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ABSTRACT Development of the embryonic
vertebrate heart requires the precise coordina-
tion of pattern formation and cell movement.
Taking advantage of the availability of zebrafish
mutations that disrupt cardiogenesis, several
groups have identified key regulators of specific
aspects of cardiac patterning and morphogene-
sis. Several genes, including gata5, fgf8, bmp2b,
one-eyed pinhead, and hand2, have been shown
to be relevant to the patterning events that reg-
ulate myocardial differentiation. Studies of mu-
tants with morphogenetic defects have indicated
at least six genes that are essential for cardiac
fusion and heart tube assembly, including
casanova, bonnie and clyde, gata5, one-eyed pin-
head, hand2, miles apart, and heart and soul.
Furthermore, analysis of the jekyll gene has in-
dicated its important role during the morpho-
genesis of the atrioventricular valve. Altogether,
these data provide a substantial foundation for
future investigations of cardiac patterning, car-
diac morphogenesis, and the relationship be-
tween these processes. © 2001 Wiley-Liss, Inc.
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INTRODUCTION

Organogenesis is a multifaceted and complex devel-
opmental process. Formation of an embryonic organ
involves the specification and differentiation of multi-
ple cell lineages. Furthermore, assembly of these dif-
ferent cell types into the final organotypic form re-
quires precise regulation of cell movements and cell–
cell interactions. Ultimately, the coordination of
patterning and morphogenesis is the key to successful
organ formation.

The heart is the first organ to form and function in
the vertebrate embryo and has, therefore, been a pop-
ular topic for the study of the fundamental principles
underlying organogenesis. Even a relatively simple or-
gan like the embryonic heart tube is challenging to
assemble. Initially, intricate patterning processes reg-
ulate the induction of the diverse cell lineages found in

the heart. These cell types include myocardiocytes,
muscular cells that provide cardiac contractility; and
endocardiocytes, endothelial cells that provide continu-
ity with the vascular endothelium (Fig. 1). Additional
lineage diversification creates subpopulations such as
ventricular and atrial myocardiocytes that have dis-
tinct histologic and physiological characteristics (De-
Haan, 1965; Satin et al., 1988; Lyons, 1994; Franco et
al., 1998). Following the events of cardiac patterning,
multiple phases of morphogenesis are required to or-
ganize the diverse cardiac lineages into the form of the
heart tube. The myocardium and endocardium form
the outer and inner concentric layers of the tube, and
the ventricular and atrial cells populate their respec-
tive chambers (Fig. 1). Cardiac patterning, cardiac
morphogenesis, and the relationships between these
processes are presumably tightly regulated to ensure
effective embryonic circulation.

Several vertebrate model organisms, including chick,
frog, mouse, and zebrafish, are suitable for investigat-
ing the genetic regulation of cardiogenesis. Many fea-
tures of the zebrafish embryo make it especially ap-
pealing for cardiac studies (Stainier and Fishman,
1994). First, the externally fertilized and transparent
zebrafish embryo permits extensive, high-resolution
observation of cardiac cells throughout their develop-
ment (Fig. 1B). Furthermore, zebrafish do not require a
functional cardiovascular system for survival during
embryogenesis (Pelster and Burggren, 1996), allowing
careful analysis of cardiac defects without the con-
founding context of a dying embryo. Finally, the ze-
brafish presents excellent opportunities for large-scale
genetic screens, primarily due to its small size, fecun-
dity, and brief generation time (Westerfield, 1995).
Thus, it is possible to identify and study mutations
affecting many aspects of zebrafish cardiogenesis
(Chen et al., 1996; Stainier et al., 1996; Alexander et
al., 1998).
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Fig. 1. Morphology of the
embryonic vertebrate heart. A:
Schematic of an embryonic ver-
tebrate heart tube. The heart
tube is composed of two concen-
tric layers of tissue: the outer
myocardium and the inner endo-
cardium. The heart tube is also
divided into two major chambers:
the ventricle and the atrium. Car-
diac cushions form at the atrio-
ventricular boundary. Arrows in-
dicate direction of blood flow. B:
Lateral view of a 2-day-old ze-
brafish embryo, anterior to the
right. The heart is located poste-
rior to the head and anterior to
the yolk. The ventricle is in focus,
and its myocardial and endocar-
dial layers are visible. The atrium
(filled with blood) is out of the
focal plane.
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Taking advantage of the benefits of the zebrafish as
a model organism, several groups have successfully
identified key regulators of cardiac development. This
review will cover a selection of these recent findings,
beginning with a discussion of studies relevant to the
pattern formation events that regulate myocardial dif-
ferentiation. The next section will describe our under-
standing of the morphogenetic events that organize
heart tube assembly and formation of the atrioventric-
ular valve. Finally, discussion will focus on how proper
pattern formation sets the stage for proper morphogen-
esis, as well as speculation regarding promising future
directions for the study of cardiac development in ze-
brafish.

