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Abstract
Members of the Nodal family regulate left-right asymmetry during vertebrate organogenesis, but it
is unclear how Nodal signaling controls asymmetric morphogenesis at the cellular level. We used
high-resolution time-lapse imaging in zebrafish to compare the movements of cardiomyocytes in the
presence or absence of Nodal signaling. Loss of Nodal signaling in late-zygotic mutants for the Nodal
co-receptor one-eyed pinhead (LZoep) abolished the leftward movement of cardiomyocytes. Global
heart rotation was blocked but cardiomyocyte neighbor relationships were maintained as in wild type.
Cardiomyocytes in LZoep mutants moved more slowly and less directionally than their wild-type
counterparts. The phenotypes observed in the absence of Nodal signaling strongly resemble
abnormalities found in BMP signaling mutants. These results indicate that a Nodal-BMP signaling
cascade drives left-right heart morphogenesis by regulating the speed and direction of cardiomyocyte
movement.
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INTRODUCTION
Vertebrate organs such as heart, intestine, spleen and liver have left-right asymmetric
morphologies and positions within the body cavity. Left-sided expression of Nodal signals
during embryogenesis is thought to initiate organ lateralization (reviewed in Levin, 2005;
Tabin, 2005; Raya and Belmonte, 2006; Shiratori and Hamada, 2006). Nodal signals are
expressed in the left lateral plate mesoderm (LPM) and activate the asymmetric expression of
downstream genes such as lefty2 (lft2) ( reviewed in Hamada et al., 2002; Schier, 2003; Shen,
2007). In the absence of Nodal signaling, organ laterality becomes randomized or disrupted
(Levin et al., 1995; Chen et al., 1997; Yan et al., 1999; Bamford et al., 2000; Concha et al.,
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2000; Liang et al., 2000; Brennan et al., 2002; Long et al., 2003; Duboc et al., 2005), but it is
largely unclear how Nodal affects asymmetric organogenesis at the cellular level.

The heart is the first organ to exhibit asymmetry in vertebrates (reviewed in Trinh and Stainier,
2004; Ramsdell, 2005). In the zebrafish, bilateral cardiac precursors form in the anterior lateral
plate mesoderm (LPM) and then undergo a series of morphogenetic movements to assemble
the heart tube. First, cardiac precursors migrate toward the embryonic midline and meet
anteriorly and posteriorly. This process leads to the formation of a cardiac cone that is left-
right symmetric (Holtzman et al., 2007). Second, in a process called cardiac jogging,
cardiomyocytes are displaced both anteriorly and to the left (Chen et al., 1997; Rohr et al.,
2008; Smith et al., 2008). Concomitantly, cells within the right side of the cardiac cone involute,
and the entire cardiac cone undergoes a clockwise rotation (Rohr et al., 2008; Smith et al.,
2008). These morphogenetic processes are the first manifestations of left-right asymmetry and
lead to the positioning of right and left cardiac cone cells to ventral and dorsal parts of the heart
tube, respectively. In parallel, central and peripheral cells of the cardiac cone give rise to the
ventricle and atrium, respectively (reviewed in Trinh and Stainier, 2004). Finally, the linear
heart tube loops rightwards, positioning the ventricle to the right side of the atrium (reviewed
in Trinh and Stainier, 2004).

Several signaling pathways have been implicated as regulators of asymmetric heart
morphogenesis, including components of the Nodal and BMP signaling pathways (Zhang and
Bradley, 1996; Chen et al., 1997; Ramsdell and Yost, 1999; Schilling et al., 1999; Branford et
al., 2000; Chang et al., 2000; Breckenridge et al., 2001; Hamada et al., 2002; Piedra and Ros,
2002; Schlange et al., 2002; Schier, 2003; Kishigami et al., 2004; Kishigami and Mishina,
2005; Chocron et al., 2007; Shen, 2007; Mine et al., 2008; Monteiro et al., 2008; Smith et al.,
2008). The BMP signaling pathway is activated predominantly within the left side of the
zebrafish heart (Chen et al., 1997; Chocron et al., 2007; Smith et al., 2008). When this
asymmetry is disrupted by hyperactivation or block of BMP signaling, cardiomyocyte
movement slows and meandering increases, and the heart tube fails to jogs leftwards or rotate
clockwise (Chen et al., 1997; Schilling et al., 1999; Monteiro et al., 2008; Smith et al., 2008).
Moreover, ectopic sources of BMP can direct the direction of cardiac jogging and
cardiomyocyte movement (Smith et al., 2008). These results have suggested that asymmetric
BMP signaling underlies the asymmetric movement and rotation of the zebrafish heart.

