels of LacZ expression without endocardial cells,
suggesting that endocardial cells are not required to maintain
LacZ expression once initiated. Interestingly, a higher level of
LacZ expression was induced by co-culturing myocytes with
endocardial cells, although there was no change in the number of
cells positive for the transgene. Neither MDCK cells nor embry-
onic fibroblasts stimulated LacZ expression amongst MC4
cardiomyocytes. These cell culture experiments demonstrate
that endocardial cells have the ability to maintain higher levels of
LacZ expression in cardiomyocytes. The data also suggest an
ongoing need for these cell-cell interactions, at least for some
period of time, for the maintenance or differentiation of conduction
cells of the heart.

Since endothelial cells are the only cell type common to the
endocardium and arteries, along which adjacent myocytes differ-
entiate into Purkinje fibers, it was suspected that endothelial cell
derived signal(s) might play a role in recruiting and/or maintaining
conduction cells. Recent studies in chick and mouse embryos
have provided a new basis for elucidating the molecular
mechanism(s) involved in this inductive event in the myocyte
lineage.
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Fig. 6. Model for the conversion of myocytes to Purkinje fibers. Differential
ECE expression allows a spatial regulation of endothelin signaling as only the fully
proteolyticaly processed product, endothelin, activates endothelin receptors. In
the embryonic chick heart, myocytes expressing endothelin receptors adjacent to
ECE-expressing endothelial cells are responsive to this inductive signal and are
thus recruited to the cardiac conduction system in a spatially restricted manner.
bigET, big endothelin; ppET, preproendothelin; ECE, endothelin converting en-
zyme; ET, endothelin; ETR, endothelin receptor.

Endothelial Cell-Derived Factors in Purkinje Fiber Dif-
ferentiation

Studies in the chick heart have shown that Purkinje fibers
differentiate subendocardially and periarterially, but not adjacent to
cardiac veins or capillaries (Gourdie et al., 1995; Takebayashi-
Suzuki et al., 2000). It has also been suggested that vascular bed-
specific phenotypes, including heterogeneity in the endothelial cell
population (Gerritsen, 1987; Page et al., 1992; Cines et al., 1998;
Rajotte et al., 1998) are dynamically regulated by environmental
cues (Aird et al., 1995; Aird et al., 1997; Guillot et al., 1999). Shear
stress is one mechanism that regulates the expression and/or
secretion of vascular cytokines (McCormick et al., 2001) and is
evidently higher in endocardial and arterial endothelial cells than
those of veins and capillaries. Recent studies have demonstrated
that embryonic myocytes can be induced both in vivo (Takebayashi-
Suzuki et al., 2000) and in vitro (Gourdie et al., 1998) to differentiate
into Purkinje fibers by a shear stress-induced cytokine, endothelin-
1 (ET-1) (Yanagisawa et al., 1988; Yoshizumi et al., 1989). A
conversion from embryonic myocytes to Purkinje fibers was not
observed, however, following exposure to other vascular cytokines,
such as FGF, PDGF and VEGF.

The production and secretion of biologically active ET ligands
requires two steps of post-translation processing from its precur-
sor, preproendothelin (preproET) (Xu et al., 1994). The precursor
peptide is first digested into bigET by furin proteases. bigET is then
cleaved into mature ET by the membrane-bound, ET-specific
metalloprotease, endothelin converting enzyme (ECE-1) (Xu et al.,
1994; Emoto and Yanagisawa, 1995). Binding of mature ET to the
G protein-coupled receptors, ETA, ETB and ETB2 trigger ET-
signaling (Arai et al., 1990; Sakurai et al., 1990). Recent studies in
mouse and chick embryonic hearts have revealed that ETA and
ETB are expressed by myocytes, while ETB2 is expressed in the

1 and preproET-1 in the chick embryonic heart (Takebayashi-
Suzuki et al., 2000). Exogenous co-expression of ECE-1 and
preproET-1 in the embryonic ventricular myocardium re-
sulted in the ectopic and precocious differentiation of Purkinje
fibers. These results suggest that induction of conduction
cells is localized in the ventricular myocardium by the site-
specific cleavage of bigET 1 by ECE-1 (Fig. 6; Takebayashi-
Suzuki et al., 2000). The implication of hemodynamic-re-
sponsive factors, such as endothelin, in the patterning and
development of components of the CCS raises the possibility
that environmental factors, like shear stress or pressure, may
influence this developmental patterning (Fig. 7).

It has been shown that expression of many Purkinje fiber
marker genes can be ectopically induced by activation of ET-
signaling both in vitro and in vivo (Gourdie et al., 1998;
Takebayashi-Suzuki et al., 2000; Takebayashi-Suzuki et al.,
2001). A recent study, however, has found that a subset of
genes which are expressed in bona fide Purkinje fibers are
not induced by ET, suggesting that an ET-independent path-
way may also play a role in regulation of Purkinje fiber specific
genes (Takebayashi-Suzuki et al., 2001). A potential involve-
ment of other paracrine interactions such as neuregulin and its
receptor tyrosine kinases, erbB2 and erbB4, between the
endocardium and the myocardium has also been suggested
(Moorman et al., 1998; Rentschler et al., 2000). In the embry-

Fig. 7. The role of hemodynamics in conduction system development.