SPECIFICATION AND DIFFERENTIATION OF
THE ZEBRAFISH MYOCARDIUM

In all vertebrates, the myocardial progenitors arise
bilaterally, within anterior portions of the lateral plate
mesoderm (LPM). Fate maps of the zebrafish embryo
indicate that the myocardial progenitors are originally
located in the ventrolateral marginal zone of the early
blastula (512-cell stage; Stainier et al., 1993). In the
late blastula (40% epiboly), the myocardial progenitors
are found within the three tiers of blastomeres closest
to the embryonic margin (Warga and Nüsslein-Vol-
hard, 1999). These progenitors are clustered in two
groups, one on either lateral side of the embryo (rough-
ly between 60 and 120 degrees and 240 and 300 de-
grees, if the dorsal midline of the embryonic margin is
defined as 0 degrees). These blastomeres are among the
first to involute when gastrulation begins at 50% epi-
boly (Warga and Kimmel, 1990). During early somito-
genesis, the myocardial progenitors, along with the
other cell types that compose the LPM, converge to-

ward the embryonic midline and extend toward the
anterior of the embryo (Stainier and Fishman, 1992;
Stainier et al., 1993).

Although fate maps indicate the location of the myo-
cardial progenitors at early stages, it is not yet known
precisely when myocardial specification occurs. How-
ever, gene expression patterns reveal that the LPM is
already elaborately patterned by the onset of somito-
genesis. Anterior-posterior (A-P) patterning is particu-
larly apparent. For example, the mesodermal expres-
sion of the transcription factor gene gata4 is restricted
to the anterior lateral plate mesoderm (ALPM) (Ser-
bedzija et al., 1998) (Fig. 2). The expression of another
transcription factor gene, hand2, overlaps substan-
tially with gata4 gene expression in the ALPM and is
also found in more posterior portions of the LPM (An-
gelo et al., 2000; Yelon et al., 2000). A subset of ALPM
cells express nkx2.5 (Chen and Fishman, 1996; Lee et
al., 1996), a transcription factor gene that is considered
a marker of precardiac mesoderm in many vertebrates
(Evans, 1999) (Fig. 2). In zebrafish, most, but not all, of
the nkx2.5-expressing cells terminally differentiate
into myocardiocytes (Serbedzija et al., 1998; Yelon et
al., 1999). Differentiating myocardiocytes initiate ex-
pression of genes that encode cardiac sarcomere pro-
teins, such as cmlc1 and cmlc2 (Reiter et al., 1999;
Yelon et al., 1999) (Fig. 2). These myocardial precur-
sors are divided into ventricular and atrial subpopula-
tions by the expression pattern of vmhc, which encodes
a ventricle-specific myosin heavy chain (Yelon et al.,
1999). vmhc expression initiates in a medial subpopu-
lation of myocardial precursors, revealing medial-lat-
eral patterning within the ALPM (Yelon et al., 1999)
(Fig. 2). The medial vmhc1 cells are thought to be the

Fig. 2. Gene expression patterns reveal subpopulations within the
anterior lateral plate mesoderm (ALPM). Schematics compare overlap-
ping expression patterns at the 15-somite stage, showing dorsal views of
the ALPM, with anterior at the top. Notochord is depicted as a white rod.
At this stage, gata4 is expressed in a large portion of the ALPM, including

the cells that express nkx2.5 (Serbedzija et al., 1998). cmlc2 expression
is restricted to the nkx2.5-expressing cells that are anterior to the tip of
the notochord (Yelon et al., 1999). vmhc expression is restricted to a
medial subpopulation of the cmlc2-expressing cells (Yelon et al., 1999).
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ventricular precursors, and the lateral vmhc- cells are
thought to be the atrial precursors.

Altogether, the early expression patterns of cardiac
markers in the LPM suggest that several levels of
pattern formation are involved in the generation of
myocardial tissue, including induction of nkx2.5 ex-
pression, selection of myocardial precursors, and divi-
sion of myocardial precursors into ventricular and
atrial lineages. Analysis of zebrafish mutations that
disrupt myocardial differentiation has revealed several
genes that are essential for these specific aspects of
LPM patterning.

Which Factors Induce nkx2.5 Expression?

Four genes — gata5, fgf8, bmp2b, and one-eyed pin-
head — have been shown to play early roles during
myocardial specification. The transcription factor gene
gata5 is expressed in a broad region of the ALPM,
including the portion that expresses nkx2.5 (Reiter et
al., 1999). Mutation of the faust/gata5 locus results in
a dramatic reduction of nkx2.5 expression (Reiter et al.,
1999). Additionally, few myocardial cells differentiate
in faust (fau) mutants, and differentiation of ventricu-
lar precursors is especially inhibited. Overexpression
of gata5 can cause the ectopic expression of nkx2.5 and
several myocardial markers (Reiter et al., 1999). Alto-
gether, these data indicate that Gata5 is necessary and
sufficient for the induction of nkx2.5-expressing precar-
diac mesoderm. However, gata5 is expressed in many
cells that do not become myocardium, such as other
ALPM populations and the endodermal progenitors.
Therefore, it is likely that gata5 cooperates with other
essential regulators during the specification of cardiac
precursors.

