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Abstract
A major goal in cardiovascular biology is to repair diseased or damaged hearts with newly
generated myocardial tissue. Stem cells offer a potential source of replacement myocytes for
restoring cardiac function. Yet little is known about the nature of the cells that are able to generate
myocardium and the conditions they require to form heart tissue. A source of information that may
be pertinent to addressing these issues is the study of how the myocardium arises from progenitor
cells in the early vertebrate embryo. Accordingly, this review will examine the initial events of
cardiac developmental biology for insights into the identity and characteristics of the stem cells
that can be used to generate myocardial tissue for therapeutic purposes.
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The principal tissue that makes up the heart is the cardiac muscle: the myocardium. Until
recently, it was thought that the adult myocardium is a postmitotic tissue. It is now known
that cardiac myocytes are regenerated in the adult heart (Beltrami et al., 2001; Quaini et al.,
2002). Yet the myocardium is still unable to restore itself in response to severe injury. For
example, following a myocardial infarction, when large areas of cardiac myocytes die, the
affected tissue is not repaired into functional cardiac muscle. One of the great hopes for stem
cell research is to provide the means to repair diseased or damaged hearts. Two questions
that are fundamental to realizing the potential use of stem cells for myocardial repair
concern: 1) the nature of the stem cells that regenerate adult cardiac myocytes and 2) the
conditions necessary for allowing precardiac cells to knit together into a functional
myocardial tissue. It is reasonable to believe that an examination of heart formation in the
early embryo may offer clues for answering these questions. Accordingly, we will discuss
the initial stages in the development of the vertebrate heart, when cardiac tissue is first
formed in the embryo and gives rise to the primary contractile heart tube. In addition, these
events will be examined through the prism of stem cell biology to assess whether this
developmental information provides insights for manipulating stem cells for repair of the
adult heart.
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CARDIAC TISSUE FORMATION IN THE VERTEBRATE EMBRYO—A
SYNOPSIS

Soon after fertilization, vertebrate embryos grow very rapidly. Thus, very early in gestation
a sizeable yet underdeveloped organism requires circulating blood. This need dictates the
early appearance of a contractile heart, which is the first functional organ in both the bird
and mammalian embryo. Our current understanding of cardiac tissue formation has been
derived by experimentation from multiple animal species. Historically, the favorite animal
model for examining the formation of the vertebrate heart has been the embryonic chick, due
to the relative ease in obtaining and manipulating early-stage avian embryos, compared to
the mouse. Moreover, the structure of both the bird and mammalian heart and the events that
underlie its formation are very similar. The embryonic mouse has only gained status as an
important animal model for studying early cardiogenesis with the advent of transgenic and
gene-targeted mice. The embryonic frog and fish have also provided valuable experimental
models for elucidating the mechanisms that promote cardiac tissue formation. Because each
of theses animal models has various strengths and weaknesses for revealing how the heart
forms, a full picture of early cardiogenesis requires a cross-reference of information
compiled from these different species. However, our discussion will be dominated by avian
development for the sake of both simplicity and substance, as the initial events of
cardiogenesis have been best characterized in the embryonic chick. To facilitate an
understanding of these early events in cardiogenesis, a description of relevant terminology in
chick development is provided in Table 1.

Cardiogenesis begins during the onset of gastrulation, which in the chick corresponds to
Hamburger-Hamilton (HH) (Hamburger and Hamilton, 1951) stages 3–5. At these stages,
the embryo is a relatively simple structure consisting of the three primary germ layers. Cells
fated to become heart tissue localize to paired regions of mesoderm within the anterior half
of the embryo (Stalsberg and DeHaan, 1969; Keller, 1976; Stainier et al., 1993; Redkar et
al., 2001). As development proceeds, the lateral mesoderm splits into distinct somatic and
splanchnic layers (HH stages 6–7 in the chick), with the precardiac cells sorting to the
splanchnic mesoderm (DeHaan, 1963, 1965; Linask, 1992). Subsequently, the bilateral
heart-forming fields move toward the ventral midline and fuse to give rise to the primary
heart tube (DeHaan, 1965; Lohr and Yost, 2000; Eisenberg and Eisenberg, 2002).
Concurrent with these morphological events, the cells within these heart fields begin to
show evidence of a cardiac phenotype. By the time the fusion of the heart fields is initiated,
several contractile proteins are exhibited in a prestriated pattern by the cardiogenic cells
(Tokuyasu and Maher, 1987a, b; Ruzicka and Schwartz, 1988; de Jong et al., 1990; Bisaha
and Bader, 1991; Han et al., 1992; Colas et al., 2000). Concomitant with the first appearance
of striated muscle by the 10 somite stage (HH stage 10 in the chick) is the first display of
beating by the primitive heart. The formation of the primary heart tube (summarized in Fig.
1) is completed by embryonic days (EDs) 2 and 8 of the chick and mouse embryo,
respectively.

