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Restricted Expression of Cardiac Myosin Genes
Reveals Regulated Aspects of Heart Tube
Assembly in Zebrafish
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The embryonic vertebrate heart is divided into two major chambers, an anterior ventricle and a posterior atrium. Although
the fundamental differences between ventricular and atrial tissues are well documented, it is not known when and how
cardiac anterior—posterior (A-P) patterning occurs. The expression patterns of two zebrafish cardiac myosin genes, cardiac
myosin light chain 2 (cmlc2) and ventricular myosin heavy chain (vmhc), allow us to distinguish two populations of
myocardial precursors at an early stage, well before the heart tube forms. These myocardial subpopulations, which may
represent the ventricular and atrial precursors, are organized in a medial-lateral pattern within the precardiac mesoderm.
Our examinations of cmlc2 and vmhc expression throughout the process of heart tube assembly indicate the important role
of an intermediate structure, the cardiac cone, in the conversion of this early medial-lateral pattern into the A-P pattern of
the heart tube. To gain insight into the genetic regulation of heart tube assembly and patterning, we examine cmlc2 and
vmhc expression in several zebrafish mutants. Analyses of mutations that cause cardia bifida demonstrate that the
achievement of a proper cardiac A-P pattern does not depend upon cardiac fusion. On the other hand, cardiac fusion does
not ensure the proper A-P orientation of the ventricle and atrium, as demonstrated by the heart and soul mutation, which
blocks cardiac cone morphogenesis. Finally, the pandora mutation interferes with the establishment of the early
medial-lateral myocardial pattern. Altogether, these data suggest new models for the mechanisms that regulate the
formation of a patterned heart tube and provide an important framework for future analyses of zebrafish mutants with
defects in this process. © 1999 Academic Press
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INTRODUCTION

Organogenesis requires the proper orientation of a form-
ing organ relative to established embryonic axes, but the
mechanisms by which organ polarity is coordinated with
embryonic polarity are poorly understood. In the case of the
embryonic vertebrate heart, this coordination is critical,
since the correct alignment of the cardiac anterior—posterior
(A-P) axis with the embryonic A-P axis is essential for the
establishment of proper blood flow. The embryonic verte-
brate heart is a simple two-layered tube, composed of an
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outer myocardium and inner endocardium, that forms from
the fusion of bilateral regions of precardiac mesoderm (for a
review, see Fishman and Chien, 1997). Cardiac polarity is
evident in the heart’s simple A-P pattern: the heart tube is
divided into two major chambers, an anterior ventricle and
a posterior atrium. These two chambers are morphologi-
cally distinct; furthermore, the ventricular myocardium
differs from the atrial myocardium by many physiological,
histological, and molecular criteria, including characteris-
tic rates of contractility (DeHaan, 1965; Satin et al., 1988)
and chamber-specific programs of gene expression (Franco
et al., 1998; Lyons, 1994). Although the fundamental dis-
tinction between ventricular and atrial myocardial cells is
well documented in many vertebrates, it is not understood
when and how cardiac A-P patterning occurs.

Fate mapping studies suggest that ventricular and atrial
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lineages may separate very early, even prior to gastrulation.
For instance, labeling a single blastomere in a zebrafish
midblastula embryo results in labeled progeny in either the
ventricle or the atrium, but never in both chambers
(Stainier et al., 1993). Experiments in chick embryos have
demonstrated that cells in rostral regions of the cardiogenic
portion of the primitive streak later reside in the ventricle,
while cells located more caudally within the streak contrib-
ute to the atrium (Garcia-Martinez and Schoenwolf, 1993).
Shortly after the end of gastrulation, explants of anterior
and posterior regions of chick precardiac mesoderm exhibit
restricted developmental potential (Yutzey et al., 1995).
Together, these data are consistent with the existence of
physically distinct ventricular and atrial fields within the
blastula that do not intermingle during gastrulation or
cardiac fusion. Nevertheless, these previous studies do not
address a number of important issues, including when and
how these cells become specified into ventricular and atrial
precursors and when lineage-specific differentiation begins.

Overt chamber-specific differentiation has been detected
in vivo only during or after the initiation of cardiac fusion.
For instance, a few chamber-specific genes exhibit region-
alized expression within the forming heart tube before the
cardiac chambers are morphologically demarcated. Expres-
sion of a chick atrial myosin heavy chain gene (AMHC1) is
restricted to the preatrial portion of the forming heart tube
(Yutzey et al., 1994). Similarly, expression of the murine
ventricular myosin light chain gene mlc2v is restricted to
preventricular regions during early phases of heart tube
assembly (O’Brien et al., 1993; Lyons et al., 1995). Thus,
chamber specification surely precedes chamber demarca-
tion, but there is no clear molecular evidence of an early
pattern within the physically separate bilateral regions of
precardiac mesoderm.

Here, we report and utilize two zebrafish genes that
distinguish myocardial subpopulations: while cardiac myo-
sin light chain 2 is expressed throughout the heart tube,
ventricular myosin heavy chain is restricted to the ven-
tricle. Interestingly, the expression patterns of these genes
at early stages reveal two distinct subpopulations of myo-
cardial precursors that are organized in a medial-lateral
pattern; these subsets may represent ventricular and atrial
precursors. Our examinations of cmlc2 and vmhc expres-
sion throughout the process of heart tube assembly indicate
the critical role of an intermediate structure, the cardiac
cone, in the conversion of this early medial-lateral pattern
into the A-P pattern of the heart tube. Additionally, the
patterns of cmlc2 and vmhc expression in several zebrafish
mutants reveal genetic requirements for the assembly of a
patterned heart tube. Specifically, the phenotypes of
casanova and heart and soul mutants illuminate the rela-
tionship between cardiac A-P patterning and cardiac fusion.
Furthermore, we show that pandora is essential for early
steps of myocardial patterning. Based on these data, we
propose new models for the molecular mechanisms that
regulate cardiac A-P patterning.
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MATERIALS AND METHODS

Zebrafish

Fish and embryos were maintained and staged as previously
described (Westerfield, 1995). The mutations casanova™®® (Chen et
al., 1996), heart and soul™? (Stainier et al., 1996), and pandora™"*?
(Stainier et al., 1996) were originally generated by chemical mu-
tagenesis and have been maintained by outcrossing heterozygous
adults to standard wild-type strains. Homozygous mutant embryos
were produced by mating adult heterozygotes; in general, the
mutant phenotype was obvious in approximately 25% of the
progeny, except as noted.