Recruitment of myocytes to the conduction system occurs only in loca-
tions adjacent to certain endothelial populations, namely certain endocar-
dial and coronary arterial endothelial cells. What are the cues or factors
responsible for this spatial restriction? There is mounting evidence that
hemodynamic-responsive factors, such as endothelin that is expressed at
higher levels in coronary arterial and a subpopulation of endocardial
endothelial cells, play a role in the induction and patterning of aspects of the
cardiac conduction system.

developing valve leaflets (Clouthier et al., 1998; Takebayashi-
Suzuki et al., 2000; Kanzawa et al., 2002). In contrast, ECE-1 is
predominantly expressed in endocardial and coronary arterial
endothelium, and absent from myocytes and endothelial cells of
cardiac veins and capillaries (Takebayashi-Suzuki et al., 2000).
The distinct expression patterns of ET-receptors and ECE-1 in the
heart suggest that localized production of ET-ligand to endocardial
and arterial endothelia may specifically induce adjacent myocytes
to differentiate into Purkinje fibers. Experimental evidence for this
idea has been provided by viral-mediated co-expression of ECE-
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onic mouse heart, neuregulin is expressed by the endocardium,
while erbB2 and erbB4 are expressed in the myocardium. A loss-
of-function mutation in the neuregulin or erbB gene in the mouse
results in severe cardiac defects, including the loss of trabeculae
and cardiac cushion formation (Gassmann et al., 1995; Lee et al.,
1995; Meyer and Birchmeier, 1995). These mutant embryos ex-
hibit irregular heartbeats and die. Neuregulin-signaling appears to
play multiple roles in the heart, promoting myocyte survival and
growth (Zhao et al., 1998) and regulating cardiac cushion formation
(Ford et al., 1999). It is also suggested that conduction distur-
bances in neuregulin signaling-deficient mutants may be associ-
ated with insufficient contractile capacity (Moorman et al., 1998).
Like ET, neuregulin can induce myocytes to up-regulate some
conduction cell markers, such as atrial natriuretic factor (ANF) and
skeletal muscle protein (Zhao et al., 1998). Interestingly, neuregulin
expression is known to be up-regulated by ET (Zhao et al., 1998).
Further studies on the interactions between these signaling cas-
cades will provide an important insight into molecular mechanisms
underlying induction, differentiation and maturation of conduction
cells.

Regulation of Gene Expression in the Conduction
System

The CCS exhibits a complex pattern of gene and protein
expression (Schiaffino, 1997; Moorman et al., 1998; Welikson and
Mikawa, 2002). Though the exact mechanisms underlying the
unique gene expression in cells of the CCS remain unknown,
several transcription factors have been detected to be specifically,
or preferentially, expressed in conduction cells. The first gene
encoding a transcription factor identified in the conduction system
was Msx-2, a homeobox domain gene homologous to the Droso-
phila muscle segment homeobox gene (msh). This homeobox
gene is expressed transiently in progenitors of the proximal con-
duction system, such as the AV-ring, in developing chick hearts
(Chan-Thomas et al., 1993). TBX5, a T-box transcription factor, is
also present in the AV-node at higher levels than in the ventricular
myocardium of the human embryonic heart (Hatcher et al., 2000).
Roles for Msx-2 and TBX5 in formation and patterning of the
conduction system remain to be determined.

The gene encoding the cardiac transcription factor, CSX/NKX2.5
(Komuro and Izumo, 1993; Lyons et al., 1995), the mammalian
homologue of the tinman gene in Drosophila (Bodmer, 1993), is
expressed highly in the embryonic and adult conduction system
(Takebayashi-Suzuki et al., 2001; Thomas et al., 2001). Mutations
in the human CSX/NKX2.5 gene result in an inherited, autosomal
dominant disease characterised by atrial septal defects and AV
conduction delays (Schott et al., 1998). CSX/NKX2.5 can bind to
GATA4, a zinc finger domain protein (Durocher et al., 1997). It has
been shown that CSX/NKX2.5 and GATA4 cooperatively activate
the expression of ANF (Durocher et al., 1997; Lee et al., 1998),
which is expressed at high levels in both the atrium and the
ventricular conduction system (Wharton et al., 1988; Hansson and
Forsgren, 1993). Indeed, both CSX/NKX2.5 and GATA4 have
recently been found to be co-expressed at higher levels in Purkinje
fibers of the chick embryo heart (Takebayashi-Suzuki et al., 2001;
Thomas et al., 2001). It is still unknown if and how these transcrip-
tion factors down-regulate ventricular muscle-specific genes in
Purkinje fibers or how genes typical of neuronal or skeletal muscle
lineages are up-regulated in conduction cells.

While nothing is currently known about mechanisms underlying
neuronal cell-type gene expression in conduction cells, the activity of
a "muscle-specific" enhancer/promoter of the desmin gene in Purkinje
fibers has been demonstrated (Li et al., 1993). Desmin, a member of
the intermediate filament family (Lazarides, 1982), is expressed in all
myogenic cell lineages: skeletal, cardiac and smooth muscle (Hill et
al., 1986; Furst et al., 1989; Babai et al., 1990). The proximal 280bp
of the 5' regulatory sequence (DES1) of the desmin gene has been
shown to contain an E-box site for binding of the basic/helix-loop-
helix (bHLH) family of muscle determination transcription factors
(van de Klundert et al., 1994) and the CArG-box of the serum
response element (Treisman et al., 1992). The DES1 fused to a
reporter gene, β-gal, has been found to drive expression in skeletal
muscle, but not in smooth muscle or the working myocardium of the
heart (Li et al., 1993). Importantly, the DES1 enhancer also directs β-
gal expression in the Purkinje fibers during embryonic development
and after birth, suggesting that a skeletal muscle-specific program
could be active in cardiac myocytes that differentiate into specialized
conduction cells.