THE LOCATION OF PRECARDIAC STEM CELLS
The preceding synopsis of the early events in vertebrate cardiogenesis describes a process
whereby a functional heart is formed from primary nondifferentiated mesoderm. The
mesodermal region that will give rise to myocardial tissue is often referred to as the
precardiac mesoderm or heart-forming fields. In essence, the precardiac mesoderm
comprises a collection of myocardial stem cells. As an initial step in describing these
myocardial stem cells, we will first consider how they were identified in the early embryo.
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The study of cardiac progenitor cells commenced in the 1930s, a period when several
laboratories set out to examine the organ-forming capabilities of early embryonic tissue
(Rawles, 1936). It was through the efforts of Mary Rawles (1943) that the heart-forming
areas were initially described for precontractile chick embryos. This map was delineated by
culturing tissue fragments isolated from gastrulating chick embryos that displayed the head
process—a developmental stage now referred as HH stage 5—and examining these explants
for subsequent development of contractile tissue. She was able to show that heart-forming
potential was possessed by two large embryonic regions, lateral to Hensen’s node. In
reporting these findings, Rawles speculated that the actual precardiac fields were probably
narrower than the map she defined for cardiac potency of embryonic tissue. This was borne
out by the investigations of Stalsberg and DeHaan (1969), who radiolabeled small tissue
fragments consisting of the mesoderm and endoderm layers (mesendoderm) from HH stage
5 embryos, which were subsequently transplanted into a second identically staged embryo,
at the exact same position. Following their further development, these embryos were then
sectioned and analyzed for the radioactive label. Thus, by examining whether a particular
region of the early embryo gave rise to heart tissue, they formulated a map for presumptive
precardiac tissue (Fig. 2). More recently, Redkar et al. (2001) described a cardiac fate map
that was generated by the direct labeling of mesodermal cells within individual chick
embryos. Their experimentation consisted of microinjecting the fluorescent label DiI into
precisely localized regions within the mesodermal layer of early gastrula-stage embryos.
After allowing the embryos to develop to tubular heart stages, the fates of individual
fluorescently tagged mesoderm cells were compiled, with regard to whether heart or
nonheart tissue was subsequently labeled. Despite great differences in the methodology, the
cardiac fate maps of Stalsberg and DeHaan (1969) and Redkar et al. (2001) are almost
identical. Within the HH stage 5 chick embryo, the medial border of the precardiac
mesoderm is located ~0.3 mm lateral to the primitive groove. The anterior border of the
precardiac mesoderm resides just above Hensen’s node, with the posterior border extending
one-fourth of the distance down the primitive streak.

At HH stage 5, the precardiac mesoderm can be observed with the scanning electron
microscope as morphologically distinct cellular fields (Drake and Jacobson, 1988). Yet,
even prior to this stage, precardiac stem cells can be definitively mapped in the embryo (Fig.
2). In the early gastrula stage avian embryo (HH stage 3), cells fated to become myocardium
are localized in the rostral half of the primitive streak (Garcia-Martinez and Schoenwolf,
1993). Localization of myocardial progenitors to the mesodermal layer occurs by HH stage
4, as these stem cells spread anteriorly and laterally from the streak to assume the classic
distribution of the heart-forming fields (Redkar et al., 2001). Cardiac fate maps have also
been derived for the frog and zebrafish and show great similarity to those described for the
embryonic chick (Keller, 1976; Stainier et al., 1993). For example, in the early frog gastrula,
precardiac stem cells localize to bilateral mesodermal fields that flank Spemann’s organizer,
which is the embryonic structure homologous to Hensen’s node. Thus, the early
morphological events that lead up to the formation of the heart appear to be highly
conserved among vertebrate species.