Identification of Myosin Genes

Oligonucleotide primers (5'-ATACAGGAGTT-
TAAGGAGGC-3' and 5-ACCAGTCTAATAAATCAAAAG-3')
were designed according to the sequences of available expressed
sequence tags that resemble myosin genes (Chen et al., 1998). Each
primer was combined with a T7 primer to amplify 3’ gene frag-
ments from a zebrafish adult heart cDNA library (generous gift of
Dr. Roger Breitbart) phage suspension using conventional PCR
techniques. Fragments were ligated into pGEM-T (Promega) for
sequence analysis and riboprobe synthesis. GenBank accession
numbers are AF114428 for cardiac myosin light chain 2 and
AF114427 for ventricular myosin heavy chain.

In Situ Hybridization

Whole-mount in situ hybridization was performed as previously
described (Alexander et al., 1998). All hybridizations were con-
ducted at 70°C in a 65% formamide buffer. For transverse sections,
stained embryos were fixed in 4% paraformaldehyde, embedded in
JB4 (Polysciences), and sectioned at 5 um. Photographs were taken
using Kodak Ektachrome 160T film, a Leica MZ12 stereomicro-
scope, and a Zeiss Axioplan microscope; images were processed
using Adobe Photoshop 4.0.

Immunofluorescence

Whole-mount immunofluorescence was performed as previously
described (Stainier and Gilbert, 1990), using the monoclonal anti-
bodies MF20 (Bader et al., 1982) and S46 (generous gift of Dr. Frank
Stockdale). The secondary reagents goat anti-mouse IgG1-FITC
(fluorescein isothiocyanate) and goat anti-mouse 1gG2b-TRITC
(tetramethylrhodamine isothiocyanate) (Southern Biotechnology
Associates) recognize S46 and MF20, respectively. Double-
exposure photographs were taken using Fujichrome 1600 ASA film
and a Zeiss Axioplan microscope; images were processed using
Adobe Photoshop 4.0.

RESULTS

Identification of a Ventricle-Specific Myosin Heavy
Chain Gene

Previous studies of cardiac chamber-specific myosin iso-
forms in chick and mouse have provided evidence for
chamber-specific differentiation programs (Yutzey and
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FIG. 1. The vmhc gene and S46 antigen are chamber-specific. (A, B, C) Dorsal views of 30-hpf embryos, anterior at the bottom; in situ
hybridization showing nkx2.5 (A), cmlc2 (B), and vmhc (C) expression. While nkx2.5 (A) and cmlc2 (B) are expressed throughout both the
ventricular (arrowhead) and the atrial (arrow) portions of the heart tube, vmhc (C) expression is restricted to the ventricular portion. (D, E)
48-hpf embryos viewed head-on, dorsal at the top; in situ hybridization with cmic2 (D) and vmhc (E) riboprobes. As the yolk is gradually
absorbed, the ventricle (arrowhead) becomes rostral relative to the atrium (arrow). The expression of cmlc2 (D) is maintained in both
chambers, and the expression of vmhc (E) remains restricted to the ventricle. (F) Head-on view of a 48-hpf embryo stained with MF20
(TRITC) and S46 (FITC), dorsal at the top. In this double exposure, red fluorescence indicates MF20 staining of the ventricle, while yellow
fluorescence indicates the overlap of S46 and MF20 staining in the atrium.

Bader, 1995; Lyons, 1994); we set out to identify similarly
useful chamber-specific genes in zebrafish. Guided by avail-
able zebrafish expressed sequence tags (Chen et al., 1998),
we isolated fragments of several distinct myosin light and
heavy chain genes. Two of these are discussed below: a
regulatory myosin light chain gene, cardiac myosin light
chain 2 (cmlc2), and a myosin heavy chain gene, ventricular
myosin heavy chain (vmhc).

In order to determine whether these genes are chamber-
specific, we compared their expression to that of nkx2.5, a
homeodomain transcription factor gene found throughout
the embryonic myocardium (Fig. 1A; Chen and Fishman,
1996). By 30 h postfertilization (hpf), cardiac looping has
placed the atrial/inflow portion of the zebrafish heart tube
(Fig. 1A, arrow) distinctly to the left of the ventricular/
outflow portion (Fig. 1A, arrowhead). At this stage, cmlc2 is
expressed uniformly throughout the myocardium, like
nkx2.5 (Figs. 1A and 1B). In contrast, vmhc is expressed
only in the ventricular/outflow portion of the myocardium
(Fig. 1C).

Restricted expression of vmhc persists after chamber
demarcation is complete (Figs. 1D and 1E). By 48 hpf, the
thick-walled, muscular ventricle (Fig. 1D, arrowhead) and
the thin-walled atrium (Fig. 1D, arrow) are morphologically
distinct. cmlc2 is expressed throughout both chambers (Fig.
1D). In contrast, vmhc is expressed throughout the ven-

tricle but not at all in the atrium (Fig. 1E); the posterior
extent of vmhc expression coincides with the constriction
at the atrioventricular boundary.

[It is important to note that the zebrafish heart tube first
forms with its ventricular end positioned posteriorly and its
atrial end tethered to the yolk sac anteriorly (Figs. 1A-1C).
As development proceeds, the yolk is absorbed and the head
rises dorsally, shifting the orientation of the heart tube into
its final position (Stainier and Fishman, 1992), with the
ventricle anterior and the atrium posterior (Figs. 1D-1F).]