The ability of skeletal muscle-type transcription factors to activate
a skeletal muscle program in the embryonic heart has been tested.
MyoD ectopically introduced in the developing mouse heart can
induce several skeletal muscle proteins in late stage embryonic
hearts (Miner et al., 1992). However, ectopic MyoD does not activate
Myf-5 or MRF-4 (Miner et al., 1992). The only myogenic counterpart
induced in the transgenic mouse by MyoD is myogenin. In the frog
heart, MyoD, but not myogenin nor MRF4, has been detected at low
levels (Jennings, 1992). Our recent analysis in the embryonic chick
heart has also detected MyoD expression, but not Myf5 or MRF4, in
both bona fide and ET-induced Purkinje fibers (Takebayashi-Suzuki
et al., 2001). These studies suggest that the transcriptional mecha-
nisms inducing expression of "skeletal muscle" type-genes in con-
duction cells may be different from those functioning in skeletal
muscle. Further investigation will better our understanding of the
molecular mechanisms that induce and maintain a unique and
complex set of genes that function in the CCS.

Summary

The cardiac conduction system (CCS) is the component of the
heart that initiates and maintains a rhythmic heartbeat. As the
embryonic heart forms, the CCS must continue to develop and
mature in a coordinated manner to ensure that proper pace making
potential and distribution of action potential is maintained at all
stages. This requires not only the formation of distinct and disparate
components of the CCS, but the integration of these components into
a functioning whole as the heart matures. Though research in this
area of development may have lagged behind other areas of heart
development, in recent years there has been much progress in
understanding the ontogeny of the CCS and the developmental cues
that drive its formation. This is largely due to studies on the avian
heart as well as the use of molecular biology approaches. This review
gives a perspective on advances in understanding the development
of the vertebrate CCS, and reports new data illuminating the mecha-
nism of conduction cell determination and maintenance in the
mammalian heart. As much of our knowledge about the development
of the CCS has been derived from the chick embryo, one important
area facing the field is the relationship and similarities between the
structure and development of avian and mammalian conduction
systems. Specifically, the morphology of the distal elements of the
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mammalian CCS and the manner in which its components are
recruited from working cardiomyocytes are areas of research that
will, hopefully, receive more attention in the near future. A more
general and outstanding question is how the disparate components
of all vertebrate conduction systems integrate into a functional entity
during embryogenesis. There is mounting evidence linking the
patterning and formation of the CCS to instructive cues derived from
the cardiac vasculature and, more specifically, to hemodynamic-
responsive factors produced by cardiac endothelia. This highlights
the need for a greater understanding of the biophysical forces acting
on, and created by, the cardiovascular system during embryonic
development. A better understanding of these processes will be
necessary if therapeutics are to be developed that allow the regen-
eration of damaged cardiac tissues or the construction of biologically
engineered heart tissues.

Acknowledgements
We apologise to all researchers whose original articles were not cited

due to space constraints. We thank Victoria Ballard for critical reading of the
manuscript. The original work is supported in part by the NIH. DJP is a
Charles H. Revson foundation Postdoctoral Fellow. G.I.F. is the recipient
of the Burroughs Wellcome Fund Clinical Scientist Award in Translational
Research.

References

AIRD, W.C., EDELBERG, J.M., WEILER-GUETTLER, H., SIMMONS, W.W., SMITH,
T.W. and ROSENBERG, R.D. (1997). Vascular bed-specific expression of an
endothelial cell gene is programmed by the tissue microenvironment. J. Cell Biol.
138: 1117-1124.

AIRD, W.C., JAHROUDI, N., WEILER-GUETTLER, H., RAYBURN, H.B. and
ROSENBERG, R.D. (1995). Human von Willebrand factor gene sequences target
expression to a subpopulation of endothelial cells in transgenic mice. Proc. Natl.
Acad. Sci. USA 92: 4567-4571.

ALCOLEA, S., THEVENIAU-RUISSY, M., JARRY-GUICHARD, T., MARICS, I.,
TZOUANACOU, E., CHAUVIN, J.P., BRIAND, J.P., MOORMAN, A.F.M., LAMERS,
W.H. and GROS, D.B. (1999). Downregulation of connexin 45 gene products
during mouse heart development. Circ. Res. 84: 1365-79.

ARAI, H., HORI, S., ARAMORI, I., OHKUBO, H. and NAKANISHI, S. (1990). Cloning
and expression of a cDNA encoding an endothelin receptor. Nature 348: 730-732.

BABAI, F., MUSEVI-AGHDAM, J., SCHURCH, W., ROYAL, A. and GABBIANI, G.
(1990). Coexpression of α-sarcomeric actin, α-smooth muscle actin and desmin
during myogenesis in rat and mouse embryos I. Skeletal muscle. Differentiation
44: 132-142.

BODMER, R. (1993). The gene tinman is required for specification of the heart and
visceral muscles in Drosophila. Development 118: 719-729.

BOGERS, A.J., GITTENBERGER-DE GROOT, A.C., POELMANN, R.E., PEAULT,
B.M. and HUYSMANS, H.A. (1989). Development of the origin of the coronary
arteries, a matter of ingrowth or outgrowth? Anat. Embryol. 180: 437-441.