Like Gata5, the growth factor Fgf8 is also important
for the initial induction of nkx2.5 expression. fgf8 ex-
pression can be detected in nkx2.5-expressing precar-
diac mesoderm and neighboring cells during early
somitogenesis, and mutation of the acerebellar/fgf8 lo-
cus causes a reduction of nkx2.5 expression (Reifers et
al., 2000). In addition, acerebellar (ace) mutants have
smaller hearts than their wild-type siblings, with the
ventricle being more strongly affected than the atrium.
Implanting Fgf8-soaked beads near the ALPM can
slightly expand the expression of nkx2.5 (Reifers et al.,
2000). Perhaps regionally restricted Fgf8 signaling col-
laborates with the more widely distributed Gata5 ac-
tivity to select the precardiac portion of the ALPM.

Other signaling pathways also contribute to the reg-
ulation of myocardial specification. The growth factor
Bmp2b is important for the assignment of ventrolat-
eral fates in the zebrafish embryo (Kishimoto et al.,
1997; Nguyen et al., 1998). Thus, swirl/bmp2b mutants
have a severe reduction of the derivatives of ventrolat-
eral blastomeres, including nkx2.5-expressing precar-
diac mesoderm (Kishimoto et al., 1997; Reiter et al.,
2001). Accordingly, very little differentiated myocar-
dium forms in swirl (swr) mutants. swr mutants ex-
hibit reduced gata5 expression during and after gas-

trulation, and overexpression of gata5 can rescue
nkx2.5 expression and myocardial differentiation in
swr mutants (Reiter et al., 2001). Together, these ob-
servations suggest that Bmp2b signaling acts through
Gata5 to regulate nkx2.5 induction.

Like Bmp2b, the EGF-CFC protein One-eyed pin-
head (Oep) is required for gata5 expression. Oep is an
essential cofactor for Nodal signaling, and oep is ex-
pressed both maternally and zygotically (Zhang et al.,
1998; Gritsman et al., 1999). The defects in mutant
embryos lacking only zygotic Oep (Zoep) include reduc-
tion of gata5 expression, nkx2.5 expression, and myo-
cardial differentiation, especially ventricular differen-
tiation (Reiter et al., 2001). gata5 overexpression can
restore nkx2.5 expression and myocardial differentia-
tion in Zoep mutants (Reiter et al., 2001), indicating
that Nodal signaling, like Bmp2b signaling, can act
through Gata5 to regulate early steps of myocardial
development.

How Are Myocardial Precursors Selected?

Because a subset of nkx2.5-expressing cells do not
differentiate into myocardial tissue, it is likely that
additional factors, besides those required for nkx2.5
induction, contribute to the selection of the myocardial
precursors. In this regard, it is interesting to note that
the bilateral populations of nkx2.5-expressing cells are
located near the embryonic axis, at the anterior-poste-
rior level of the prechordal plate/notochord boundary
(Fig. 2). Most of the nkx2.5-expressing cells lie anterior
to the rostral tip of the notochord, but the most poste-
rior cells in this population lie beside the notochord
(Serbedzija et al., 1998). The nkx2.5-expressing cells
near the prechordal plate begin to express myocardial
differentiation markers around the 13-somite stage
(Yelon et al., 1999). However, the cells that are located
adjacent to the notochord do not express terminal dif-
ferentiation markers (Yelon et al., 1999) and do not
contribute to the myocardium (Serbedzija et al., 1998).
When notochord cells are removed (by means of laser-
mediated ablation or mutation of the no tail locus), the
nkx2.5-expressing cells near the notochord are able to
become myocardial (Goldstein and Fishman, 1998).
Thus, the notochord seems to play a repressive role,
restricting nkx2.5-expressing cells from initiating myo-
cardial differentiation. The molecular nature of the
proposed negative signal from the notochord (and/or
proposed positive signal from the prechordal plate) has
not been identified.

Several zebrafish genes are required for the forma-
tion of the proper number of myocardial precursors.
fau, ace, swr, and Zoep mutants exhibit reduced num-
bers of differentiating myocardial precursors; however,
these defects may be secondary to the loss of nkx2.5
expression in these embryos. The effects of nkx2.5 loss-
of-function have not yet been studied in zebrafish, but
nkx2.5 overexpression can induce the ectopic expres-
sion of some myocardial markers (Chen and Fishman,
1996). In contrast to the activities of Gata5, Fgf8,
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Bmp2b, and Oep, the transcription factor Hand2 is
dispensable for nkx2.5 induction but essential for myo-
cardial differentiation (Yelon et al., 2000). hand2 is
expressed in a broad domain of the ALPM, and muta-
tion of the hands off/hand2 locus results in a dramatic
reduction of differentiated myocardium, especially ven-
tricular myocardium, without affecting the initial ex-
pression of nkx2.5 (Fig. 3A). It is not yet clear how the
broad expression of hand2 in the ALPM regulates the
selection of myocardial precursors within the nkx2.5-
expressing population. Further study of the binding
partners and transcriptional targets of Hand2 will be
required to clarify its role in providing competence for
myocardial differentiation downstream of nkx2.5 in-
duction.

Which Genes Establish the Ventricular and
Atrial Lineages?