The chamber-specific expression of vmhc provides the
first example of a ventricle-specific gene in zebrafish. These
data complement the previous demonstration that S46, a
monoclonal antibody thought to recognize an atrium-
specific myosin heavy chain isoform (Stainier and Fishman,
1992), is specific for the atrial myocardium at these stages
(Fig. 1F; Alexander et al., 1998). Thus, complementary
regionalization of myosin heavy chain isoforms demon-
strates discrete ventricular and atrial programs of gene
expression in the zebrafish heart tube.

cmlc2 Is Expressed in Most, but Not All,
nkx2.5-Expressing Cells

Given the restricted expression of vmhc relative to cmic2
within the heart, we proceeded to examine the early expres-
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FIG. 2. cmlc2 is expressed in most, but not all, nkx2.5-expressing
cells. (A, B) Dorsal views of embryos at the 14-somite stage,
anterior at the top; in situ hybridization with nkx2.5 and no tail (A)
or cmlc2 and no tail (B) riboprobes. no tail is expressed in the
developing notochord (Schulte-Merker et al., 1994). (A) nkx2.5
expression in bilateral stripes of precardiac mesoderm extends
slightly (arrows) beyond the anterior tip of the developing noto-
chord (shown by no tail expression, arrowhead). This most poste-
rior region has relatively weak expression of nkx2.5. (B) The
posterior boundaries of the bilateral stripes of cmlc2 expression are
aligned with the anterior tip of no tail expression. (C, D) Dorsal
views of embryos at the 17-somite stage, anterior at the top; in situ
hybridization with nkx2.5 (C) or cmlc2 (D) riboprobes. As the
bilateral cardiac primordia bend toward each other, the most
posterior nkx2.5-expressing cells (C, arrows) do not express cmlc2
(D). Again, these most posterior cells express relatively weak levels
of nkx2.5 (C).

sion of these genes, hoping to identify informative subpopu-
lations within the precardiac mesoderm. Since nkx2.5 is the
earliest known marker of zebrafish precardiac mesoderm
(Chen and Fishman, 1996; Lee et al., 1996), we compared
the expression of nkx2.5, cmlc2, and vmhc prior to cardiac
fusion.

First, we examined the early expression of cmlic2 relative
to nkx2.5. While expression of nkx2.5 in precardiac meso-
derm is clear at the initiation of somitogenesis (Chen and
Fishman, 1996; Lee et al., 1996), cmlc2 expression is not
apparent until the 13-somite stage (data not shown). cmlc2
expression appears to be initiated in most, but not all,
nkx2.5-expressing cells: a small posterior subset of nkx2.5-
expressing cells do not express cmic2 (Figs. 2A and 2B). For
example, at the 14-somite stage, the posterior boundary of
cmlc2 expression is aligned with the anterior boundary of

Yelon, Horne, and Stainier

the developing notochord (Fig. 2B), while nkx2.5 expression
extends posteriorly beyond the notochord tip (Fig. 2A).
Similarly, at the 17-somite stage, as the bilateral cardiac
primordia bow toward each other, the most posterior
nkx2.5-expressing cells do not express cmlc2 (Figs. 2C and
2D). These posterior nkx2.5" cmlc2™ cells never appear to
initiate cmlc2 expression (data not shown) and likely cor-
respond to a previously described posterior subpopulation
of nkx2.5-expressing cells that does not contribute to the
myocardium (Serbedzija et al., 1998).

vmhc-Expressing Cells Are Located Medially
within the Bilateral Regions of Precardiac
Mesoderm

Having defined cmlc2® and cmlc2™ subsets of nkx2.5-
expressing cells, we proceeded to examine vmhc expression
within the precardiac mesoderm. Like cmlc2, vmhc expres-
sion begins at the 13-somite stage (data not shown). From
the time of its initiation, vmhc expression is restricted to a
subset of cmlc2-expressing cells (Figs. 3A and 3B). While
cmlc2 expression is found in wide bilateral stripes of cells
(Fig. 3A), the stripes of cells with intense vmhc expression
are noticeably narrower (Fig. 3B) and appear to compose the
most medial portion of each cmlc2-expressing region. As
the cardiac primordia bend toward the midline, the medial
restriction of vmhc expression is maintained (Figs. 3C and
3D). Transverse sections confirm the relationship between
the cmlc2” and the vmhc™ populations (Figs. 3E and 3F). At
the 16-somite stage, the myocardial precursors form bilat-
eral sheets just dorsal to the yolk syncytial layer (Lee et al.,
1996; Stainier et al., 1993). While cmlc2 expression extends
throughout each bilateral sheet (Fig. 3E), vmhc expression is
restricted to the most medial cells within each sheet (Fig.
3F).

The existence of two distinct subsets of cmlc2-expressing
cells—medial/vmhc™ and lateral/vmhc —at the 15-somite
stage represents the earliest molecular diversification de-
tected within the bilateral regions of precardiac mesoderm
in zebrafish. Moreover, if these medial vmhc-expressing
cells (Figs. 3B, 3D, and 3F) are in fact the precursors of the
vmhc-expressing cells in the ventricle (Figs. 1C and 1E),
then these data would also provide the first molecular
evidence in support of specification of chamber-specific
lineages prior to cardiac fusion in zebrafish.

Following cmlc2 and vmhc Expression during
Heart Tube Assembly

To test the hypothesis that the medially located cmic2”
vmhc™ cells are the precursors of the ventricular myocar-
dium, we followed the relative locations of cmlc2-
expressing and vmhc-expressing populations throughout
the process of heart tube assembly, examining embryos at
regular and frequent intervals between the 15-somite stage
(16.5 hpf) and 26 hpf. Below, we summarize the major
findings from these efforts, highlighting a few particularly
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FIG. 3. vmhc expression is restricted to a subset of cmlc2-expressing cells. (A, C, E) Expression of cmlc2. (B, D, F) Expression of vmhc. (A,
B) Dorsal views of embryos at the 15-somite stage, anterior at the top. More precardiac cells express cmlc2 (A) than vmhc (B); intentional
overstaining of the embryo in (B) demonstrates that intense vmhc expression appears only in the most medial myocardial precursors. In
addition to expression in precardiac cells, vmhc is also expressed in the somites (data not shown). (C, D) Dorsal views of embryos at the
16-somite stage, anterior at the top. Again, vmhc expression (D) appears restricted to the most medial cmlc2-expressing cells (C). (E, F)
Transverse sections of 16-somite stage embryos also demonstrate that the vmhc-expressing cells (F) are a medial subset of the

cmlc2-expressing cells (E).

informative stages (Fig. 4). These data provide a model for
the process by which the medial cmlc2” vmhc™" populations
could come together to create the ventricle.