BOHN, G., MOOSMANG, S., CONRAD, H., LUDWIG, A., HOFMANN, F. and
KLUGBAUER, N. (2000). Expression of T- and L-type calcium channel mRNA in
murine sinoatrial node. FEBS Lett. 481: 73-76.

BOYETT, M.R., HONJO, H. and KODAMA, I. (2000). The sinoatrial node, a hetero-
geneous pacemaker structure. Cardiovasc. Res. 47: 658-687.

CHAN-THOMAS, P.S., THOMPSON, R.P., ROBERT, B., YACOUB, M.H. and
BARTON, P.J. (1993). Expression of homeobox genes Msx-1 (Hox-7) and Msx-
2 (Hox-8) during cardiac development in the chick. Dev. Dyn. 197: 203-216.

CHENG, G., LITCHENBERG, W.H., COLE, G.J., MIKAWA, T., THOMPSON, R.P.
and GOURDIE, R.G. (1999). Development of the cardiac conduction system
involves recruitment within a multipotent cardiomyogenic lineage. Development
126: 5041-5049.

CHUCK, E.T., FREEMAN, D.M., WATANABE, M. and ROSENBAUM, D.S. (1997).
Changing activation sequence in the embryonic chick heart. Implications for the
development of the His-Purkinje system. Circ. Res. 81: 470-476.

CHUCK, E.T. and WATANABE, M. (1997). Differential expression of PSA-NCAM
and HNK-1 epitopes in the developing cardiac conduction system of the chick.
Dev. Dyn. 209: 182-195.

CINES, D.B., POLLAK, E.S., BUCK, C.A., LOSCALZO, J., ZIMMERMAN, G.A.,
MCEVER, R.P., POBER, J.S., WICK, T.M., KONKLE, B.A., SCHWARTZ, B.S.
et al. (1998). Endothelial cells in physiology and in the pathophysiology of
vascular disorders. Blood 91: 3527-3561.

CLOUTHIER, D.E., HOSODA, K., RICHARDSON, J.A., WILLIAMS, S.C.,
YANAGISAWA, H., KUWAKI, T., KUMADA, M., HAMMER, R.E. and
YANAGISAWA, M. (1998). Cranial and cardiac neural crest defects in endothelin-
A receptor-deficient mice. Development 125: 813-824.

COHEN-GOULD, L. and MIKAWA, T. (1996). The fate diversity of mesodermal cells
within the heart field during chicken early embryogenesis. Dev. Biol. 177: 265-
273.

COPPEN, S.R., SEVERS, N.J. and GOURDIE, R.G. (1999). Connexin45 (α 6)
expression delineates an extended conduction system in the embryonic and
mature rodent heart. Dev. Genet. 24: 82-90.

DAVIES, F. (1930). The conducting system of the bird’s heart. J. Anat. 64: 129-146.

DAVIES, M.J., ANDERSON, R.H. and BECKER, A.E. (1983). The Conduction
System of the Heart. Butterworths, London.

DE JONG, F., OPTHOF, T., WILDE, A.A., JANSE, M.J., CHARLES, R., LAMERS,
W.H. and MOORMAN, A.F.M. (1992). Persisting zones of slow impulse conduc-
tion in developing chicken hearts. Circ. Res. 71: 240-250.

DETTMAN, R.W., DENETCLAW, W., JR., ORDAHL, C.P. and BRISTOW, J.
(1998). Common epicardial origin of coronary vascular smooth muscle, perivas-
cular fibroblasts, and intermyocardial fibroblasts in the avian heart. Dev. Biol.
193: 169-181.

DUROCHER, D., CHARRON, F., WARREN, R., SCHWARTZ, R.J. and NEMER, M.
(1997). The cardiac transcription factors Nkx2-5 and GATA-4 are mutual
cofactors. EMBO J. 16: 5687-5696.

EMOTO, N. and YANAGISAWA, M. (1995). Endothelin-converting enzyme-2 is a
membrane-bound, phosphoramidon-sensitive metalloprotease with acidic pH
optimum. J. Biol. Chem. 270: 15262-15268.

EPSTEIN, J.A., LI, J., LANG, D., CHEN, F., BROWN, C.B., JIN, F., LU, M.M.,
THOMAS, M., LIU, E., WESSELS, A. et al. (2000). Migration of cardiac neural
crest cells in Splotch embryos. Development 127: 1869-1878.

FISCHMAN, D.A. and MIKAWA, T. (1997). The use of replication-defective
retroviruses for cell lineage studies of myogenic cells. Methods Cell Biol. 52:
215-227.

FORD, B.D., LOEB, J.A. and FISCHBACH, G.D. (1999). Neuregulin stimulates
DNA synthesis in embryonic chick heart cells. Dev. Biol. 214: 139-150.

FURST, D.O., OSBORN, M. and WEBER, K. (1989). Myogenesis in the mouse
embryo: differential onset of expression of myogenic proteins and the involve-
ment of titin in myofibril assembly. J. Cell Biol. 109: 517-527.

GARCIA-MARTINEZ, V. and SCHOENWOLF, G.C. (1993). Primitive-streak origin
of the cardiovascular system in avian embryos. Dev. Biol. 159: 706-719.

GASSMANN, M., CASAGRANDA, F., ORIOLI, D., SIMON, H., LAI, C., KLEIN, R.
and LEMKE, G. (1995). Aberrant neural and cardiac development in mice
lacking the ErbB4 neuregulin receptor. Nature 378: 390-394.

GERRITSEN, M.E. (1987). Functional heterogeneity of vascular endothelial cells.
Biochem. Pharmacol. 36: 2701-2711.