Several loss-of-function studies have revealed the importance of Nodal signaling in the
lateralization of the zebrafish heart. The Nodal gene spaw is expressed in the left LPM and
activates the Nodal pathway within the left side of the heart, as evidenced by the left-side
specific activation of the Nodal downstream gene lft2 (Long et al., 2003). Morpholino-
mediated knock-down of spaw affects the leftward but not the anterior displacement of the
heart (Long et al., 2003). Loss of Nodal signaling leads to involution in the posterior region
instead of the right section of the cardiac cone (Rohr et al., 2008). These morphogenetic
abnormalities disrupt cardiac jogging and lead to a linear heart tube positioned at the midline.
Heart morphogenesis is similarly disrupted in late-zygotic mutants for the Nodal co-receptor
oep (Yan et al., 1999). The late expression of oep in the left and right LPM can be abolished
by injecting oep mRNA into maternal-zygotic oep mutants, restoring oep function in
mesendoderm induction but not in left-right patterning (Gritsman et al., 1999; Yan et al.,
1999). In these LZoep mutants, the Nodal pathway is not activated in the LPM, and heart
looping is randomized (Yan et al., 1999). Similarly, loss of FoxH1 (zebrafish schmalspur), a
transcriptional mediator of Nodal signaling, disrupts cardiac jogging (Chen et al., 1997; Pogoda
et al., 2000; Sirotkin et al., 2000).

These findings have suggested that the Nodal signal spaw activates the Nodal pathway via Oep
and FoxH1 within the left side of the developing heart and promotes lateralization by driving
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asymmetric morphogenesis. Yet it is largely unclear how Nodal signaling affects heart
morphogenesis at the single cell level. Interestingly, it has been found that asymmetric BMP
expression is dependent on asymmetric Nodal signaling (Chen et al., 1997; Chocron et al.,
2007). In light of recent cell tracking studies (Rohr et al., 2008; Smith et al., 2008), we therefore
hypothesized that loss of Nodal signaling might lead to similar cellular defects as observed in
loss- or gain-of-function BMP mutants. Here we test this idea and use time-lapse in vivo
imaging to analyze the movement of cardiomyocytes in wild type and LZoep mutants. We find
that disruption of Nodal signaling reduces the speed and directional movement of
cardiomyocytes and disrupts the leftward morphogenesis and rotation of the cardiac cone.
These results indicate that Nodal generates left-right asymmetry by regulating the speed and
direction of cardiomyocyte movement. The striking similarity to BMP pathway mutants
suggests that a TGFß signaling cascade involving Nodal and BMP underlies the asymmetric
behavior of zebrafish cardiomyocytes.

RESULTS
Distinct expression patterns of Nodal signaling genes during heart lateralization