Being the most medial of the myocardial precursors, the
vmhc-expressing cells compose the leading edge as the
bilateral cmlc2* sheets migrate toward the midline (Figs.
3A-3D and 4A and 4B). As they approach, the two popula-
tions bend toward one another, first making contact
through a thin bridge of cells slightly posterior to their A-P
midpoint (Fig. 4A, arrowhead). The cells that form this
bridge as well as the rest of the medial section of this
butterfly-shaped configuration express vmhc (Fig. 4B), con-
sistent with the prior medial position of vmhc™ cells.

Following this initial contact, the bilateral sheets proceed
to fuse. The portions posterior to the bridge fuse first (data
not shown; see Fig. 7E for an example), followed by an
anterior closure that creates a central lumen. Viewed dor-

sally, the cmlc2” cells appear to form a simple ring (Fig. 4C);
however, the structure is actually a shallow cone (Stainier
et al., 1993). The apex of this cone is raised dorsally around
the lumen (Stainier et al., 1993) and is composed of vmhc-
expressing cells (Fig. 4D).

Next, the cardiac cone is transformed into a linear tube.
The process begins when the apex of the cone tilts posteri-
orly and toward the right, shifting the cone’s axis from a
dorsal-ventral (D-V) plane to an A-P plane (Figs. 4E and 4F;
and data not shown). The apex thus appears to establish the
ventricular/outflow end of the nascent heart tube (Fig. 4F).
During tilting, the lumen of the cone is preserved, although
it is not visible when viewed dorsally (Figs. 4E and 4F and
data not shown).

Following the initial movements of the apex, the cells
that compose the wide base of the cone appear to gradually
coalesce into a tube (Fig. 4G). In the example shown, the
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FIG. 4. Following cmlc2 and vmhc expression during heart tube
assembly. (A, C, E, G, I) Expression of cmic2. (B, D, F, H, J)
Expression of vmhc. All panels show dorsal views, anterior at the
top. (A, B) 18-somite stage; the myocardial precursors (A) make
contact via a bridge (arrowhead) of vmhc-expressing cells (B). (C, D)
21-somite stage; the cardiac cone (C) forms with vmhc-expressing
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ventricular portion of the tube appears complete and forma-
tion of the atrium has begun (Figs. 4G and 4H). The
conversion from cone to tube is most likely accompanied
by some myocardial proliferation, since the number of
vmhc-expressing cells increases (compare Figs. 4F and 4H).
When heart tube assembly is complete, vmhc-expressing
cells form the ventricular/outflow portion, while the myo-
cardial cells of the atrial/inflow portion express only cmlc2
(Figs. 41 and 4J).

The careful examination of cmlc2 and vmhc expression
patterns cannot formally distinguish whether changes in
expression reflect a complex series of cellular movements
or a rapid series of dramatic changes in gene regulation.
Nevertheless, based on examination of a large number of
embryos and timepoints (Figs. 3 and 4; and data not shown),
we favor the interpretation that these data represent the
relative movements of the cmlc2-expressing and vmhc-
expressing populations and strengthen the conjecture that
the cmlc2” vmhc™ cells located medially within the precar-
diac mesoderm are ventricular precursors. For convenience,
we will refer to cmlc2® vmhc™ cells as presumed ventricu-
lar precursors and cmlc2* vmhc™ cells as presumed atrial
precursors, with the understanding that these assignments
involve interpretive assumptions.

Achievement of Cardiac A-P Pattern Does Not
Require Cardiac Fusion

The relationships between cmlc2-expressing and vmhc-
expressing populations suggest how cardiac fusion could
facilitate the conversion of a medial-lateral (M-L) pattern
into an A-P pattern (Fig. 4). Several zebrafish mutations
prohibit cardiac fusion, resulting in bilateral beating
“hearts,” a condition called cardia bifida (Alexander et al.,
1998; Chen et al., 1996; Stainier et al., 1996). Intriguingly,
proper cardiac A-P patterning is possible in these mutant
embryos; for example, embryos homozygous for the ze-
brafish mutation casanova (cas) (Chen et al., 1996) have
two lateral hearts, each with an anterior ventricle and a
posterior atrium (Fig. 5A). To understand how this normal
A-P patterning could occur, we investigated the relative
orientation of the presumed ventricular and atrial precur-
sors in cas mutant embryos; similar results were obtained
with several other cardia bifida mutants (data not shown).

Homozygous cas mutants cannot be distinguished from
their wild-type siblings by virtue of differences in cmlc2 or

cells (D) at its center and apex. (E, F) 23-somite stage; the cardiac
cone (E) begins its transformation into a tube with the extension
and tilting of the vmhc-expressing apex (F). (G, H) 24 hpf; as tube
formation continues (G), the ventricular end (H) is nearly com-
pletely assembled while the atrial precursors (arrow in G) are still
coalescing. (I, J) 26 hpf; the heart tube (I) expresses vmhc only
within the future ventricle (J), while both the future ventricle
(arrowhead in 1) and the future atrium (arrow in 1) express cmic2.
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FIG. 5. Achievement of cardiac A-P pattern does not require cardiac fusion. (A) Ventral view of a 48-hpf casanova (cas) mutant embryo
stained with MF20 (TRITC) and S46 (FITC), anterior at the top. Red fluorescence indicates MF20 staining of ventricular tissue (arrowheads)
in the anterior portion of each lateral heart, while yellow fluorescence indicates the overlap of S46 and MF20 staining in atrial tissue
(arrrows) in the posterior portion of each lateral heart. Staining of eye musculature with MF20 is also apparent just medial to each eye. (B-J)
Dorsal views, anterior at the top, of wild-type and cas mutant embryos. (B, E, H) Expression of cmlc2 in wild-type embryos. (C, F, I)
Expression of cmlc2 in cas mutant embryos. (D, G, J) Expression of vmhc in cas mutant embryos. (B, C, D) 18-somite stage; while cardiac
fusion begins in wild-type embryos (B), the myocardial precursors in mutant embryos (C) remain stationary. vmhc-expressing cells in
mutant embryos are located medially (D). (E, F, G) 21-somite stage; while the cardiac cone forms in wild-type embryos (E), myocardial
precursors in mutant embryos (F) bend slightly toward the midline, led by vmhc-expressing cells (G). (H, I, J) 24 hpf; as a tube forms in
wild-type embryos (H), myocardial precursors in mutant embryos (I) appear to form modified cones, with vmhc-expressing cells leading the
way (J). In both wild-type (H) and mutant (I) embryos, there is an apparent condensation of preventricular tissue (arrowheads) while preatrial
tissue (arrows) remains more diffuse.