Fate mapping studies have suggested that the ven-
tricular and atrial lineages are physically separate by
the 2,000-cell stage in zebrafish (Stainier et al., 1993).
However, it is not understood precisely when or how
ventricular and atrial fates are specified. The medially
restricted expression of vmhc is the earliest known
indication of molecular diversification of the myocar-
dial precursors in zebrafish (Yelon et al., 1999). Several
genes are known to be required for normal vmhc ex-
pression. For example, hand2 is influential during the
induction of vmhc expression (Yelon et al., 2000).
gata5, fgf8, and Zoep also influence the formation of
ventricular precursors (Reiter et al., 1999; Reifers et
al., 2000; Reiter et al., 2001), but it is not clear whether
the ventricular defects in gata5, fgf8, and Zoep mu-
tants are secondary to the loss of nkx2.5 expression.

It is interesting to note that all mutants known to
have vmhc expression defects also have problems with
myocardial differentiation in general. han, fau, ace,
and Zoep mutants exhibit reduced numbers of atrial
cells, in addition to significant reductions in ventricu-
lar tissue. The same is true for pandora mutants (Yelon
et al., 1999) and other recently identified mutants (Al-
exander et al., 1998). It is not yet clear what this trend
indicates about the molecular mechanisms of cardiac
patterning. Perhaps some aspect of general myocardial
differentiation is an important prerequisite for ventric-
ular differentiation but is less critical for atrial differ-
entiation. Alternatively, the same molecular pathways
may be used during separate processes of myocardial
differentiation and ventricular differentiation. Further
study of han, fau, ace, and Zoep as well as cloning of
other genes affecting ventricular development will help
to resolve the mechanistic relationship between gen-
eral myocardial differentiation and ventricle-specific
differentiation.

Little is known about the genes that contribute to
atrial specification and differentiation in zebrafish.
Studies in chick and mouse have implicated retinoic
acid (RA) signaling as a positive influence on atrial
development (Yutzey et al., 1994; Moss et al., 1998;

Fig. 3. Examples of zebrafish embryos with cardiac patterning de-
fects. A: Hand2 is required for the selection of myocardial precursors and
for ventricular differentiation. However, Hand2 is dispensable for nkx2.5
induction. Images are dorsal views, anterior to the top, comparing ex-
pression patterns by in situ hybridization in wild-type and hands off (han)
mutant embryos. At the 10-somite stage, nkx2.5 expression is identical in
wild-type and han mutant embryos. At the 15-somite stage, cmlc2 is
expressed in the myocardial precursors in wild-type embryos, but very
few cells express cmlc2 in han mutant embryos. Also, although vmhc is
expressed in the medial myocardial precursors in wild-type embryos,
vmhc is not expressed in han mutant embryos at this stage. Images are
adapted from Yelon et al. (2000). B: Exogenous retinoic acid (RA)
treatments inhibit ventricular development in zebrafish. Late gastrula
embryos were treated with RA (as in Stainier and Fishman, 1992) and
raised until 30 hours postfertilization (hpf). Immunofluorescent images
are lateral views of 30-hpf embryos, anterior to the left, stained with MF20
(TRITC) and S46 (FITC) (Alexander et al., 1998). In these double expo-
sures, red fluorescence indicates ventricular myocardium, whereas yel-
low fluorescence indicates atrial myocardium. The heart of the untreated
embryo has two chambers, a red ventricle and a yellow atrium. The heart
of the treated embryo has a yellow atrium and a severely truncated red
ventricle.
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Xavier-Neto et al., 1999; Niederreither et al., 2001). In
zebrafish, exogenous RA treatments appear to inhibit
ventricular development, suggesting that endogenous
RA signaling influences the balance between atrial and
ventricular specification (Stainier and Fishman, 1992)
(Fig. 3B). Further study will be required to determine
exactly how RA signaling affects the promotion of
atrial development and/or the repression of ventricular
development. It will be particularly important to estab-
lish whether RA signaling is required within the myo-
cardium or within other tissues that influence myocar-
dial development.

Conservation of Patterning Mechanisms

These investigations have identified a panel of key
players during cardiac patterning in zebrafish. Al-
though not all of these factors have been studied in the
same manner in other organisms, it is likely that their
functions are conserved across taxa. For example,
many experiments suggest that the roles of the Bmp,
Nodal, and RA signaling pathways during heart devel-
opment are similar in different species (e.g., Schulthe-
iss et al., 1997; Xu et al., 1998, 1999; Rosenthal and
Xavier-Neto, 2000). Rather than discuss all of the ex-
periments that demonstrate similarities in cardiac pat-
terning mechanisms, this section will simply describe
data relevant to the conserved roles of Gata transcrip-
tion factors during cardiogenesis. In Drosophila, the
Gata factor gene pannier is required for formation of
cardiac cells, and misexpression of pannier can produce
ectopic cardiac cells (Gajewski et al., 1999); thus, pan-
nier appears to function like gata5. In vertebrates,
including zebrafish, there are three Gata transcription
factor genes (gata4, gata5, and gata6) expressed in the
ALPM (Charron and Nemer, 1999). Overexpression
studies in frog and chick have demonstrated that
Gata4, Gata5, and Gata6 can induce expression of myo-
cardial genes (Jiang and Evans, 1996; Jiang et al.,
1998). Furthermore, promoter analysis in transgenic
mice and frogs has demonstrated that Gata factor con-
sensus sites are required for the regulation of nkx2.5
expression (Searcy et al., 1998; Lien et al., 1999; Reecy
et al., 1999; Sparrow et al., 2000). Even so, mice lacking
any one of the gata4, gata5, or gata6 genes do not
exhibit significant defects in cardiac patterning (Kuo et
al., 1997; Molkentin et al., 1997, 2000; Morrisey et al.,
1998; Koutsourakis et al., 1999), suggesting some func-
tional redundancy between Gata factors. Overall, these
data strongly suggest conservation of Gata factor func-
tion during cardiac patterning in species ranging from
insects to mammals.