Previous studies have shown that spaw, lft2 and oep are expressed in the LPM in the region of
the developing heart (Zhang et al., 1998; Bisgrove et al., 1999; Thisse and Thisse, 1999;
Bisgrove et al., 2000; Long et al., 2003), but the exact overlap of expression patterns has not
been studied in detail. To gain a higher resolution view of Nodal signaling during heart
lateralization, we performed double in situ hybridization analyses of Nodal pathway genes, the
heart marker cmlc2 (Yelon et al., 1999) and the midline marker shh (Krauss et al., 1993)(Fig.
1). At the 21-somite stage cmlc2 marked the cardiac cone shortly after fusion of the left and
right heart fields (Fig. 1A). spaw was expressed in the anterior LPM (Long et al., 2003),
adjacent to but not overlapping the left domain of cmlc2 expression (Fig. 1D). In contrast,
lft2 expression overlapped the left domain of cmlc2 expression (Bisgrove et al., 1999; Bisgrove
et al., 2000; Long et al., 2003) (Fig. 1B and C) and juxtaposed the spaw expression domain
(Fig. 1E). oep was expressed in the left and right LPM (Zhang et al., 1998), adjacent to and
within the developing heart (Fig. 1E and G), thus defining the maximum territory competent
to respond to Nodal signals (Gritsman et al., 1999). Together with previous studies (Zhang et
al., 1998; Bisgrove et al., 1999; Thisse and Thisse, 1999; Bisgrove et al., 2000; Long et al.,
2003), these results indicate that spaw expression in the left non-cardiac LPM activates the
Nodal signaling pathway in adjacent ipsilateral heart progenitors in a oep-dependent manner
at the onset of asymmetric morphogenesis.

Position-dependent differences in cardiomyocyte movements during heart lateralization
To analyze the cellular basis of heart lateralization, we used high-resolution 4D confocal time-
lapse imaging of cardiomyocyte movement using a similar approach as Smith et al. (2008).
Transgenic cmlc2:gfp embryos express GFP in all cardiomyocytes throughout cardiac
morphogenesis (Huang et al., 2003) (Supplemental Movie 1). Cell tracking and isosurface
rendering revealed that the first sign of asymmetry was apparent shortly after cardiac fusion,
when anterior and leftward displacement initiated and cardiomyocytes located on the right
involuted (Fig. 2A-E; Supplemental Movies 1 and 2) (Rohr et al., 2008; Smith et al., 2008).
To gain quantitative insights into heart morphogenesis, we tracked individual cells using Imaris
software and measured the direction, displacement, meandering, and speed of cells (Fig. 3;
Supplemental Movie 1; Supplemental Fig. 1) (Smith et al., 2008). In contrast to a recent study
(Smith et al., 2008), we analyzed heart morphogenesis per se, independent of the movement
of the entire heart within the embryo. Using the position of the lumen as a stationary reference
point, we tracked the movement of cells within the heart. This allowed us to measure
cardiomyocyte movements with respect to each other rather than the potential drift of the
embryo during imaging or the displacement of the entire heart within the embryo. As described
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below and in Supplemental Figure 2, our conclusions largely agree with the recent study by
Smith et al. (2008), despite the different means of analysis.

To quantitate heart morphogenesis, we first compared four territories: left anterior (LA), right
anterior (RA), left posterior (LP) and right posterior (RP) (Suppl. Movie 3; Figs. 3, 4 and 5).
Analysis of each cell track provided measurements of the speed, displacement and meandering
of a cell (Smith et al., 2008). Speed was defined as distance moved/time interval, displacement
rate as distance from first to last location/entire time interval, and meandering index as total
distance traveled/displacement (Suppl. Fig. 1) (Smith et al., 2008). Comparison of posterior
and anterior cells revealed that posterior cells moved faster than anterior cells, had higher
displacement rates, and a higher meandering index (Fig. 4A, C, E, G, and I). These results
indicate that posterior cells move faster and more directionally than anterior cells (Smith et al.,
2008). To determine the direction of movement, we performed vector analyses that included
displacement length and angle with respect to the anterior-posterior and left-right axes. These
measurements showed that the large majority of individual cardiomyocytes moved leftwards
and anteriorly (Fig. 4K), consistent with the overall morphogenetic change of the cardiac cone
(Rohr et al., 2008;Smith et al., 2008).