THE MOLECULAR PHENOTYPE OF PRECARDIAC STEM CELLS
The fate map data have unambiguously determined where precardiac stem cells are located.
The next obvious question would be: What are the characteristics of these cells? Here, the
answer must be an equivocal one. To date, there has not been a molecule described whose
expression at HH stages 4 and 5 delineates the heart-forming fields. This situation changes
dramatically by HH stages 6 and 7, when the precardiac cells sort to the splanchnic
mesoderm. During these latter stages, a large number of transcription factors become
expressed in the cardiogenic mesoderm in a pattern that demarcates this merging tissue.
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Among the genes expressed in the early cardiogenic mesoderm of the vertebrate embryo are
Nkx.2.5, Nkx.2.6, Nkx.2.8, GATA4, GATA5, GATA6, Tbx2, Tbx3, Tbx5, MEF2a, MEF2c,
serum response factor (SRF), the homeodomain molecule HOP, and the histone deacetylase-
dependent transcriptional repressor Bop (Edmondson et al., 1994; Schultheiss et al., 1995;
Croissant et al., 1996; Brand et al., 1997; Reecy et al., 1997; Biben et al., 1998; Jiang et al.,
1998; Buchberger and Arnold, 1999; Yamada et al., 2000; Chen et al., 2002; Gottlieb et al.,
2002; Shin et al., 2002). Two points need to be kept in mind when understanding the
function of these molecules for cardiac differentiation. First, these transcription factors are
cardiac associated, but not cardiac specific. This is true even for Nkx2.5 (Kasahara et al.,
1998), which is often thought of as the primary determinant of the cardiac phenotype (more
on this molecule below). Nonetheless, these transcription factors serve as markers of the
cardiac phenotype because their combined expression is unique to the myocardium. For
example, GATA4 expression is exhibited by myocardial, endothelial, and endodermal cells,
while MEF2c is exhibited by both cardiac and skeletal muscle (Edmondson et al., 1994;
Laverriere et al., 1994; Narita et al., 1997). However, cardiac muscle is the only tissue that
expresses both transcription factors. Second, the timing of the expression of these
transcription factors either just predates or is simultaneous with the expression of sarcomeric
gene expression within the cardiogenic fields. As a case in point, expression of the first
muscle isoforms of actin are exhibited within the cardiogenic fields by HH stage 6 (Colas et
al., 2000), while sarcomeric myosin expression comes on a few hours later by HH stage 7
(Bisaha and Bader, 1991). Much molecular data have shown that the transcriptional proteins
associated with the cardiogenic mesoderm are very important for regulating the structural
gene expression of the myocardium. Yet the developmental stages when these
transcriptional factors are first expressed suggest that these molecules are exhibited by cells
that are already cardiogenic and not pre-cardiac. Moreover, ectopic expression of these
transcriptional proteins has never been shown to convert a nondifferentiated cell to a
cardiomyocyte, nor has targeted deletions of these genes in mice suppressed the
development of cardiomyocytes in the embryo. While targeted disruption of these individual
genes (e.g., Nkx2.5, GATA4, MEF2a, MEF2c, Bop, etc.) in knockout mice dramatically
affected structural development of the heart, it did not prevent the formation of myocardial
tissue (Lyons et al., 1995; Lin et al., 1997; Narita et al., 1997; Gottlieb et al., 2002; Naya et
al., 2002). Since a great amount of development occurs between the stages when the
precardiac stem cells are localized at HH stage 3 and the first appearance of these cardiac-
associated genes at HH stage 6, a fair conclusion would be that expression of these
transcription factors defines an early myocardial phenotype and not that of a precardiac stem
cell. Accordingly, the molecular phenotype that characterizes a precardiac stem cell either is
unknown or may not be distinct from the total mesoderm population of the early gastrula.

Among the cardiac-associated transcriptional proteins, Nkx2.5 has been best characterized
for its critical importance for heart development. When Nkx2.5 expression in the chick
embryo was first described, it was suggested that this molecule is first exhibited by
precardiac cells as early as HH stage 5. However, it now appears that the Nkx2.5-positive
cells within the HH stage 5 embryo are not cells that will contribute to the heart, as the
recent cardiac fate map generated by Redkar et al. (2001) clearly indicates that the Nkx2.5
domain does not coincide with the heart-forming fields until HH stage 6 (Eisenberg, 2002).
Instead, it is likely that the Nkx2.5-expressing cells at HH stage 5 are either endoderm or
ectoderm, which would be consistent with the demonstration that Nkx2.5 is expressed in all
three germ layers within an HH stage 6 embryo (Schultheiss et al., 1995). The implication of
these observations is that Nkx2.5 is not expressed any earlier than a multitude of other
cardiac-associated transcription factors (i.e., at HH stage 6) and therefore does not have a
higher hierarchical value within a cardiogenic pathway than GATA4, GATA5, Tbx5, SRF,
MEF2c, and other transcriptional factors of the precontractile heart. Like these other cardiac
regulatory genes, the function of Nkx2.5 is to regulate the expression of various molecular
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components of the myocardium (e.g., sarcomeric proteins, ion channels, etc.), and it does so
in combination with these other transcriptional factors (Chen and Schwartz, 1996; Black and
Olson, 1998; Lee et al., 1998; Chen et al., 2002; Sepulveda et al., 2002). In other words,
Nkx2.5 helps regulate the functional properties of the myocardium, but does not determine
the properties of cardiac stem cells.

COMMITMENT OF PRECARDIAC STEM CELLS
Fate mapping is an essential tool for understanding organ formation during embryogenesis.
Yet it is important to appreciate the limitations of this technique. Fate maps will provide the
history of a cell’s location within a developing embryo but cannot reveal a cell’s potential
and capabilities. Although the embryonic area corresponding to the precardiac mesoderm
has been determined definitively (Stalsberg and DeHaan, 1969; Redkar et al., 2001), that
fate map information does not tell us whether those stem cells are fully committed to
become cardiomyocytes, and therefore no longer able to give rise to other lineages. In other
words, fate mapping cannot determine whether the stem cells residing in the precardiac
mesoderm are unipotential or multipotential. One method to address this question involves
the explantation of precardiac mesoderm tissue. These tissue explants could be either
cultured under diverse conditions or inserted into various regions of a second embryo, and
then assayed for various cell phenotypes. Explants of precardiac mesoderm placed in culture
inevitably give rise to cardiac tissue (Lough et al., 1996; Ladd et al., 1998; Eisenberg and
Eisenberg, 1999), although the presence of the adjacent endoderm is required for the
formation of a full contractile phenotype (Antin et al., 1994; Sugi and Lough, 1994). The
apparent unavoidability of cardiac differentiation by cultured precardiac mesoderm does not
necessarily imply that these cells are fully committed to become myocardium. A limitation
of tissue explants for studying phenotypic commitment is that the extracellular components
of the tissue may contain instructive information that determines the phenotypic outcome.
Thus, the breadth of the phenotypic potential of the cells contained in the explant may be
obscured by the presence of the native extracellular environment (i.e., cytokines, growth
factors, matrix molecules, etc.).