vmhc expression until the 18-somite stage, when the myo-
cardial precursors normally begin fusion (Fig. 5B). At this
stage, mutant embryos are conspicuous, as their myocardial
precursors remain stationary (Figs. 5C and 5D). Notably,
the specification of the presumed ventricular precursors in
cas mutants seems normal: the M-L pattern of gene expres-

sion is intact (Figs. 5C and 5D). As cardiac fusion and heart
tube assembly proceed in wild-type embryos, the bilateral
populations of myocardial precursors in cas embryos seem
to exhibit behaviors similar to those of their wild-type
counterparts. For example, while the cardiac cone forms in
wild-type embryos (Fig. 5E), the mutant myocardial precur-
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sors bow slightly toward the midline, led by vmhc-
expressing cells (Figs. 5F and 5G). As the wild-type tube
coalesces (Fig. 5H), the forming ventricle appears denser
than the extended sheet of atrial precursors (also see Figs.
4G and 4H). Similarly, complex cellular movements in
mutant embryos position the dense ventricular precursors
posterior to a sheet of atrial precursors (Figs. 51 and 5J).
Ultimately, each bifid heart appears to form a tube (data not
shown) and, as in normal embryos (Fig. 1F), the yolk
regresses, swinging each atrium into a posterior position
(Fig. 5A). Based on this analysis, we conclude that achieve-
ment of a normal cardiac A-P pattern does not require
cardiac fusion.

The heart and soul Mutation Blocks Heart Tube
Assembly at an Intermediate Stage

While cardiac A-P patterning is not dependent on
cardiac fusion, the process of cardiac fusion surely plays
an integral role during the assembly of a patterned heart
tube in wild-type embryos. Even so, the achievement of
cardiac fusion does not necessarily ensure the proper A-P
orientation of the ventricle and atrium. This is demon-
strated by the heart and soul (has) mutation, which was
originally described as causing a “small heart” (Stainier
et al., 1996). In fact, the small, dense nature of the has
heart is not due to a reduced amount of myocardium (data
not shown), but rather to a gross malformation of the
heart tube. The atrium, which lies posterior to the
ventricle in the wild-type heart (Fig. 6A), surrounds the
ventricle in the has heart (Figs. 6B and 6C; Fishman and
Chien, 1997).

This aberrant orientation of the atrium with respect to
the ventricle could be the result of an early disruption of
the M-L organization of the myocardial precursors. Al-
ternatively, initial M-L patterning could be normal and
the mutation might instead disrupt a morphogenetic
process independent of the proper specification of ven-
tricular and atrial lineages. To distinguish between these
two possibilities and identify the point at which heart
tube morphogenesis goes awry in has mutants, we fol-
lowed the expression of cmlc2 and vmhc during heart
tube assembly.

In homozygous has mutants, the myocardial precursors
migrate toward the midline in a normal manner and fuse to
form the cardiac cone (Figs. 6D, 6E, and 6F). At the 23-
somite stage, however, when the apex of the cone normally
tilts to allow for the elongation of the heart tube (Fig. 6G),
the has cone remains stationary (Figs. 6H and 6l). The
mutant heart retains a cone-like structure, but becomes
increasingly dysmorphic throughout the time that the more
lateral regions of the cone are coalescing into a tube in
wild-type siblings (Figs. 6J, 6K, and 6L). In time, the atrial
precursors that make up the wide base of the has cone fold
back over the ventricular precursors in the apex, resulting
in the atrium being inside-out over the ventricle (Figs. 6B
and 6C).

Yelon, Horne, and Stainier

These data suggest that the abnormal chamber orienta-
tion in has mutants is unlikely to be caused by improper
specification of ventricular and atrial lineages, as cmlc2 and
vmhc expression are normal through the formation of the
cardiac cone (Figs. 6D, 6E, and 6F; and data not shown).
Instead, the has mutation blocks heart tube assembly at an
intermediate stage. has function appears to be required for
the tilting of the cone that normally facilitates the conver-
sion of the M-L pattern of the myocardial precursors into
the A-P pattern of the heart tube.

The pandora Gene is Required for Early vmhc
Expression

The genes cas and has are both critical for the assembly of
a single midline heart tube with the proper A-P orientation.
However, neither of these genes appears to play a role in the
initial diversification of the myocardial precursors. The
zebrafish mutation pandora (pan) causes a number of em-
bryonic defects, including a notable deficiency of ventricu-
lar tissue (Stainier et al., 1996); we examined the impact of
the pan mutation on early cmlc2 and vmhc expression.

The heart of a homozyogous pan mutant contains only a
thin stalk of ventricle-like tissue, in contrast to the mus-
cular anterior chamber of a wild-type sibling (compare Figs.
7A and Fig. 1F); this stalk is attached to the anterior end of
a bulbous atrium-like chamber that is recognized by the
S46 atrial-specific antibody (Fig. 7A) While the pan “ven-
tricle” does not contract normally (data not shown), these
anterior myocardial cells do express both cmlc2 and vmhc
robustly (Figs. 7B, 7C, and 7D). Thus, the A-P orientation of
the pan heart is relatively normal, with a cmlc2® vmhc”
population positioned anterior to a cmlc2” vmhc™ popula-
tion; even so, the pan mutation clearly disrupts ventricular
development.