GORZA, L., SCHIAFFINO, S. and VITADELLO, M. (1988). Heart conduction
system: a neural crest derivative? Brain Res. 457: 360-366.

GOURDIE, R.G. (1995). A map of the heart: gap junctions, connexin diversity and
retroviral studies of conduction myocyte lineage. Clin. Sci. (Lond) 88: 257-262.

GOURDIE, R.G., GREEN, C.R., SEVERS, N.J., ANDERSON, R.H. and THOMP-
SON, R.P. (1993a). Evidence for a distinct gap-junctional phenotype in ventricu-
lar conduction tissues of the developing and mature avian heart. Circ. Res. 72:
278-289.

GOURDIE, R.G., KUBALAK, S. and MIKAWA, T. (1999). Conducting the embryonic
heart: orchestrating development of specialized cardiac tissues. Trends
Cardiovasc. Med. 9: 18-26.

GOURDIE, R.G., MIMA, T., THOMPSON, R.P. and MIKAWA, T. (1995). Terminal
diversification of the myocyte lineage generates Purkinje fibers of the cardiac
conduction system. Development 121: 1423-1431.



774        D.J. Pennisi et al.

GOURDIE, R.G., SEVERS, N.J., GREEN, C.R., ROTHERY, S., GERMROTH, P. and
THOMPSON, R.P. (1993b). The spatial distribution and relative abundance of gap-
junctional connexin40 and connexin43 correlate to functional properties of compo-
nents of the cardiac atrioventricular conduction system. J. Cell Sci. 105: 985-991.

GOURDIE, R.G., WEI, Y., KIM, D., KLATT, S.C. and MIKAWA, T. (1998). Endothelin-
induced conversion of embryonic heart muscle cells into impulse-conducting
Purkinje fibers. Proc. Natl. Acad. Sci. USA 95: 6815-6818.

GUILLOT, P.V., GUAN, J., LIU, L., KUIVENHOVEN, J.A., ROSENBERG, R.D.,
SESSA, W.C. and AIRD, W.C. (1999). A vascular bed-specific pathway. J. Clin.
Invest. 103: 799-805.

HANSSON, M. and FORSGREN, S. (1993). Presence of immunoreactive atrial
natriuretic peptide in nerve fibres and conduction cells in the conduction system of
the bovine heart. Anat. Embryol. 188: 331-337.

HATCHER, C.J., GOLDSTEIN, M.M., MAH, C.S., DELIA, C.S. and BASSON, C.T.
(2000). Identification and localization of TBX5 transcription factor during human
cardiac morphogenesis. Dev. Dyn. 219: 90-95.

HILL, C.S., DURAN, S., LIN, Z.X., WEBER, K. and HOLTZER, H. (1986). Titin and
myosin, but not desmin, are linked during myofibrillogenesis in postmitotic mono-
nucleated myoblasts. J. Cell Biol. 103: 2185-2196.

HIROTA, A., FUJII, S. and KAMINO, K. (1979). Optical monitoring of spontaneous
electrical activity of 8-somite embryonic chick heart. Jpn J. Physiol. 29: 635-639.

HIROTA, A., KAMINO, K., KOMURO, H., SAKAI, T. and YADA, T. (1985). Optical
studies of excitation-contraction coupling in the early embryonic chick heart. J.
Physiol. 366: 89-106.

HIRUMA, T. and HIRAKOW, R. (1989). Epicardial formation in embryonic chick heart:
computer-aided reconstruction, scanning, and transmission electron microscopic
studies. Am. J. Anat. 184: 129-138.

HIS, W. (1893). Die Tätigkeit des embryonalen Herzens und deren Bedeutung für die
Lehre von der Herzbewegung beim Erwachsenen. Arbeiten aus der med. Klinik zu
Leipzig: 14-49.

HO, E. and SHIMADA, Y. (1978). Formation of the epicardium studied with the scanning
electron microscope. Dev. Biol. 66: 579-585.

HYER, J., JOHANSEN, M., PRASAD, A., WESSELS, A., KIRBY, M.L., GOURDIE, R.G.
and MIKAWA, T. (1999). Induction of Purkinje fiber differentiation by coronary
arterialization. Proc. Natl. Acad. Sci. USA 96: 13214-13218.

HYER, J. and MIKAWA, T. (1997). Retroviral techniques for studying organogenesis
with a focus on heart development. Mol. Cell. Biochem. 172: 23-35.

JENNINGS, C.G. (1992). Expression of the myogenic gene MRF4 during Xenopus
development. Dev. Biol. 151: 319-332.

JIANG, X., ROWITCH, D.H., SORIANO, P., MCMAHON, A.P. and SUCOV, H.M.
(2000). Fate of the mammalian cardiac neural crest. Development 127: 1607-1616.

KAMINO, K., HIROTA, A. and FUJII, S. (1981). Localization of pacemaking activity in
early embryonic heart monitored using voltage-sensitive dye. Nature 290: 595-597.

KANZAWA, N., POMA, C.P., TAKEBAYASHI-SUZUKI, K., DIAZ, K.G., LAYLIEV, J.
and MIKAWA, T. (2002). Competency of embryonic cardiomyocytes to undergo
Purkinje fiber differentiation is regulated by endothelin receptor expression. Devel-
opment 129: 3185-3194.

KIM, Y. and YASUDA, M. (1980). Development of the cardiac conducting system in the
chick embryo. Anat. Histol. Embryol. 9: 7-20.