A way to diminish presumptive cardiogenic signals from precardiac mesoderm is to
dissociate the tissue by trypsinization prior to culture. Single-cell suspensions of HH stage 4
and stage 5 precardiac mesoderm have been shown to be able to undergo limited cardiac
differentiation without the addition of specific inductive signals, although high
concentrations of serum and/or chick embryo extract is required to obtain this outcome
(González-Sánchez and Bader, 1990; Litvin et al., 1992). Do these results indicate that the
precardiac cells are committed to the cardiac lineage? If yes, then precardiac mesoderm cells
should not respond to instructive signals for other lineages. To examine whether stem cells
from the heart-forming regions are multipotential, we isolated and dissociated small areas of
HH stage 5 precardiac mesoderm and placed these cells under hematopoietic-promoting
conditions. Great care was taken in ensuring that only mesoderm was present and that the
harvested tissue was obtained from areas clearly within the precardiac mesoderm. In
response to these conditions, cells from the heart-forming regions, which normally never
give rise to hematopoietic cells, produced differentiated blood cells (Fig. 3A and B)—
indicating that the cells of the precardiac mesoderm are multipotential.

An objection could be raised about the preceding data that the precardiac areas may contain
multiple stem cell populations, with the cells exhibiting hematopoietic potential possibly
being distinct from the cells that give rise to the myocardium. Since markers for these stem
cells have not been described, the only way to confront this objection would be to plate
individual cells at clonal density and look at their differentiated progeny. To study the
properties of myocardial progenitors in the embryo, the clonal stem cell line QCE6 was
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derived from precardiac mesoderm of HH stage 4 quail embryos (Eisenberg and Bader,
1995, 1996). As may be expected considering their precardiac mesoderm origin, QCE6 cells
are able to give rise to cardiomyocytes (Fig. 3C) (Eisenberg and Bader, 1996; Eisenberg and
Markwald, 1997). Yet, they also possess the ability to differentiate into endothelial cells
(Fig. 3D–F) and generate a broad range of blood cell phenotypes (Fig. 3G–I) (Eisenberg and
Bader, 1996; Eisenberg and Markwald, 1997; Brandon et al., 2000). No claim will be made
that information derived from a cell line is definitive in regards to the properties of cells
endogenous to the embryo. Yet in combination with data showing that precardiac
mesodermal cells can give rise to blood (Fig. 3A and B), these studies with QCE6 cells lend
credence to the proposition that the precardiac mesoderm consists of multipotential stem
cells.

SPECIFICATION OF PRECARDIAC MESODERM CELLS
In the preceding section, we argued that the cells comprising the precardiac mesoderm are
multipotential and therefore are not fully committed to their eventual cardiac cell fate.
However, a distinct and important issue is whether precardiac mesoderm cells are uniquely
specified to become heart. Ever since Mary Rawles’s (1943) land-mark studies in the 1940s
examining the heart-forming capabilities of early embryonic tissue, it has been widely
accepted that only explants containing anterior lateral mesoderm (i.e., the precardiac
mesoderm) will generate cardiac tissue in culture. In our own studies using explants from
HH stage 4–6 avian embryos (Eisenberg and Eisenberg, 1999), we were surprised to find
that this was not absolutely true. As expected, explants containing the precardiac mesoderm
from each of these stages readily gave rise to contractile tissue in culture. Unexpectedly,
explants of posterior lateral mesoderm from HH stage 4 embryos also readily developed
cardiac tissue (Fig. 4) (Eisenberg and Eisenberg, 1999), even though fate mapping studies
demonstrated that this region does not contribute any cells to the future heart (Redkar et al.,
2001). The heart-forming capacity of noncardiac posterior tissue is lost in subsequent stages,
as explants from similar regions of HH stage 5 or stage 6 embryos did not exhibit the same
ability to generate contractile cardiac tissue in culture (Fig. 4).