Both cmlc2 expression and vmhc expression are af-
fected in pan mutants at an earlier stage. It is difficult to
detect any cmlc2 expression in pan embryos prior to the
18-somite stage (data not shown). At the 18-somite stage,
when cardiac fusion begins in wild-type embryos (Fig.
7E), pan embryos exhibit relatively faint and thin bilat-
eral stripes of cmlc2 expression (Fig. 7F) and lack vmhc
expression (Fig. 7G). By the 21-somite stage, when cone
formation occurs in wild-type embryos (Fig. 7H), bilateral
cmlc2 expression becomes slightly stronger in pan em-
bryos (Fig. 71). At this stage, faint vmhc expression can be
detected in some pan embryos (Fig. 7J), although the
intensity of expression as well as the number of vmhc-
expressing cells is variable (data not shown). Anterior
closure of the cardiac cone rarely proceeds normally in
pan embryos (data not shown), but a modified cone does
form (Fig. 7K); the base of the pan cone is especially wide
and frequently appears to be split (compare Figs. 4E and
7K), and the apex of the pan cone expresses vmhc (Fig.
7L). This cone extends and the pan myocardium comes to
resemble an inverted goblet composed of a ventricular
stem and an atrial cup (Figs. 7C and 7D).
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wt cmlcz has cmic2 has vmhc

D E F

FIG. 6. heart and soul (has) disrupts heart tube assembly at an intermediate stage. (A, B, C) 27-hpf embryos stained with MF20 (TRITC)
and S46 (FITC), anterior to the left. Red fluorescence indicates MF20 staining of ventricular tissue, while yellow fluorescence indicates the
overlap of S46 and MF20 staining in atrial tissue. (A) Lateral view of wild-type embryo. The atrium (yellow) lies posterior to the ventricle
(red). (B) Lateral view of has mutant. (C) Ventral view of has mutant. The atrium (yellow) surrounds the ventricle (red). (D-L) Dorsal views,
anterior at the top, of wild-type and has mutant embryos. (D, G, J) Expression of cmlc2 in wild-type embryos. (E, H, K) Expression of cmlc2
in has mutant embryos. (F, I, L) Expression of vmhc in has mutant embryos. (D, E, F) 21-somite stage; the cardiac cone has formed and has
mutants are indistiguishable from their wild-type siblings. (G, H, I) 23-somite stage; while the apex of the cone has tilted in wild-type
embryos (G), the cone in has mutants remains stationary (H, 1). (J, K, L) 24 hpf; the has heart still retains a cone-like structure (K, L), even
as formation of the wild-type heart tube is nearly complete (J).

These data indicate that pan function is essential for the on pan function than cmlc2 expression is (Figs. 7E-7]).
robust and timely expression of both cmlc2 and vmhc at Cardiac fusion and heart tube assembly are also delayed and
early stages; vmhc expression appears to be more dependent aberrant in pan mutants (Figs. 7E-7L); these defects could
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wt cmlc2 pan cmlc2 pan vmhc

L

FIG. 7. The pandora (pan) mutation affects ventricle formation as well as early expression of cmlc2 and vmhc. (A) Head-on view of a
48-hpf pan mutant embryo stained with MF20 (TRITC) and S46 (FITC), dorsal at the top. A thin stalk of ventricular tissue (red) is attached
to the rostral end of a bulbous atrium (yellow). (B, E, H) Expression of cmlc2 in wild-type embryos. (C, F, I, K) Expression of cmlc2 in pan
mutant embryos. (D, G, J, L) Expression of vmhc in pan mutant embryos. (B-D) Head-on views, dorsal at the top, of 48-hpf embryos. In pan
mutants, the heart is composed of a bulbous atrium (C, arrow) and a thin stalk of ventricular tissue (C, arrowhead). (E-L) Dorsal views,
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simply be consequences of the poor early differentiation
and patterning of the myocardial precursors.

DISCUSSION

The identification of cmlc2 and vmhc has facilitated
several new insights into the process of assembling a
patterned heart tube. The restricted expression of vmhc
relative to cmlc2 reveals the existence of two discrete
subpopulations of myocardial precursors from an early
stage; these may represent the ventricular and atrial precur-
sors. The expression patterns of cmlc2 and vmhc during the
process of heart tube assembly provide the basis for a
compelling model to describe the relative movements of
the presumed cardiac chamber primordia in wild-type em-
bryos. By examining cmlc2 and vmhc expression in
casanova and heart and soul mutants, we demonstrate
that, even though cardiac A-P patterning does not depend
on cardiac fusion, the successful completion of cardiac
fusion does not necessarily guarantee the proper A-P orien-
tation of the chambers. Finally, our data indicate that
pandora function is critical for the initial establishment of
cmlic2’ vmhc™ and cmlc2® vmhc™ populations of myocar-
dial precursors.

Differentiation of Precardiac Mesoderm into Two
Populations of Myocardial Precursors Occurs
Prior to Cardiac Fusion

Although nkx2.5 is often considered a marker of zebrafish
precardiac mesoderm (Chen and Fishman, 1996; Lee et al.,
1996), not all nkx2.5-expressing cells contribute to the
myocardium (Goldstein and Fishman, 1998; Serbedzija et
al., 1998). Specifically, of the cells that express nkx2.5 at
the 14-somite stage, only those that lie beside the pre-
chordal plate seem to be myocardial precursors (Serbedzija
et al., 1998). cmlc2 expression is restricted to this subset of
nkx2.5-expressing cells (Fig. 2), thereby providing molecu-
lar evidence that myocardial differentiation is under way in
a distinct group of nkx2.5-expressing cells by this stage.