To determine if there are differences between cardiomyocytes located on the left or right side,
we compared speed, displacement rate and meandering index. Consistent with the findings by
Smith et al. (2008), we did not find significant differences between left and right cells using
these measures (Fig. 4A, G, I). However, extending previous studies (Rohr et al., 2008; Smith
et al., 2008), we quantified the dorsal-ventral displacement of cells and found that cells on the
right, but not the left, were displaced ventrally (Fig. 5A). This observation is consistent with
the observed involution of cells located in the right heart cone (Rohr et al., 2008) and reveals
that the first signs of asymmetric morphogenesis are the leftwards displacement of all
cardiomycytes and the ventral displacement of cardiomyocytes located in the right heart cone.

The large number of tracked cells also allowed us to study the movement of cells located in
the inner and outer regions of the cardiac cone. Consistent with gene expression patterns for
atrial and ventricular markers (Yelon et al., 1999), we found that the atrial precursors were
located in the outer region of the cone and had a higher speed, displacement rate and meandering
index than the ventricular cells, which were located in the inner region of the cone (Fig. 5C,
E. G, and I).

To quantify the global changes in heart morphogenesis, we measured the initial and final
position of cells placed in regions LA, LP, RA and RP. This analysis confirmed the previously
observed ∼30° clockwise rotation of the cardiac cone. (Fig. 5K) (Smith et al., 2008). The
clockwise rotation and the leftwards and anterior movement of individual cardiomyocytes
reflected the overall morphogenesis of the heart. This result indicated that the coherent
movement of individual cardiomyocytes underlies overall heart morphogenesis. Coherence
could be generated if neighbor relationships between individual cardiomyocytes did not change
extensively (Rohr et al., 2008;Smith et al., 2008). Tracking of groups of cells confirmed that
neighbor relationships were maintained during heart lateralization (Suppl. Movie 4). These
results confirm and extend previous studies (Rohr et al., 2008;Smith et al., 2008) and indicate
that differential but coherent cell displacement and direction underlie asymmetric heart
morphogenesis in wild type.

Loss of Nodal signaling decreases the speed and increases the meandering of
cardiomyocytes

To determine how and when lack of Nodal signaling affects heart morphogenesis, we analyzed
LZoep embryos (Suppl. Movies 5-8). These mutants lack spaw and lft2 expression in the left
LPM, indicating the loss of Nodal signaling, but form normal mesendoderm and are viable
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(Gritsman et al., 1999; Yan et al., 1999). To analyze overall heart morphogenesis, we used
isosurface rendering. Cardiomyocytes formed the cardiac cone in LZoep mutants, but in
striking contrast to wild type, the heart failed to tilt leftwards and displayed reduced anterior
displacement (Fig. 2F-J; Suppl. Movie 6). Consequently, the heart in LZoep mutants remained
positioned at the midline. As an additional measure of asymmetry, we analyzed cardiac
rotation. Strikingly, clockwise rotation was abolished in LZoep mutants (Fig. 5K). These
results support the model that absence of Nodal signaling disrupts the earliest steps of cardiac
lateralization.

To quantitatively compare wild type and LZoep mutants, we used cell tracking analyses (Figs.
3, 4 and 5; Suppl. Movies 5 and 7). Strikingly, cardiomyocytes in LZoep mutants moved more
slowly and meandered more (Fig. 4B, D, F, and J). These defects resulted in a strongly reduced
displacement rate (Fig. 4J). To determine the direction of movement, we performed vector
analysis. Cardiomyocytes in LZoep mutants did not move leftwards and displaced anteriorly
much less than wild type (Fig. 4L). These results reveal that cardiomyocyte movement in
LZoep mutants is slower, less directional, and largely symmetric compared to wild type.

To determine if different regions in the LZoep mutant heart have distinct characteristics as in
wild type, we performed detailed tracking analyses. Strikingly, differences between anterior
and posterior, between left and right, and between atrial and ventricular cells were strongly
reduced or absent (Fig. 4 and 5). For example, right cells were not displaced ventrally (Fig.
5B) and posterior cells were not significantly faster than anterior cells (Fig. 4F). These results
suggest that the loss of asymmetric behavior of cardiomyocytes underlies the loss of cardiac
cone asymmetry in LZoep mutants.