KIRBY, M.L. (1988). Role of extracardiac factors in heart development. Experientia 44:
944-951.

KOMURO, I. and IZUMO, S. (1993). Csx: a murine homeobox-containing gene
specifically expressed in the developing heart. Proc. Natl. Acad. Sci. USA 90: 8145-
8149.

LAZARIDES, E. (1982). Biochemical and immunocytological characterization of inter-
mediate filaments in muscle cells. Methods Cell Biol. 25: 333-357.

LEE, K.F., SIMON, H., CHEN, H., BATES, B., HUNG, M.C. and HAUSER, C. (1995).
Requirement for neuregulin receptor erbB2 in neural and cardiac development.
Nature 378: 394-398.

LEE, Y., SHIOI, T., KASAHARA, H., JOBE, S.M., WIESE, R.J., MARKHAM, B.E. and
IZUMO, S. (1998). The cardiac tissue-restricted homeobox protein Csx/Nkx2.5
physically associates with the zinc finger protein GATA4 and cooperatively acti-
vates atrial natriuretic factor gene expression. Mol. Cell. Biol. 18: 3120-3129.

LI, Z., MARCHAND, P., HUMBERT, J., BABINET, C. and PAULIN, D. (1993). Desmin
sequence elements regulating skeletal muscle-specific expression in transgenic
mice. Development 117: 947-959.

LIEBERMAN, M. and PAES DE CARVALHO, A. (1967). Effect of locally applied
acetylcholine on the embryonic cardiac action potential. Experientia 23: 539-540.

LITCHENBERG, W.H., NORMAN, L.W., HOLWELL, A.K., MARTIN, K.L., HEWETT,
K.W. and GOURDIE, R.G. (2000). The rate and anisotropy of impulse propaga-
tion in the postnatal terminal crest are correlated with remodeling of Cx43 gap
junction pattern. Cardiovasc. Res. 45: 379-387.

LO, C.W. (2000). Role of gap junctions in cardiac conduction and development:
insights from the connexin knockout mice. Circ. Res. 87: 346-348.

LOGAN, C., KHOO, W.K., CADO, D. and JOYNER, A.L. (1993). Two enhancer
regions in the mouse En-2 locus direct expression to the mid/hindbrain region
and mandibular myoblasts. Development 117: 905-916.

LYONS, I., PARSONS, L.M., HARTLEY, L., LI, R., ANDREWS, J.E., ROBB, L. and
HARVEY, R.P. (1995). Myogenic and morphogenetic defects in the heart tubes
of murine embryos lacking the homeo box gene Nkx2-5. Genes Dev. 9: 1654-
1666.

MANASEK, F.J. (1968). Embryonic development of the heart. I. A light and electron
microscopic study of myocardial development in the early chick embryo. J.
Morphol. 125: 329-365.

MÄNNER, J. (1993). Experimental study on the formation of the epicardium in chick
embryos. Anat. Embryol. 187: 281-289.

MCCORMICK, S.M., ESKIN, S.G., MCINTIRE, L.V., TENG, C.L., LU, C.M.,
RUSSELL, C.G. and CHITTUR, K.K. (2001). DNA microarray reveals changes
in gene expression of shear stressed human umbilical vein endothelial cells.
Proc. Natl. Acad. Sci. USA 98: 8955-8960.

MEYER, D. and BIRCHMEIER, C. (1995). Multiple essential functions of neuregulin
in development. Nature 378: 386-390.

MIKAWA, T. (1995). Retroviral targeting of FGF and FGFR in cardiomyocytes and
coronary vascular cells during heart development. Ann. N. Y. Acad. Sci. 752:
506-516.

MIKAWA, T. (1999). Cardiac Lineages. In Heart Development, (Eds. Harvey, R. P.
and Rosenthal, N.). Academic Press, San Diego, pp. 19-33.

MIKAWA, T., BORISOV, A., BROWN, A.M. and FISCHMAN, D.A. (1992a). Clonal
analysis of cardiac morphogenesis in the chicken embryo using a replication-
defective retrovirus: I. Formation of the ventricular myocardium. Dev. Dyn. 193:
11-23.

MIKAWA, T., COHEN-GOULD, L. and FISCHMAN, D.A. (1992b). Clonal analysis
of cardiac morphogenesis in the chicken embryo using a replication-defective
retrovirus. III: Polyclonal origin of adjacent ventricular myocytes. Dev. Dyn. 195:
133-141.

MIKAWA, T. and FISCHMAN, D.A. (1992). Retroviral analysis of cardiac morpho-
genesis: discontinuous formation of coronary vessels. Proc. Natl. Acad. Sci.
USA 89: 9504-9508.

MIKAWA, T. and FISCHMAN, D.A. (1996). The polyclonal origin of myocyte
lineages. Annu. Rev. Physiol. 58: 509-521.

MIKAWA, T. and GOURDIE, R.G. (1996). Pericardial mesoderm generates a
population of coronary smooth muscle cells migrating into the heart along with
ingrowth of the epicardial organ. Dev. Biol. 174: 221-232.

MIKAWA, T., HYER, J., ITOH, N. and WEI, Y. (1996). Retroviral vectors to study
cardiovascular development. Trends Cardiovasc. Med. 6: 79-86.

MINER, J.H., MILLER, J.B. and WOLD, B.J. (1992). Skeletal muscle phenotypes
initiated by ectopic MyoD in transgenic mouse heart. Development 114: 853-860.