Medial (cmlc2® vmhc™) and lateral (cmlc2® vmhc™) sub-
sets of myocardial precursors may represent discrete pre-
ventricular and preatrial lineages (Fig. 3). Our extended
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analyses of cmlc2 and vmhc expression patterns (Fig. 4) are
consistent with this hypothesis, assuming that it is reason-
able to deduce cell movements by inspecting gene expres-
sion at multiple timepoints. In this case, our data would
indicate that cardiac A-P patterning—that is, the specifica-
tion and differentiation of future anterior/ventricular and
posterior/atrial lineages—precedes cardiac fusion in ze-
brafish. Fate mapping experiments will be required to prove
that ventricular precursors are located more medially than
atrial precursors at the 15-somite stage.

The distinct M-L organization of the presumed ventric-
ular and atrial precursors in zebrafish is an interesting
contrast to the proposed A-P organization previously sug-
gested by fate maps and explant analyses in chick (DeHaan,
1965; Stalsberg and DeHaan, 1969; Satin et al., 1988;
Yutzey et al., 1995). These seemingly disparate arrange-
ments may actually be quite similar. While the zebrafish
cardiac cone forms via a medial fusion (Fig. 4), the chick
cardiac crescent seems to form from two bilateral regions of
precardiac mesoderm that come together at their anterior
ends (DeHaan, 1965; Stalsberg and DeHaan, 1969). Thus, it
seems that cardiac chamber primordia in both chick and
fish, and perhaps in all vertebrates, are positioned such that
cardiac fusion begins with the assembly of the ventricle.

The Relationship Between Cardiac A-P Patterning
and Cardiac Fusion

Our analyses of cmlc2 and vmhc expression throughout
cardiac fusion and heart tube assembly provide new resolu-
tion of these dynamic and poorly understood processes (Fig.
4). In particular, these data demonstrate that vmhc-
expressing cells are always at the vanguard of heart forma-
tion: they form the leading edge of the migrating precardiac
mesoderm, the apex of the cardiac cone, and the initial
foundation of the heart tube.

Given our new perspective on the complex movements
required to transform the cardiac cone into the linear heart
tube, it is exciting to learn that the has mutation specifi-
cally disrupts this process (Fig. 6). The tilting of the cone’s
apex, which does not occur in has mutants, is normally a
crucial step in converting the early M-L pattern of the
myocardial precursors into the A-P pattern of the heart
tube. It is not yet known how has controls the tilting of the

anterior at the top. (E, F, G) 18-somite stage; pan embryos exhibit relatively faint and thin bilateral stripes of cmlc2-expressing cells (F,
arrows), in contrast to the robust cnlc2-expressing population of fusing myocardial precursors in wild-type siblings (E). pan embryos do not
express vmhc at this stage (G). (H, I, J) 21-somite stage; pan embryos exhibit slightly stronger cmlc2 expression (I, arrows), but still far less
than in wild-type embryos (H). Some pan embryos have faint bilateral patches of vmhc expression (J, arrowheads). (K, L) 36 hpf; cardiac cone
formation is delayed and abnormal in pan mutants (K). Often, pan mutant cones have a split base (K, arrow). The apex of the pan cone (K,
arrowhead) expresses a significant amount of vmhc (L). It is important to note that pan embryos lag behind their wild-type siblings during
somitogenesis. For example, pan embryos usually have only 16 somites when their wild-type siblings have 20 somites. In (E-G) and (H-J),
we are comparing pan embryos with wild-type embryos with the same number of somites; i.e., the wild-type siblings are fixed a few hours
before the pan mutants. Also note that the precise morphology of the developing myocardium in pan mutants can vary; these examples
represent typical expression patterns observed in a majority of mutants.
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FIG. 8. Models for the specification of distinct ventricular and atrial lineages. (A-C) Red indicates ventricular precursors, yellow indicates
atrial precursors, and red or yellow arrows represent hypothetical signals that regulate the specification of ventricular or atrial lineages,
respectively. (A) Schematic dorsal view of a 15-somite stage embryo. Signals (red arrows) emanating from the midline may be responsible
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cone; it may affect intrinsic characteristics of the myocar-
dium or extrinsic forces involved in tilting. The identifica-
tion of the has gene will allow the future dissection of
tilting morphogenesis at the molecular level.

Despite the involvement of the cardiac cone in the
normal transition between a M-L pattern and an A-P
pattern, the achievement of a proper cardiac A-P pattern
does not require cardiac fusion, as demonstrated by cas
mutants (Fig. 5). Even when the bilateral populations of
myocardial precursors never meet, characteristics intrinsic
to each separate region evidently allow adjustments similar
to those seen in wild-type embryos, ultimately creating an
A-P pattern within each lateral heart. Future real-time
comparisons of the movements of cmlc2® vmhc® and
cmlic2* vmhc™ cells in wild-type and cas mutant embryos
should advance our comprehension of how an A-P pattern
is created in the absence of cardiac fusion.

pandora Affects Cardiac Patterning Prior to
Cardiac Fusion

While studies of cas and has mutants have enriched our
understanding of the relationship between cardiac pattern-
ing and cardiac fusion, they have not uncovered the mecha-
nisms responsible for the early M-L patterning of myocar-
dial precursors. In contrast, the pan mutation provides a
compelling point of entry for the analysis of early cardiac
patterning events, especially the specification of the pre-
sumed ventricular precursors.

pan mutant embryos do not express detectable levels of
vmhc until many hours after vmhc expression is initiated
in wild-type embryos (Figs. 7G and 7J). When a few vmhc-
expressing cells are finally apparent in pan embryos, they
express lower levels of vmhc than their wild-type counter-
parts (Fig. 7J). Nevertheless, the vmhc-expressing cells in
older pan embryos (>30 hpf) exhibit robust levels of vmhc
message (Figs. 7D and 7L). In the absence of pan function,
myocardial cells may struggle to become competent to
express vmhc. Alternatively, vmhc expression may be con-
trolled differently at different stages, possibly in a pan-
dependent fashion prior to cardiac fusion and in a pan-
independent fashion following cardiac fusion.

pan mutants also have difficulty with the development of
the presumed atrial precursors (Fig. 7). Robust cmlc2 ex-
pression is delayed and there seem to be a reduced number
of cmlc2” vmhc™ cells in pan embryos. While these defects
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are not as dramatic as the ventricular defects, we conclude
that pan influences general myocardial differentiation in
addition to the specification of ventricular precursors.