To determine if cardiomyocytes in LZoep mutants lose their coherence, we analyzed neighbor
relationships (Suppl. Movie 8). Despite the abnormal direction and speed of cardiomycytes,
cells continued to move as cohorts, as in wild type. These results indicate that Nodal signaling
is not required for the integrity of the heart tube but regulates the speed and directionality of
cardiomyocyte movement.

DISCUSSION
The cellular mechanisms underlying left-right asymmetric organogenesis are largely elusive.
A deeper understanding rests on detailed analyses of cell movements, shapes and
rearrangements during this process in wild type (Horne-Badovinac et al., 2003; Yashiro et al.,
2007; Davis et al., 2008; Kurpios et al., 2008; Rohr et al., 2008; Smith et al., 2008). For instance,
cell shape analyses in the amniote dorsal mesentery have suggested a structural basis for the
asymmetric tilting and rotation of the gut tube (Davis et al., 2008; Kurpios et al., 2008)
Columnar epithelization and mesenchymal condensation on the left side lead the mesentery to
take on a trapezoidal shape that leads to a leftward tilt of the gut. In the zebrafish heart, cell
movement analyses have revealed that cardiomyocytes move anteriorly and leftwards as a
cohort while the heart cone rotates clockwise (Chen et al., 1997; Rohr et al., 2008; Smith et
al., 2008). Our studies confirm these results and reveal two additional quantitative differences.
First, cells on the right are displaced more ventrally than their left-side neighbors. This
displacement reflects the involution of cells in the right heart cone (Rohr et al., 2008). Second,
atrial cells move faster and more directionally than ventricular cells and therefore have higher
displacement rates. These results highlight the potential of single cell tracking to dissect the
cellular processes underlying asymmetric morphogenesis during left-right development.

Components of the Nodal signaling pathway are expressed asymmetrically during left-right
heart morphogenesis (Hamada et al., 2002; Schier, 2003; Shen, 2007). Our double in situ
hybridization analysis confirms and extends previous studies and shows that spaw and lft2 are
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expressed in adjacent regions of the left LPM, with only lft2 being activated in heart progenitors
(Zhang et al., 1998; Bisgrove et al., 1999; Thisse and Thisse, 1999; Bisgrove et al., 2000; Long
et al., 2003). The largely non-overlapping expression domains of spaw and lft2 are unusual for
nodal and lefty genes. For example, during mesendoderm induction, the Nodal signals
cyclops and squint are co-expressed with lefty1 and lefty2 in the blastula margin (Schier and
Talbot, 2005). It is conceivable that lft2 can only be activated in the heart because other LPM
cells lack components of the Nodal signaling pathway (Gritsman et al., 1999). However, our
finding that the Nodal co-receptor oep is expressed bilaterally in all LPM cells suggests that
the restricted expression of oep is unlikely to restrict Nodal signaling to the heart. It is possible
that other components of the Nodal signaling pathway are absent in non-cardiac cells. Blocking
BMP signaling during mid-somitogenesis blocks induction of lft2 (Chocron et al., 2007),
indicating that other signaling pathways or transcription factors might also restrict lft2
expression to the left heart field.

Nodal signaling is required for normal left-right morphogenesis (Hamada et al., 2002; Schier,
2003; Shen, 2007). Previous studies have shown that loss of Nodal signaling in zebrafish results
in abnormal heart morphogenesis, resulting in randomized heart looping and loss of initial
leftwards jogging (Chen et al., 1997; Yan et al., 1999; Long et al., 2003; Rohr et al., 2008).
For example, cardiac cells in spaw morphants do not displace leftwards and cells on the right
side of the heart do not involute (Long et al., 2003; Rohr et al., 2008). Our quantitative analysis
of LZoep mutants shows that loss of Nodal signaling affects the direction of movement of
individual cardiomyocytes during early heart development. Anterior movement is reduced and
leftwards migration is abolished. In addition, our results show that loss of Nodal signaling also
affects the speed of cardiomyocyte movement. Cardiomyocytes move more slowly and
meander more, resulting in strongly reduced displacement. The differences between anterior/
posterior, left/right and atrial/ventricular cells are reduced or absent. Taken together, these
results suggest that Nodal signaling provides a directional cue and promotes the speed of heart
cells.