Why HH stage 4 posterior lateral mesoderm forms cardiac tissue when placed in culture is
not understood. Of possible relevance is the sparse cellular density exhibited by HH stage 4
mesoderm that resides lateral to the most posterior portion of the primitive streak. Unlike
mesoderm obtained from the anterior portion of the embryo, HH stage 4 posterior mesoderm
consists of small, low-density clusters of cells. Perhaps, the sparseness of HH stage 4
posterior mesoderm allows it to develop in culture in a distinct way than it would within the
embryo. By HH stage 5, the posterior mesoderm contains much greater numbers of cells,
which associate into a cellular sheet. The increased cell-cell interactions that are established
in the posterior mesoderm by HH stage 5 may limit its ability to undergo tissue
diversification, unless exposed to exogenous inductive signals.

By HH stages 5 and 6, the distinct developmental fates of anterior and posterior mesoderm
are more faithfully recapitulated in culture (Fig. 4). However, despite the noncardiac cell
fate of HH stage 5 and 6 posterior lateral mesoderm in the developing embryo, this tissue is
still cardiac competent. The cardiogenic differentiation of this presumptive noncardiac tissue
can be promoted by a variety of extracellular signaling proteins (Fig. 5). These cardiogenic
enhancers include several members of the BMP and FGF growth factor families (Lough et
al., 1996; Ladd et al., 1998; Alsan and Schultheiss, 2002) and three distinct modulators of
WNT signal transduction: WNT11, Dkk1, and crescent (Eisenberg and Eisenberg, 1999;
Marvin et al., 2001; Schneider and Mercola, 2001; Pandur et al., 2002). The cardiac-
promoting activities of these molecules appear to correlate with their involvement in normal
cardiogenesis in the embryo. In situ hybridization data in the developing chick, frog, and/or
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mouse has shown that BMP2, BMP4, FGF4, FGF8, WNT11, Dkk1, and crescent are
expressed at the right time and place to act as primary stimulators of heart formation in the
developing embryo (Kispert et al., 1996; Eisenberg et al., 1997; Schultheiss et al., 1997;
Shibata et al., 2000; Niehrs et al., 2001; Alsan and Schultheiss, 2002). Moreover, specific
inhibition of the expression and/or activity of WNT11 or BMP can significantly diminish the
formation of cardiac tissue in the vertebrate embryo (Schultheiss et al., 1997; Schlange et
al., 2000; Pandur et al., 2002).

Although the importance of BMP, FGF, and WNT signal modulators for formation of the
vertebrate heart has been established, the actual roles of these various molecules in this
process are still ill defined. The mechanism of action of extracellular regulators of
embryogenesis is often portrayed to involve the direct stimulation of cell phenotypic
specification. Yet it should be noted that the candidate primary regulatory events that initiate
heart formation—BMP, FGF, and WNT signal transduction—seem to be overburdened in
their requirements for the formation of many other tissues (Hogan, 1996; Brandon et al.,
2000; Kuure et al., 2000; Huelsken and Birchmeier, 2001; Faure et al., 2002; Marie et al.,
2002; Niswander, 2002). Since none of these other tissues contains cardiomyocytes, how
can it be reconciled that these molecules appear to be primary signals for promoting the
formation of the myocardium? To put it another way, how can molecules expressed
everywhere in the embryo have a primary importance for expression of individual cell
phenotypes? An explanation may be that these molecules do not promote cell phenotype per
se, but promote morphological events that are required for tissue formation and
organogenesis. For example, we have suggested that the role of WNT11 in promoting heart
formation may not involve the direct induction of a lineage-specific gene expression
program, but facilitate the coalescing of newly gastrulated mesoderm to form a tissue
(Eisenberg and Eisenberg, 1999). Subsequent differentiation into myocardium would follow
or coincide with this initial event in cardiac organogenesis.

In addition to providing a description on the makeup of the extracellular environment that
stimulates the formation of heart tissue in the early mesoderm, this molecular information
also reveals the overall cardiac competence of the early mesoderm. The growth factor data
indicate that many cells (if not all) throughout the mesoderm are cardiac competent, as
various extracellular signals can promote cardiogenesis of cells that normally give rise to
other tissue types. Since, as discussed in the preceding section, precardiac mesoderm may be
competent to give rise to multiple cell phenotypes, a fair conclusion would be that the
mesoderm of the gastrula stage embryo is comprised of multipotential stem cells. If so, are
there any differences among the stem cells that make up the precardiac areas vs. the rest of
the mesoderm? Well, differences have not been shown when the cells are taken out of the
embryo. Thus, the differences in cell fate appear to be related to the localized signals within
the embryo that steer equipotential stem cells to distinct tissue fates.

DOES THE PRECARDIAC MESODERM UNIQUELY CONTRIBUTE TO THE
MYOCARDIUM?

The heart is a complex organ with many tissue types arising from various embryonic sources
throughout development (e.g., neural crest, dorsal mesocardium, and epicardial organ). Yet
until recently it was thought that the myocardium was solely derived from the primary
bilateral heart-forming fields. It now appears that at least one other cellular source
contributes cells to the myocardium (Mjaatvedt et al., 2001; Waldo et al., 2001).
Immediately anterior to the heart tube at HH stages 12–16 is a mesodermal field that
provides cells for the outflow tract myocardium. Apparently, this anterior heart field is the
sole supplier of cardiomyocytes to the conus and truncus of the cardiac outlet, while the
precardiac mesoderm gives rise to the ventricular, atrial, and atrioventricular canal regions
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of the myocardium. More recently, it has been proposed that the formation of the caval and
pulmonary myocardia may also be generated from noncardiac mesoderm, by recruitment of
the mesenchymal cells lining the veins into the myocardial lineage (Kruithof et al., 2003).