MOORMAN, A.F.M., DE JONG, F., DENYN, M.M. and LAMERS, W.H. (1998).
Development of the cardiac conduction system. Circ. Res. 82: 629-644.

MOORMAN, A.F.M., DE JONG, F. and LAMERS, W.H. (1997). Development of the
conduction system of the heart. Pacing Clin. Electrophysiol. 20: 2087-2092.

OHMORI, S. (1928). Anatomische und entwicklungsgeschichtliche untersuchungen
über das atrioventrenrikularverbindungssystem des vogelherzens. Fukuoka Acta
Med 21: 3-5.

PAGE, C., ROSE, M., YACOUB, M. and PIGOTT, R. (1992). Antigenic heterogeneity
of vascular endothelium. Am. J. Pathol. 141: 673-683.

PATTEN, B. and KRAMER, T. (1933). The initiation of contraction in the embryonic
chick heart. Am. J. Anat. 53: 349-375.

PÉREZ-POMARES, J.M., MACÍAS, D., GARCÍA-GARRIDO, L. and MUÑOZ-
CHÁPULI, R. (1998). The origin of the subepicardial mesenchyme in the avian
embryo: an immunohistochemical and quail-chick chimera study. Dev. Biol. 200:
57-68.



Cardiac Conduction System Development       775

POELMANN, R.E., GITTENBERGER-DE GROOT, A.C., MENTINK, M.M.,
BÖKENKAMP, R. and HOGERS, B. (1993). Development of the cardiac coronary
vascular endothelium, studied with antiendothelial antibodies, in chicken-quail
chimeras. Circ. Res. 73: 559-568.

POELMANN, R.E., MENTINK, M.M. and GITTENBERGER-DE GROOT, A.C.
(1994). Rostro-caudal polarity in the avian somite related to paraxial segmen-
tation. A study on HNK-1, tenascin and neurofilament expression. Anat. Embryol.
190: 101-111.

RAJOTTE, D., ARAP, W., HAGEDORN, M., KOIVUNEN, E., PASQUALINI, R. and
RUOSLAHTI, E. (1998). Molecular heterogeneity of the vascular endothelium
revealed by in vivo phage display. J. Clin. Invest. 102: 430-437.

RENTSCHLER, S., VAIDYA, D.M., TAMADDON, H., DEGENHARDT, K., SASSOON,
D., MORLEY, G.E., JALIFE, J. and FISHMAN, G.I. (2001). Visualization and
functional characterization of the developing murine cardiac conduction system.
Development 128: 1785-1792.

RENTSCHLER, S., ZANDER, J., MEYERS, K., FRANCE, D., LEVINE, R., PORTER,
G., RIVKEES, S.A., MORLEY, G.E. and FISHMAN, G.I. (2002). Neuregulin-1
promotes formation of the murine cardiac conduction system. Proc. Natl Acad. Sci.
USA 99: 10464-10469.

RYCHTER, Z. and OSTÁDAL, B. (1971a). Fate of «sinusoidal» intertrabecular spaces
of the cardiac wall after development of the coronary vascular bed in chick embryo.
Folia Morphol. (Praha) 19: 31-44.

RYCHTER, Z. and OSTÁDAL, B. (1971b). Mechanism of the development of coronary
arteries in chick embryo. Folia Morphol. (Praha) 19: 113-124.

SAKURAI, T., YANAGISAWA, M., TAKUWA, Y., MIYAZAKI, H., KIMURA, S., GOTO,
K. and MASAKI, T. (1990). Cloning of a cDNA encoding a non-isopeptide-selective
subtype of the endothelin receptor. Nature 348: 732-735.

SCHIAFFINO, S. (1997). Protean patterns of gene expression in the heart conduction
system. Circ. Res. 80: 749-750.

SCHOTT, J.J., BENSON, D.W., BASSON, C.T., PEASE, W., SILBERBACH, G.M.,
MOAK, J.P., MARON, B.J., SEIDMAN, C.E. and SEIDMAN, J.G. (1998). Congeni-
tal heart disease caused by mutations in the transcription factor NKX2-5. Science
281: 108-111.

SOSINSKY, G. (2000). Gap Junction Structure: New Structures and New Insights. Curr.
Top. Membr. 49: 1-22.

SZABÓ, E., VIRÁGH, S. and CHALLICE, C.E. (1986). The structure of the atrioventricu-
lar conducting system in the avian heart. Anat. Rec. 215: 1-9.

TAKEBAYASHI-SUZUKI, K., PAULIKS, L.B., ELTSEFON, Y. and MIKAWA, T. (2001).
Purkinje fibers of the avian heart express a myogenic transcription factor program
distinct from cardiac and skeletal muscle. Dev. Biol. 234: 390-401.

TAKEBAYASHI-SUZUKI, K., YANAGISAWA, M., GOURDIE, R.G., KANZAWA, N. and
MIKAWA, T. (2000). In vivo induction of cardiac Purkinje fiber differentiation by
coexpression of preproendothelin-1 and endothelin converting enzyme-1. Devel-
opment 127: 3523-3532.

TAWARA, S. (1906). Das Reizleitungssystem des Säugetierherzens. Eine anatomisch-
histologische studie über das atrioventrikularbündel und die Purkinjeschen fäden.
Verlag von Gustav Fischer, Jena.

THAEMERT, J.C. (1973). Fine structure of the atrioventricular node as viewed in serial
sections. Am. J. Anat. 136: 43-66.