Although the roles of many cardiogenic factors are
likely to be conserved, precise mechanisms could also
vary between species. For example, although hand2
regulates early aspects of myocardial differentiation in
zebrafish, hand2 mutant mice do not exhibit cardiac
defects until after heart tube formation (Srivastava et
al., 1997). One possible explanation for this discrep-
ancy is that the related mouse gene hand1 may be able

to compensate for a loss of hand2 function at early
stages. Further investigation of the early roles of
mouse hand genes will resolve whether the require-
ments for Hand activity are similar across taxa.

ASSEMBLY AND MORPHOGENESIS OF THE
ZEBRAFISH HEART TUBE

The transformation of bilateral populations of pat-
terned LPM into a midline heart tube involves a com-
plex series of cell movements. By the 16-somite stage,
zebrafish myocardiocytes are positioned in bilateral
sheets with the ventricular precursors more medial
than the atrial precursors (Yelon et al., 1999). With the
ventricular cells in the lead, the myocardiocytes move
toward the midline where they meet each other, initi-
ating the process called “cardiac fusion” (Fig. 4A). Spe-
cifically, fusion begins as the two sheets of myocardial
precursors bring together the posterior portions of
their medial edges, followed by an anterior closure that
creates a central lumen. Thus, the myocardial precur-
sors form a shallow cone, with the apex of the cone
raised dorsally around the lumen. Next, the myocardial
cone is transformed into a linear tube. This process
begins when the apex of the cone tilts posteriorly and to
the right, shifting the cone’s axis from a dorsal-ventral
plane to an anterior-posterior plane. The tilted cone
then extends, elongating its anterior-posterior axis un-
til the base of the cone coalesces into a tube. At this
point, the heart tube is angled such that its ventricular
end is to the right of its atrial end.

Cardiac morphogenesis continues to be highly dy-
namic after the primitive heart tube has formed. For
example, gradual movements transform the linear
heart tube into a looped organ, with the ventricle posi-
tioned to the right of the atrium (Fig. 4B). Additionally,
by 48 hour postfertilization (hpf), the separation of the
ventricle and the atrium is further defined by the for-
mation of cardiac cushions at the atrioventricular
boundary (Hu et al., 2000). Cardiac cushion formation
is thought to begin with the induction of specialized
subtypes of myocardial and endocardial cells at the
junction between the ventricle and the atrium (Eisen-
berg and Markwald, 1995). Communication between
the myocardial and endocardial layers then results in
an epithelial-to-mesenchymal transition of the endo-
cardial cells, thereby creating cushions. With time, the
atrioventricular cushions differentiate into the flaps of
the atrioventricular valve.

The diverse aspects of cardiac morphogenesis involve
many levels of genetic regulation. Recent studies of
zebrafish mutations that cause morphogenetic defects
have revealed several genes that are essential for spe-
cific aspects of heart formation, including cardiac fu-
sion and cardiac cushion formation.

What Drives Cardiac Fusion?

A simple model of the regulation of cardiac fusion
predicts at least three requirements for the movement
of myocardiocytes toward the midline. First, the myo-
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cardiocytes would require a substrate, either cells or
extracellular matrix, to crawl across. Second, active
migration would require proper differentiation of the

myocardiocytes. Finally, to direct migration, some type
of signal would attract the cells to the midline or repel
them from lateral locations. Multiple zebrafish muta-

Fig. 4. Cardiac morphogenesis involves a series of dynamic cell
movements. A: Comparison of cmlc2 and vmhc expression patterns by in
situ hybridization illustrates the complex reorganization of myocardio-
cytes during cardiac fusion and heart tube assembly (Yelon et al., 1999).
Images are dorsal views of wild-type embryos, anterior at the top. The
embryo’s left side is to the left of the figure. At the 18-somite stage,
cardiac fusion begins as the ventricular precursors initiate contact. At the
21-somite stage, a shallow cardiac cone has formed, with the ventricular
precursors raised slightly dorsally at its apex. At the 23-somite stage, the
apex of the cone has tilted posteriorly and to the right. By 24 hours
postfertilization (hpf), the cone has begun to extend into a tube. By 26 hpf,
tube formation is complete. The ventricular portion of the linear tube is

indicated with an arrowhead, and the atrial portion of the linear tube is
indicated with an arrow. Images are adapted from Yelon et al. (1999). B:
Cardiac looping gradually reorients the ventricle and the atrium. Images
are head-on views, comparing cmlc2 expression in a looping heart (30
hpf) and a looped heart (48 hpf). The embryo’s left side is to the right of
the figure. cmlc2 is expressed in both the ventricle and the atrium (Yelon
et al., 1999). The ventricle is indicated with arrowheads, and the atrium is
indicated with arrows. By 30 hpf, the linear tube has become curved. By
48 hpf, the ventricle is to the right of the atrium, and constriction is evident
at the atrioventricular boundary. Images are adapted from Yelon et al.
(1999).
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tions interfere with the movement of myocardiocytes
toward the midline. In these cases, cardiac fusion does
not occur, and mutant embryos exhibit two lateral
myocardial clusters instead of a single midline heart.
This condition is called “cardia bifida.” Characteriza-
tion of cardia bifida mutations and cloning of the af-
fected genes has revealed genes involved with each of
the three proposed requirements for myocardial migra-
tion.