Studies in the adult suggest the intriguing possibility that another cellular source may
contribute to the development of the myocardium. Circulating stem cells in the adult have
been shown to help replenish various tissues, such as blood vessels, the liver, and heart
(Harraz et al., 2001; Anversa and Nadal-Ginard, 2002; Krause, 2002). Among higher
vertebrates, blood circulation is established early during embryogenesis. Since phenotypic
differentiation is a more dynamic process within the developing embryo than within the
adult, it may be predicted that circulating cells would incorporate more readily into
embryonic tissues. Thus, it would not be surprising if circulating cells provide at least a
minor cellular contribution to the development of various tissues. To investigate that
possibility, we examined whether labeled cells introduced into the circulation of early
embryos would incorporate into the heart and undergo cardiac differentiation. For these
studies, we used the mesodermal stem cell line QCE6, which in previous studies was shown
to possess properties of a hematopoietic progenitor cell, as they will give rise to a broad
range of differentiated hematopoietic cells when placed under conditions that promote blood
differentiation (Eisenberg and Markwald, 1997; Brandon et al., 2000). In these more recent
experiments, labeled QCE6 cells were injected into the yolk sac vessel leading to the sinus
venous of ED 9 whole mouse embryos and allowed to develop for 24 hr ex ovo, according
to previously established procedures (Sturm and Tam, 1993; Eto and Osumi-Yamashita,
1995). Subsequent analysis of these embryos showed individual labeled cells that integrated
into the myocardium and expressed cardiac proteins (Fig. 6). Although the number of
injected cells that incorporated into the embryonic tissue was low, it is worth considering
that the embryos were only provided with a single dose of labeled circulating cells over a
24-hr assay period. Since blood cells circulate through the heart continuously throughout
embryogenesis, it is possible that our experimental data greatly underestimate the numbers
of circulating cells that actually give rise to functional cardiac cells upon integration into the
heart during fetal development.

STEM CELL PLASTICITY—IMPLICATIONS FOR HEART FORMATION IN THE
EARLY EMBRYO

In subsequent articles of this special issue, many of the recent findings in cardiovascular
stem cell biology will be presented. For this review, we examined the initial events of
cardiac developmental biology with the stated goal that this information would be valuable
for understanding how to use stem cells to produce myocardial tissue for therapeutic
purposes. Yet research in stem cell biology may also have great impact on cardiovascular
developmental biology. For example, studies of adult stem cells have indicated that stem
cells may exhibit a much higher degree of plasticity than had been previously realized
(Bjornson et al., 1999; Orlic et al., 2001; Zuk et al., 2001; Krause, 2002). Accordingly, the
cells of the early embryo may possess a much broader potential than is often conceded.

Reexamining early cardiac development through the prism of stem cell biology puts a
different light on how the development of the vertebrate heart may be interpreted. Heart
development is usually presented as a series of progressive and unilateral steps as cells
become specified, committed, and then fully differentiated. However, as discussed above,
stem cells of the precardiac mesoderm are neither uniquely specified to become heart nor
fully committed to a myocardial cell fate. At the stages immediately prior to the formation
of the heart, mesodermal cells within precardiac and noncardiogenic regions possess
equivalent potential to generate cardiomyocytes. Cells within the mesodermal layer of the
early embryo can readily be shifted to or from a cardiac phenotype by changing their
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extracellular environment. Thus, despite the precise fate mapping of the heart-forming cells
within the early mesoderm, the cells that comprise the entirety of that embryonic layer may
differ very little in their phenotypic potential.

An additional observation from research on adult stem cells that may shed light on the
formation of the myocardium in the embryo is that noncardiac stem cells can differentiate
into cardiomyocytes if introduced into the adult heart (Jackson et al., 2001; Malouf et al.,
2001; Orlic et al., 2001; Anversa and Nadal-Ginard, 2002). That is to say, what provoked
these noncardiac stem cells to become cardiomyocytes is their association with the
myocardial environment. Likewise, in the embryo, what may distinguish the embryonic
progenitors that give rise to the myocardium is where they have located. In other words, it
may be the region of the embryo that becomes committed to producing heart, rather than the
stem cells per se. Presumably, what allows these stem cells within the precardiac area to
exclusively give rise to the heart is the unique extracellular environment that is set up within
the precardiac regions, which despite the identification of a few key extracellular signals
(e.g., BMPs, FGF, and WNT modulators) is still rather undefined.