THOMAS, P.S., KASAHARA, H., EDMONSON, A.M., IZUMO, S., YACOUB, M.H.,
BARTON, P.J. and GOURDIE, R.G. (2001). Elevated expression of Nkx-2.5 in
developing myocardial conduction cells. Anat. Rec. 263: 307-313.

TREISMAN, R., MARAIS, R. and WYNNE, J. (1992). Spatial flexibility in ternary
complexes between SRF and its accessory proteins. EMBO J. 11: 4631-4640.

TRUEX, R.C. and SMYTHE, M.Q. (1965). Comparative morphology of the cardiac
conduction tissue in animals. Ann. N. Y. Acad. Sci. 127: 19-33.

VAN DE KLUNDERT, F.A., JANSEN, H.J. and BLOEMENDAL, H. (1994). A proximal
promoter element in the hamster desmin upstream regulatory region is responsible
for activation by myogenic determination factors. J. Biol. Chem. 269: 220-225.

VASSAL-ADAMS, P.R. (1982). The development of the atrioventricular bundle and its
branches in the avian heart. J. Anat. 134: 169-183.

VIRÁGH, S. and CHALLICE, C.E. (1977a). The development of the conduction system
in the mouse embryo heart. I. The first embryonic A-V conduction pathway. Dev.
Biol. 56: 382-396.

VIRÁGH, S. and CHALLICE, C.E. (1977b). The development of the conduction system
in the mouse embryo heart. II. Histogenesis of the atrioventricular node and bundle.
Dev. Biol. 56: 397-411.

VIRÁGH, S. and CHALLICE, C.E. (1980). The development of the conduction system
in the mouse embryo heart. III. The development of sinus muscle and sinoatrial
node. Dev. Biol. 80: 28-45.

VIRÁGH, S. and CHALLICE, C.E. (1981). The origin of the epicardium and the
embryonic myocardial circulation in the mouse. Anat. Rec. 201: 157-168.

VIRÁGH, S. and CHALLICE, C.E. (1983). The development of the early atrioventricular
conduction system in the embryonic heart. Can. J. Physiol. Pharmacol. 61: 775-792.

VITADELLO, M., MATTEOLI, M. and GORZA, L. (1990). Neurofilament proteins are co-
expressed with desmin in heart conduction system myocytes. J. Cell Sci. 97: 11-21.

VRANCKEN PEETERS, M.P., GITTENBERGER-DE GROOT, A.C., MENTINK, M.M.,
HUNGERFORD, J.E., LITTLE, C.D. and POELMANN, R.E. (1997). The develop-
ment of the coronary vessels and their differentiation into arteries and veins in the
embryonic quail heart. Dev. Dyn. 208: 338-348.

WEI, Y. and MIKAWA, T. (2000). Fate diversity of primitive streak cells during heart field
formation in ovo. Dev. Dyn. 219: 505-513.

WELIKSON, R.E. and MIKAWA, T. (2002). Cytoskeletal gene expression in the
developing cardiac conduction system. In Myofibrillogenesis, (Eds. Dube, D. K.).
Birkhäuser, Boston, pp. 153-177.

WHARTON, J., ANDERSON, R.H., SPRINGALL, D., POWER, R.F., ROSE, M.,
SMITH, A., ESPEJO, R., KHAGHANI, A., WALLWORK, J., YACOUB, M.H. et al.
(1988). Localisation of atrial natriuretic peptide immunoreactivity in the ventricular
myocardium and conduction system of the human fetal and adult heart. Br. Heart
J. 60: 267-274.

XU, D., EMOTO, N., GIAID, A., SLAUGHTER, C., KAW, S., DEWIT, D. and
YANAGISAWA, M. (1994). ECE-1: a membrane-bound metalloprotease that
catalyzes the proteolytic activation of big endothelin-1. Cell 78: 473-485.

YADA, T., SAKAI, T., KOMURO, H., HIROTA, A. and KAMINO, K. (1985). Development
of electrical rhythmic activity in early embryonic cultured chick double-heart moni-
tored optically with a voltage-sensitive dye. Dev. Biol. 110: 455-466.

YANAGISAWA, M., KURIHARA, H., KIMURA, S., TOMOBE, Y., KOBAYASHI, M.,
MITSUI, Y., YAZAKI, Y., GOTO, K. and MASAKI, T. (1988). A novel potent
vasoconstrictor peptide produced by vascular endothelial cells. Nature 332: 411-
415.

YOSHIZUMI, M., KURIHARA, H., SUGIYAMA, T., TAKAKU, F., YANAGISAWA, M.,
MASAKI, T. and YAZAKI, Y. (1989). Hemodynamic shear stress stimulates
endothelin production by cultured endothelial cells. Biochem. Biophys. Res. Commun.
161: 859-864.

YUTZEY, K.E., RHEE, J.T. and BADER, D. (1994). Expression of the atrial-specific
myosin heavy chain AMHC1 and the establishment of anteroposterior polarity in the
developing chicken heart. Development 120: 871-883.

ZHAO, Y.Y., SAWYER, D.R., BALIGA, R.R., OPEL, D.J., HAN, X., MARCHIONNI, M.A.
and KELLY, R.A. (1998). Neuregulins promote survival and growth of cardiac
myocytes. Persistence of ErbB2 and ErbB4 expression in neonatal and adult
ventricular myocytes. J. Biol. Chem. 273: 10261-1029

Received: May 2002
Reviewed by Referees: July 2002

Modified by Authors and Accepted for Publication: August 2002