It is unclear whether specific cell shape changes underlie the differential movement and rotation
of anterior/posterior, left/right and atrial/ventricular cardiomyocytes. Studies of cell
movements during zebrafish gastrulation and germ cell migration have shown that changes in
cell polarity and protrusions are associated with abnormal movement (Solnica-Krezel, 2005;
Raz and Reichman-Fried, 2006; Rohde and Heisenberg, 2007). Cardiomyocytes display small
extensions restricted to the basal surface and chamber-specific cell shapes (Rohr et al., 2008).
Future studies will address whether these properties are regulated by Nodal signaling.

The cellular and morphogenetic phenotypes in LZoep mutants become apparent at the same
time, making it difficult to resolve cause-and-effect relationships. Slower and more meandering
movements of individual cells might lead to a block of the overall asymmetric morphogenesis
of the heart. Alternatively, overall abnormal morphogenesis and lack of directionality might
restrict the speed of individual cells. Detailed analysis of additional mutants might be able to
separate the processes we quantified here. For instance, mutants that do not slow down
cardiomyocytes might still lead to left-right defects.

How does Nodal signaling drive asymmetric morphogenesis? The activation of the Nodal
signaling pathway in the left heart cone suggests that Nodal regulates heart morphogenesis
directly. This contrasts with the rotation of the gut, which is driven by shape changes in the
associated dorsal mesentery, and the asymmetric maintenance of the sixth branchial arch artery,
which is regulated by differential haemodynamics caused by asymmetric development of the
heart outflow tract (Yashiro et al., 2007; Davis et al., 2008; Kurpios et al., 2008). It is unclear
how activation of Nodal signaling within the left side of the cardiac cone changes cell behavior
throughout the heart. We favor a model wherein Nodal signaling acts quite locally in lft2-
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expressing cells and secondary interactions within the heart lead to the complex morphogenetic
behaviors. These interactions could involve relay signals (lft2-expressing cells signal to
neighboring cells) or mechano-physical interactions (shape changes in lft2-expressing cells
induce shape changes in neighboring cells). It is thus conceivable that a small group of cells
(e.g. the lft2-expressing cells) act as organizers to drive asymmetric morphogenesis. Mosaic
analysis could address this question.

Interestingly, morphogenesis in the absence of Nodal signaling is not completely blocked.
Anterior movement still occurs and heart jogging and heart looping eventually take place in
the absence of Nodal signaling, resulting in heterotaxic but viable animals (Yan et al., 1999).
These observations suggest that there are Nodal-independent morphogenetic events that might
be driven autonomously within the heart or indirectly by surrounding tissue. For example, it
is conceivable that the elongation and straightening of the embryo (Kimmel et al., 1995)
contributes to asymmetric morphogenesis as the heart interacts with surrounding tissues.

Recent studies have revealed that asymmetric BMP signaling regulates asymmetric heart
morphogenesis in zebrafish (Chen et al., 1997; Schilling et al., 1999; Chocron et al., 2007;
Monteiro et al., 2008; Smith et al., 2008). Loss of BMP signaling reduces the speed,
displacement rate and meandering index of heart cells and abolishes leftward displacement and
rotation (Smith et al., 2008). These phenotypes are strikingly similar to the LZoep phenotypes
we describe here. Moreover, ectopic sources of BMP can attract cardiomyocytes (Smith et al.,
2008). Nodal signaling is required for the asymmetric expression of BMP4 in the heart cone
(Chen et al., 1997; Chocron et al., 2007). It is therefore conceivable that the effects of
asymmetric Nodal signaling are mediated via asymmetric BMP signaling. Moreover, BMP
signaling and Nodal signaling also act further upstream during left-right development (Zhang
and Bradley, 1996; Chen et al., 1997; Ramsdell and Yost, 1999; Schilling et al., 1999; Branford
et al., 2000; Chang et al., 2000; Breckenridge et al., 2001; Hamada et al., 2002; Piedra and
Ros, 2002; Schlange et al., 2002; Schier, 2003; Kishigami et al., 2004; Kishigami and Mishina,
2005; Chocron et al., 2007; Shen, 2007; Mine et al., 2008; Monteiro et al., 2008). Hence, a
cascade of asymmetrically activated TGFß signaling pathways appears to drive asymmetric
heart morphogenesis.