In light of these observations, maybe the concept of a precardiac stem cell needs to be
thought of differently. It appears that cardiac tissue formation in the embryo involves the
defining of the molecular environment that allows multipotential cells to assemble into the
heart. The implication for both cardiac embryology and stem cell biology is that multiple
stem cell populations may be cardiac competent. Thus, attempts to define small subsets of
stem cells that can uniquely generate differentiated cardiac tissue may not be relevant to
understanding how to repair diseased or damaged myocardium in the adult. Of greater
clinical relevance would be research emphasizing the development of conditions that will
allow an easily obtainable and plentiful source of cells to generate new cardiac tissue.
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Fig. 1.
Schematic diagram depicting the initial morphological events in the development of the
avian heart. Precardiac and definitive myocardial tissue are illustrated in black, while the
lines overlaying the cardiac areas denote the plane of the transverse sections shown
immediately below the embryos. A: Three-dimensional view of a cross-sectioned chick
embryo, which is in transition between HH stages 3 and 4. Precardiac cells undergo
gastrulation through the primitive streak and move laterally to reside in lateral mesoderm
within the anterior half of the embryo. B: During HH stage 5, the myocardial progenitors
coalesce into morphologically distinct heart-forming fields, which are distributed bilaterally
to the primitive streak. C: At HH stage 8, the two heart-forming areas have sorted to
splanchnic mesoderm and begun to merge at the embryonic midline. By this stage, these
cells have become definitive cardiac myocytes, as they will exhibit a number of muscle
proteins in a prestriated pattern. D: By HH stage 10 a fully contractile heart has developed.
This primitive heart tube consists of an outer sheet of myocardium, surrounding an inner
endocardial layer.
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Fig. 2.
Location of precardiac cells for HH stages 3–5, as determined by the fate map studies of
Stalsberg and DeHaan (1969), Garcia-Martinez and Schoenwolf (1993), and Redkar et al.
(2001). The precardiac cells are exhibited within the caudal half of the primitive streak in
HH stage 3 avian embryo. At HH stages 4 and 5, precardiac cells become distributed
bilaterally and reside within the anterior lateral mesoderm. Precardiac areas are shown in
gray.
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Fig. 3.
Multipotentiality of precardiac mesoderm. A and B: Precardiac mesoderm possesses
hematopoietic potential. Precardiac mesoderm from HH stage 5 (A) and HH stage 6 (B)
mesodermal cells obtained from precardiac regions were dissociated and cultured for 4 days
in fibrin gels under conditions that promote hematopoiesis (Brandon et al., 2000). The
presence of blood cells was verified by cytological examination with May-Grünwald-
Giemsa stain. Panels A and B display clusters of monocytes and macrophages, respectively.
C–I: Multipotentiality of the precardiac mesoderm-derived cell line QCE6. C: QCE6 cells
undergo myocardial differentiation when co-cultured with HH stage 15 embryonic chick
heart tissue. After 48 hr of incubation, the cultures were dual stained for both sarcomeric
myosin (green) and β-galactosidase (a marker of the virally labeled QCE6 cells, red). The
green staining on the right is sarcomeric myosin-positive ventricular tissue, while in the
center of the field are QCE6 cells that incorporated into the heart tissue and thus
subsequently exhibited a cardiac phenotype. This is indicated by the dual reactivity with
both antibodies, which produced the yellow staining (arrow). D–F: Endothelial
differentiation of QCE6 cells as indicated by branching morphogenesis and von Willebrand
factor (vWF) expression. Cells were treated for 48 hr, immunostained for vWF, and imaged
by brightfield (D), phase (E), and fluorescent microscopy (F). Low- (D) and high-
magnification (E) views show extensive branching morphogenesis. F: Moreover, these
cultures produced high levels of vWF protein. Arrow in panels D–F corresponds to the
identical position within the culture. G–I: Hematopoiesis of QCE6 cells. Cells were cultured
as described previously (Brandon et al., 2000) and stained with May-Grünwald-Giemsa dye
to identify specific blood cell phenotypes. Here are shown QCE6-derived monocytes (G),
macrophages (H), and red blood cells (I).
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Fig. 4.
Myocardial potential of early avian mesoderm. Explants containing lateral mesoderm and
the underlying endoderm were microdissected from HH stage 4, 5, and 6 avian embryos and
cultured in minimal media. Subsequently, the presence of cardiac tissue was verified by
immunostaining cultures for sarcomeric myosin. As previously described (Eisenberg and
Eisenberg, 1999), explants containing precardiac mesoderm from each of the stages readily
developed into myocardial tissue. In contrast, tissue from posterior noncardiac regions of
HH stage 5 or stage 6 did not undergo cardiac differentiation in culture. Surprisingly,
posterior lateral mesoderm from HH stage 4 embryos, which does not contribute to the heart
in the embryo, generated cardiac tissue in culture. The total number of explants examined
for each group is listed above each bar.
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Fig. 5.
The formation of myocardial tissue from embryonic avian explants. As depicted in this
schematic diagram, tissue containing lateral mesoderm and the underlying endoderm
(mesendoderm) from either anterior precardiac or posterior noncardiac regions was removed
from HH stage 5 embryos and cultured for cultured 2–3 days. Tissue obtained from anterior
precardiac areas will form beating tissue within the first 30 hr of culture and display large
regions of myocardium. In contrast, explants of noncardiac posterior mesendoderm will not
generate cardiac tissue. However, treatment of noncardiac posterior mesendoderm with
WNT11 (Eisenberg and Eisenberg, 1999), Dkk1 (Marvin et al., 2001), or BMP4 + FGF2
(Lough et al., 1996; Ladd et al., 1998) will promote the development of cardiac tissue, as
exhibited by clustered fields of cells expressing cardiac proteins. Thus, despite the posterior
origin of these latter explants, which correspond to regions of the embryo that do not
contribute to the heart in situ, this tissue is still able to form myocardial tissue in response to
changes in the extracellular environment.
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Fig. 6.
Incorporation and differentiation of circulating cells into the embryonic myocardium. ED9
mouse embryos were dissected from the uterus with fetal placenta and yolk sac intact and
then injected into the yolk sac vessel leading to the sinus venous with QCE6 cells labeled
with either a β-galactosidase-positive retrovirus (Eisenberg and Markwald, 1997) (A–C) or
the fluorescent cell marker DiI (1,1′-dioctadecyl-3, 3,3′, 3′-tetramethyl-indocarbocyanine
perchlorate) (D–F). The injected embryos were allowed to develop for 24 hr ex ovo,
according to established procedures (Sturm and Tam, 1993; Eto and Osumi-Yamashita,
1995). A–C: QCE6 cells in the outer myocardial wall overlying the AV canal. X-gal
staining for β-galactosidase (blue) indicates the presence of QCE6 cells (arrow) at low(A)
and high (B) magnification. C: A sister section stained with the MF20 antibody, which
recognizes sarcomeric myosin heavy chain (sMyHC). The arrow indicates a sMyHC-
positive QCE6 cell and thus displays a myocardial phenotype. D–F: A DiI-labeled QCE6
cell in the myocardium of the outflow tract. An individual heart section is exhibited for DiI-
labeling only (red) (D), sMyHC immunostaining only (green) (E), or both DiI labeling and
sMyHC staining (F). The juxtaposition of these panels demonstrates that the DiI-labeled
QCE6 cell (arrow) is sMyHC positive. The myocardial (myo) and endocardial (endo) layers
of the heart tissue are indicated in panel D.
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TABLE 1