As the myocardiocytes move toward the midline,
they are in close contact with a layer of endodermal
cells that are also moving medially to form the anterior
portion of the gut tube. This proximity and coordinated
timing of movement suggests that the migrations of
these two populations could be interdependent. In sup-
port of this hypothesis, all mutations known to inhibit
the formation of endodermal progenitors — casanova,
bonnie and clyde, fau, and Zoep — also cause cardia
bifida (Alexander et al., 1999; Kikuchi et al., 2000;
Reiter et al., 1999, 2001) (Fig. 5A). Each of these four
genes has been cloned (casanova5sox transcription fac-
tor (Dickmeis et al., 2001; Kikuchi et al., 2001], bonnie
and clyde5mix transcription factor [Kikuchi et al.,
2000]), and in each case, the cloned genes are thought

to function autonomously during the formation of
endodermal progenitors. In the case of Zoep, formation
of a midline heart tube in mutant embryos can be
restored if the endodermal population is rescued, sug-
gesting that the loss of endoderm (as opposed to the
myocardial defects) is responsible for the cardiac fusion
defects in this particular case (Peyrieras et al., 1998).

Although anterior endoderm is necessary for normal
cardiac fusion, it is not solely sufficient to drive the
process. Cardia bifida is also observed in mutants that
form a gut tube normally, indicating that myocardial
migration is not an entirely passive process and also
that endodermal migration does not depend on myocar-
dial migration. For example, hands off mutants exhibit
cardia bifida in the presence of a normal gut, suggest-
ing that hand2 plays a LPM-autonomous role in the
regulation of cardiac fusion (Yelon et al., 2000). In
addition to han, all other characterized mutants with
defects in myocardial and ventricular differentiation
also exhibit a delay or complete failure of cardiac fusion
(Reiter et al., 1999; Yelon et al., 1999, 2001; and D.Y.,
unpublished data). These observations suggest that
some aspect of normal myocardial differentiation and
patterning creates competence for myocardial migra-
tion.

In addition to requirements in the endoderm and in
the myocardium, cardiac fusion is likely to require a
signal directing cardiac migration toward the midline.
The precise nature of this signal is not yet known.
However, generation or reception of this signal seems
to involve the function of miles apart (mil), which en-
codes a lysosphingolipid G-protein–coupled receptor
(Kupperman et al., 2000). Mutation of mil causes car-
dia bifida without disrupting gut formation or myocar-
dial differentiation (Fig. 5B). Because mil is broadly
expressed, it is not yet clear which tissue(s) require Mil
activity to facilitate cardiac fusion. Mosaic analysis
indicates that mil mutant cells can contribute to a
midline heart tube in a wild-type embryo, and wild-
type cells will not move to the midline on their own in
the context of a mil mutant embryo. These data are
compatible with the hypothesis that Mil activity is not
required in the myocardium. However, it is also possi-
ble that mil could play a myocardium-autonomous role.
In this alternate interpretation, activation of Mil sig-
naling would result in directed migration only if a
critical mass of myocardiocytes received the signal.
Thus, mil mutant cells could be carried along with
their wild-type neighbors, and individual wild-type
cells would not be able to manifest directed migration.
Further analysis will be required to determine where,
when, and how activation of the Mil receptor influences
myocardial migration. It will be especially interesting
to study whether myocardial migration is an orches-
trated group activity or the cumulative effect of many
cells migrating individually.

Beyond recruitment of myocardial precursors to the
midline, the regulation of cardiac cone formation and
conversion of the cone into a tube is poorly understood.