EXPERIMENTAL PROCEDURES
Fish lines

Tg(cmlc2:gfp) and LZoep lines were described previously (Yan et al., 1999; Huang et al.,
2003).

In situ hybridization
Double fluorescent in situ hybridization probes were labeled with fluorescein (Roche) and
digoxygenin (Roche). Detection was based on fluorescein or Cy3 tyramide deposition (Perkin
Elmer; (Schoenebeck et al., 2007)). Embryos were mounted in benzylbenzoate/benzylalcohol
for photography.

Imaging and data analysis
At the 15-somite stage embryos were manually dechorionated and then mounted at the 18-
somite stage in glass-bottom culture dishes using 0.8% low-melt agarose in E3 embryo
medium. Imaging was performed on a Zeiss LSM 5 Pascal confocal microscope with LSM
software. The microscope stage was heated to 30°C to keep embryos at 28.5°C during the time-
lapse recordings. Stacks were acquired every 5.5 minutes for wild type and 4.75 minutes for
LZoep mutants. Z-stacks were rendered in 3D and analyzed with Imaris software (Bitplane).
3D singe cell trackings and measurements (x/y/z coordinates) were performed manually using
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Imaris. The base of the lumen was chosen as reference point for the x/y/z coordinate system
to analyze heart morphogenesis per se and to avoid confounding effects caused by the potential
drift of the embryo during imaging or the movement of the heart within the embryo. Each
measurement was obtained from the cells depicted in Fig.3A’ and Fig3.F’ and in Supplemental
Movies 3 and 7. The time window for quantitative measurements was from the onset of cardiac
cone formation until the full leftward displacement of the cardiac cone in wild type (t=150.0
minutes). Since the same morphological landmark does not develop in LZoep mutants and to
directly compare LZoep cardiomyocyte movement to wild type cardiomyocyte movement, the
time interval for analysis of LZoep mutants was 156.75 minutes from the formation of the
cardiac cone. Cell positions were defined by x/y/z coordinates at each time point. Time intervals
between each tracked time point were 16.5 minutes in wild type and 14.25 minutes in LZoep
mutants. The following parameters were measured (Smith et al., 2008): speed = track length/
time interval; total speed = total track length/total time (i.e. sum of the average distance traveled
by the cells within each time interval divided by the total track time); displacement rate = total
displacement length/total time (i.e. position of each cell at the end of the track - position at t=0
divided by the total track time); meandering index = total displacement length/total track
length; displacement of left vs. right cells: the z-axis coordinates of each cell were analyzed at
t=0 and at the end of the track. Rotation angle was obtained by drawing an imaginary square
connecting cells in each quadrant of the heart cone at the beginning and at the end of the time-
lapse (Smith et al., 2008). Statistical analysis and graphics were obtained in Excel (Microsoft).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of Nodal pathway genes in the lateral plate mesoderm
Confocal images of double fluorescent in situ RNA hybridization of spaw, lft2, and oep with
respect to the midline marker shh and the heart marker cmlc2 at the 21-somite stage. Single
channel expression (A-G and A”-G”) and overlay (A’-G’). All images are dorsal views of the
embryo, anterior to the top and left to the left. Note broad expression of oep in left and right
LPM (F and G) and more restricted expression of spaw in left non-cardiac LPM (F’ and F”)
and lft2 in left cardiac LPM (B’ and B”). spaw is expressed adjacent to lft2 (E’).
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Figure 2. Isosurface rendering of heart morphogenesis in wild type and LZoep mutants