Definitions in early chick development

Primitive streak: The first three-dimensional structure of the avian embryo, whose orientation indicates the anterior-posterior axis. The
appearance of this structure defines gastrulation, as cells of the epiblast ingress through the streak to generate the mesoderm and endoderm
layers.

Hensen’s node: The cellular region at the anterior end of the primitive streak in avian embryos, which controls the development of the body
plan during gastrulation. The homologous structures in mammals and amphibians are referred to as the Node and Organizer, respectively.

Rostral: The anterior end of the embryo (i.e., towards the head).

Caudal: The posterior end of the embryo (i.e., towards the tail).

Lateral mesoderm: Regions of the mesodermal layer that are bilaterally situated on both sides of the embryonic anterior-posterior midline. At
the onset of gastrulation, this term is used to refer generally to the mesoderm that flanks the primitive streak. However, the mesoderm rapidly
organizes into morphologically distinct regions, and therefore the definition of lateral mesoderm becomes more specific. At the time just prior
to somite formation, the mesoderm that flanks the midline becomes subdivided into paraxial, intermediate, and lateral regions with the latter
region giving rise to the heart.

Splanchnic mesoderm: The ventral layer of the lateral mesoderm, which lays adjacent to the endoderm. This tissue layer forms when lateral
mesoderm separates into distinct dorsal and ventral layers: the somatic and splanchnic mesoderm. It is the splanchnic mesoderm that will give
rise to the heart.

Hamburger and Hamilton (HH) staging: The commonly accepted system for staging avian embryogenesis, based on the sequence of
morphological changes that occur during development.

 HH stage 2: Beginning of gastrulation as the primitive streak begins to form at the posterior end.

 HH stage 3: Early gastrulation with the primitive streak extending to the center of the embryo.

 HH stage 4: The primitive streak is now extended to its most anterior position. Increased numbers of ingressing cells through the primitive
streak leads to the formation of definitive mesoderm and endoderm layers.

 HH stage 5: The anterior apex of the primitive streak has begun to recede in a posterior direction. The notochord is now visible as a rod of
mesoderm extending above Hensen’s node.

 HH stage 6: The anterior end of the embryo has folded to form the head fold. Lateral mesoderm begins to separate into dorsal and ventral
layers.

 HH stage 7: One somite stage. Splanchnic and somatic mesoderm are now distinct layers. First expression of sarcomeric myosin in the
cardiogenic mesoderm.

 HH stage 8: Four somite stage.

 HH stage 9: Seven somite stage.

 HH stage 10: Ten somite stage. The first display of beating by the primitive heart.
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