Fig. 5. Examples of zebrafish mutants with defects in cardiac fusion.
A: casanova (cas) mutants exhibit cardia bifida. Images are dorsal views,
anterior to the top, displaying cmlc2 expression in wild-type and cas
mutant siblings. By 25 hpf, heart tube assembly is nearly complete in the
wild-type embryo. However, in the cas mutant embryo, the myocardio-
cytes have not migrated toward the midline. Instead, these cells have
formed bilateral cardiac cones (Yelon et al., 1999). B: mil mutants exhibit
cardia bifida. Images are dorsal views, anterior to the top, displaying
cmlc2 expression in wild-type and mil mutant siblings. At the 19-somite
stage, cardiac fusion is under way in the wild-type embryo, but the
myocardiocytes in the mil mutant embryo have not moved to the midline.
As shown above for cas, these cells will remain in bilateral positions
(Kupperman et al., 2000).
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Studies of the zebrafish mutation heart and soul (has)
provide the first insight into the relevant signaling
pathways. In has mutants, myocardiocytes migrate to-
ward the midline relatively normally, although fusion
appears aberrant (Yelon et al., 1999). Furthermore, the
cardiac cone does not properly convert into a tube.
Rather than tilt to the right, the ventricular apex re-
mains stationary in has mutants. As a result, the
atrium cannot form properly and the has mutant heart
exhibits atrial tissue outside of the ventricle (Fishman
and Chien, 1997; Yelon et al., 1999). Recently, the has
locus has been shown to encode an atypical PKC mol-
ecule, similar to PKCl (Horne-Badovinac et al., 2001;
Peterson et al., 2001). In Drosophila, PKCl forms a
complex with two other proteins (Par-3/Bazooka and
Par-6) (Muller and Wieschaus, 1996; Kuchinke et al.,
1998; Wodarz et al., 2000; Petronczki and Knoblich,
2001). This complex is found at the apicolateral mem-
brane of epithelial cells, and integrity of the complex is
required for the maintenance of epithelial polarity. In
has mutants, defects in epithelial polarity have been
described in the swim bladder, the retina, and the
neural tube but the relationship of epithelial polarity to
heart tube assembly is not yet clear (Horne-Badovinac
et al., 2001). Perhaps the migrating and fusing myo-
cardiocytes behave as a polarized epithelium. Alterna-
tively, the integrity of a different epithelial tissue (pos-
sibly the migrating endodermal progenitors) may be
essential for myocardial movements within the cardiac
cone. Future experiments examining the autonomy of
the myocardial requirement for PKCl may provide a
connection between the role of has in the cardiac cone
and the regulation of myocardial migration at earlier
stages.

Which Signals Initiate Cardiac Cushion
Formation?

Although most studies of zebrafish cardiac morpho-
genesis have focused on cardiac fusion, investigations
of the jekyll (jek) mutation have provided an entry
point to the molecular mechanisms of valve morpho-
genesis (Walsh and Stainier, 2001). jek mutants fail to
form cardiac cushions at the atrioventricular boundary
(Stainier et al., 1996). Recently, the jek locus has been
shown to encode UDP-glucose dehydrogenase, an en-
zyme required for the synthesis of several proteogly-
cans (Walsh and Stainier, 2001). In Drosophila, the
enzyme Sugarless (also a UDP-glucose dehydrogenase)
is involved in the synthesis of heparan sulfate proteo-
glycans that are thought to be required for transduc-
tion of Fgf and Wg signals (Hacker et al., 1997; Lin et
al., 1999). The signaling pathways inhibited by a loss of
Jek function have not been identified. It is interesting
to note that jek mutants do not exhibit normal restric-
tion of gene expression in myocardial and endocardial
cells at the atrioventricular boundary (Walsh and
Stainier, 2001). This aspect of the jek mutant pheno-
type suggests that the loss of Jek activity affects proper
definition of the atrioventricular region, without which

cushion morphogenesis cannot proceed. It will be excit-
ing to determine which signaling pathways, mediated
by Jek-modified proteoglycans, establish cell identity
at the atrioventricular boundary and whether these
pathways operate in the myocardium, the endocar-
dium, or both tissues.

Conservation of Morphogenesis Mechanisms

In contrast to the topic of cardiac patterning, cardiac
morphogenesis has not been explored as thoroughly in
other model organisms, making it difficult to discuss
the conservation of roles of specific players. However, it
is possible to comment on the conserved role of
endoderm during cardiac fusion. As in zebrafish, mouse
mutants with severe endodermal deficiencies exhibit
cardiac fusion defects. For example, mice lacking gata4
have dramatic reductions of endodermal tissue as well
as cardiac fusion defects (Kuo et al., 1997; Molkentin et
al., 1997). Furthermore, cardiac fusion can be rescued
in gata4 mutant mice by reconstituting the endoderm
(Narita et al., 1997). Future studies will reveal whether
additional requirements for cardiac fusion, such as Mil
activity or the early functions of hand genes, also apply
in other vertebrates.

PATTERNING AND MORPHOGENESIS
ARE INTERTWINED

Having reviewed the processes of cardiac patterning
and cardiac morphogenesis in zebrafish, it becomes
apparent that these aspects of cardiogenesis are inti-
mately related. Specifically, proper cardiac patterning
is a prerequisite for proper cardiac morphogenesis.
When aberrant patterning results in poor myocardial
differentiation and reduction of ventricular myocar-
dium, cardiac fusion does not proceed normally. When
pattern formation in the myocardium or endocardium
fails to properly establish the atrioventricular bound-
ary, cushion morphogenesis does not occur. To under-
stand the connection between patterning and morpho-
genesis thoroughly, it will be important to identify the
specific genes, regulated by cardiac differentiation pro-
grams, that mediate heart formation. For instance,
how does myocardial differentiation create competence
to receive and respond to signals directing migration?
Which components of the ventricle-specific differentia-
tion program prepare the ventricular precursors to be-
have as the leading edge of a migrating population?
How does specification of juxtaposed ventricular and
atrial lineages lead to induction of an epithelial-mes-
enchymal transition at the atrioventricular boundary?
These critical molecular links may emerge as the genes
downstream of gata5, fgf8, hand2, and other regulators
of cardiac patterning are identified. Given the rapid
pace of zebrafish cardiac research, it should soon be
possible to describe genetic pathways connecting early
steps of pattern formation with later morphogenetic
consequences.