The compound role of pan during early myocardial dif-
ferentiation and patterning could be explained in several
ways. For example, the genetic pathway regulating general
myocardial differentiation may share molecular compo-
nents, such as the pan gene product, with the genetic
pathway regulating ventricular specification. Alternatively,
pan may function in the specification of both ventricular
and atrial precursors, with a more critical role in ventricular
precursors. Additionally, the defects in cardiac patterning
could be secondary to the defects in myocardial differentia-
tion: perhaps the health or abundance of properly differen-
tiating myocardial tissue is a requirement for successful
ventricular specification. While we cannot yet distinguish
between these possibilities, we suspect that the processes of
early myocardial differentiation and patterning are tightly
interrelated. Our preliminary analyses of a number of
mutations affecting ventricular development (Alexander et
al., 1998; Chen et al., 1996; Stainier et al., 1996) suggest a
trend in which mutations—Ilike pan—that affect early
vmhc expression also affect general myocardial differentia-
tion and the execution of efficient cardiac fusion (data not
shown).

Future studies should shed light on the involvement of
pan in myocardial differentiation and patterning. In particu-
lar, it will be important to determine whether the myocar-
dial requirement for pan function is cell-autonomous. Fur-
thermore, the identification of the pan gene is likely to be a
crucial advance in our understanding of cardiac A-P pat-
terning, since very few molecules have been implicated in
the early stages of this process. Previous studies have
focused on the ability of exogenous retinoic acid (RA)
treatments to inhibit ventricular development in zebrafish,
chick, and mouse embryos (Stainier and Fishman, 1992;
Yutzey et al., 1994, 1995; Xavier-Neto et al., 1999; Chazaud
et al., 1999), suggesting that endogenous retinoids encour-
age atrial development, potentially through the control of
hox gene expression (Searcy and Yutzey, 1998). In fact,
recent analyses have demonstrated that localized synthesis
of RA within preatrial regions of the murine heart tube is
essential for the regionalization of RA activity and the
differentiation of the atrium (Moss et al., 1998; Niederrei-
ther et al., 1999; Xavier-Neto et al., 1999). Thus, one role of
RA is evidently downstream of an initial A-P pattern that

for the specification of ventricular precursors in the medial portion of the precardiac mesoderm. (B) On the left, schematic lateral view of
a zebrafish blastula at the initiation of gastrulation; dorsal is to the right, the upper hemisphere represents the blastoderm, and the lower
hemisphere represents the yolk. On the right, schematic dorsal view of a 15-somite stage embryo as in (A). Signals (red arrows) emanating
from the dorsal gastrula organizer may be responsible for the specification of ventricular precursors in the dorsal portion of the precardiac
field. Following gastrulation, these cells would come to reside medially within the precardiac mesoderm. (C) Schematic views as in (B).
Early specification of ventricular and atrial lineages within the blastula may be influenced by a prepattern within the extraembryonic yolk
syncytial layer. Translation of this pattern to the blastula (represented by red and yellow arrows) may differentially induce the ventricular

and atrial lineages.
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functions to restrict the myocardial expression of RA-
synthesizing enzymes; it will be interesting to determine
the relationship of pan and the synthesis of endogenous
retinoids. Additionally, it will be important to determine
the interactions of pan and irx4, a transcription factor
involved in the control of ventricular differentiation in
chick (Bao et al., 1999).

M-L Orientation of Presumed Ventricular and
Atrial Primordia Suggests New Models
for Cardiac Patterning

The cmlc2 and vmhc expression patterns inspire new
hypotheses regarding the molecular mechanisms respon-
sible for cardiac chamber specification. For example, the
medial location of cmlc2® vmhc™ cells suggests the possi-
bility that midline signaling may play a role in ventricular
specification, perhaps in conjunction with a more general
influence on myocardial differentiation. Signals emanating
from the prechordal plate may directly or indirectly produce
differential responses within medial and lateral subsets of
the precardiac mesoderm, creating the initial ventricular—
atrial pattern (Fig. 8A).

Alternatively, cardiac chamber specification may occur
much earlier, perhaps in conjunction with the initial induc-
tion of myocardial progenitors within the blastula. In this
case, the medial location of ventricular precursors at the
15-somite stage would be merely a consequence of the
cellular movements during and after gastrulation. At the
initiation of gastrulation, the myocardial progenitors are
thought to be clustered at the blastoderm margin bilater-
ally, near 90° and 270° longitude (Warga and Nusslein-
Volhard, 1999; Stainier et al., 1993). Since fate maps of
other mesodermal derivatives support conversion of a D-V
orientation in the blastula to an A-P orientation within the
organ (Kimmel et al., 1990; Kozlowski et al., 1997), we
imagine that the cardiac chamber primordia could also be
organized in a D-V orientation within the precardiac field
(Figs. 8B and 8C). In this case, signals originating at the
dorsal gastrula organizer could differentially influence dor-
sal and ventral portions of the precardiac field, thereby
creating a precardiac pattern within the general mesoder-
mal D-V pattern (Fig. 8B). Another influence could be the
extraembryonic yolk syncytial layer (Fig. 8C), playing a role
analogous to that of the extraembryonic endoderm during
the early patterning of the murine A-P axis (Beddington and
Robertson, 1998).

Further studies will be necessary to identify the specific
tissues and molecules required for the initial specification
of ventricular and atrial lineages as well as the precise role
of pan in this process. The data presented here provide an
important foundation for future analyses of the large col-
lection of zebrafish mutations affecting cardiac A-P pat-
terning and/or cardiac fusion (Alexander et al., 1998; Chen
et al., 1996; Stainier et al., 1996). These endeavors should
lead to the assembly of genetic pathways that regulate the
specification and differentiation of ventricular and atrial
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lineages, the choreography of cardiac fusion, and the coor-
dination between these processes.
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