560 YELON



PERSPECTIVES AND FUTURE DIRECTIONS

Characterization of zebrafish mutants and cloning of
the affected genes has shed light on many aspects of
the regulation of cardiac patterning and morphogene-
sis. Ongoing genetic screens focused on cardiac pheno-
types will continue to provide new resources for the
discovery of relevant zebrafish genes (Alexander et al.,
1998). In addition, the advent of morpholino technology
makes it possible to conduct reverse genetics in ze-
brafish. Morpholinos are highly stable antisense oligo-
nucleotides that can be designed to reduce translation
of a desired gene (Summerton and Weller, 1997). Thus,
injection of morpholinos provides a rapid method to
test the developmental role of a gene in zebrafish (Nas-
evicius and Ekker, 2000). This strategy will be very
helpful in investigating potential regulatory genes that
are expressed in the zebrafish heart. For example, mor-
pholinos could allow analysis of the functions of tbx5
and tbx20, T-box transcription factor genes expressed
in zebrafish myocardiocytes (Begemann and Ingham,
2000; Griffin et al., 2000; Ahn et al., 2000). Studies in
frogs and mice have suggested that tbx5 may regulate
early steps of myocardial differentiation, especially
atrial differentiation (Horb and Thomsen, 1999; Lib-
eratore et al., 2000; Hatcher et al., 2001). Similarly,
morpholinos directed against irx4, an Iroquois tran-
scription factor gene expressed in the zebrafish ventri-
cle (D. Yelon and D.Y.R. Stainier, unpublished data),
could reveal whether the role of irx4 in ventricular
differentiation, as proposed by mouse and chick studies
(Bao et al., 1999; Chirstoffels et al., 2000; Bruneau et
al., 2001), is conserved in zebrafish. Furthermore, mor-
pholino technology could be broadly applied to investi-
gate the functions of the many zebrafish ESTs gener-
ated from embryonic and adult heart cDNA libraries
(Chen et al., 1998, unpublished observations; Ton et
al., 2000).

As an additional approach for identification of key
regulators, advances in combinatorial chemistry have
created large libraries of small molecules that can be
screened for their ability to cause desired embryonic
phenotypes (Stockwell, 2000). A small-scale chemical
screen has already identified small molecules that dis-
rupt cardiac fusion (Peterson et al., 2000). Treatment
with one of these molecules, called concentramide, can
phenocopy the heart and soul mutant phenotype
(Peterson et al., 2001). It will be exciting to determine
which endogenous regulators are affected by concen-
tramide and other potent small molecules.

To delve deeper into the genetic regulation of cardio-
genesis, it will be critical for future studies to use other
new technologies available for the zebrafish. In partic-
ular, to understand morphogenesis fully, it will be im-
portant to follow cell movements in live embryos. Re-
cently, many groups have reported successful zebrafish
transgenesis by using a variety of promoters to drive
expression of GFP (e.g., Motoike et al., 2000; Park et
al., 2000; Koster and Fraser, 2001). Transgenic lines

expressing GFP in cardiac precursors would allow real-
time imaging of cardiac morphogenesis in wild-type
and mutant embryos, bringing a new level of resolution
to our understanding of the wild-type process and the
precise roles of key players.

Future studies using emerging technologies are
likely to extend our understanding of myocardial pat-
terning and morphogenesis. Furthermore, future ex-
periments are likely to address other areas of interplay
between pattern formation and movement in the ze-
brafish heart. In particular, one would expect advances
in the study of left-right (L-R) axis formation to reveal
genetic regulators of cardiac looping morphogenesis. In
zebrafish and other vertebrates, initial establishment
of the embryonic L-R axis leads to asymmetric gene
expression patterns, such as the left-sided expression
of the transcription factor gene pitx2 in the LPM (for a
recent review of L-R patterning, see Burdine and
Schier, 2000). At later stages, L-R asymmetric cues
somehow control the rightward tilting of the ventricu-
lar apex of the cardiac cone and the looping morpho-
genesis that positions the ventricle to the right of the
atrium. Although significant attention has been paid to
zebrafish mutations that randomize L-R asymmetry
(e.g. Chen et al., 1997; Yan et al., 1999; Bisgrove et al.,
2000; Chin et al., 2000), little is known regarding the
molecular mechanisms that translate L-R patterning
into directed cardiac morphogenesis. Future studies of
mutations that interfere with cardiac looping without
disrupting initial L-R patterning will be particularly
informative in this regard.

Together, the provocative nature of recent findings
and the exciting potential of new technologies should
rapidly lead to new levels of comprehension of ze-
brafish cardiogenesis. Based on the conservation of de-
velopmental mechanisms, it is likely that these future
discoveries will be relevant to cardiac development in
other organisms, although it will be particularly inter-
esting to learn how the details of regulation differ be-
tween species. As conserved paradigms emerge, it will
be rewarding to determine whether the principles that
govern cardiogenesis apply to the control and coordi-
nation of patterning and morphogenesis of other em-
bryonic organs as well.
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