cmlc2-GFP cells label the cardiac cone and heart tube. Imaris software created an isosurface
representing points of constant fluorescent intensity within the 3D volume. Cardiac cone is
initially symmetric in both the wild type (A, B) and the LZoep mutant (F, G). Note the leftwards
and anterior displacement of the heart in wild type (C-E) but not in LZoep mutants (H-J). For
detailed views from different angles see Supplemental Movies 2 (wild type) and 6 (LZoep).
Pictures were cropped to keep the heart in the center and do not maintain the positions of the
coordinate systems. For movements with respect to coordinate systems, see Supplemental
Movies 2 (wild type) and 6 (LZoep).
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Figure 3. Tracking of single cells in wild type and LZoep mutants
Confocal 3D-images showing individual cmlc2-GFP cells that were manually tracked starting
at the onset of cardiac cone formation. First (A-E) and third (F-J) rows: green cmlc2-GFP
expression; red: cells within the left side of cardiac cone; yellow: cells within the right side of
cardiac cone. For detailed views from different angles see Supplemental Movies 1 (wild type)
and 5 (LZoep). Second (A’-E’) and fourth (F’-J’) rows: tracking of quadrants. Quadrants were
defined by grouping left-anterior cells (blue), left-posterior cells (red), right anterior cells
(green) and right-posterior cells (orange). For detailed views from different angles see
Supplemental Movies 3 (wild type) and 7 (LZoep). Pictures were cropped to keep the heart in
the center and do not maintain the position of the coordinate systems. For movements with
respect to coordinate systems, see Supplemental Movies 3 (wild type) and 7 (LZoep).
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Figure 4. Quantitative analysis of anterior and posterior cell movements in wild type and LZoep
mutants
cmlc2-GFP cells in left-anterior (LA), left-posterior (LP), right-anterior (RA), and right-
posterior (RP) quadrants were tracked and different parameters were measured using Imaris
Software. Speed variation indicates speed of a cell during a given time interval. Total speed,
displacement rate, and meandering index were determined as described in Experimental
Procedures and Supplemental Figure 1. Note the higher speed (A, C and E), displacement rate
(G) and meandering index (I) of posterior cells as compared to anterior cells in wild type. These
differences are reduced in LZoep mutants. Cardiomyocytes in LZoep mutants have lower speed
(B, D and F), displacement rate (H) and meandering index (J) as compared to wild type.
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Differences between posterior and anterior cells are attenuated in LZoep mutants. Vectors of
individual cells illustrate the angle and length of x/y displacement of cells (A: anterior; P:
posterior; L: left; R: right). Note the leftwards and anterior displacement of wild type cells (K).
LZoep mutant cells displace less and mostly anteriorly (L). Statistics: E) p<0.05 ; F) p>0.05;
G) LA vs LP, p<0.05; RA vs RP, p<0.05; LA vs RA, p>0.05; LP vs RP, p>0.05; H) LA vs LP,
p<0.05; RA vs RP, p<0.05; LA vs RA, p>0.05; LP vs RP, p>0.05; I) LA vs LP, p<0.05; RA
vs RP, p<0.05; LA vs RA, p>0.05; LP vs RP, p>0.05; J) LA vs LP, p<0.05; RA vs RP, p<0.05;
LA vs RA, p>0.05; LP vs RP, p>0.05.
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Figure 5. Quantitative analysis of left, right, ventricular and atrial cell movements in wild type and
LZoep mutants
Left and right cmlc2-GFP cells were tracked and Z-axis (dorsal-ventral) displacement of cells
was measured. Note the asymmetric, ventral displacement of cells on the right in wild type (A)
but not in LZoep mutants (B). Ventricular cells (located at the apex of the cardiac cone) and
atrial cells (located at the base of the cardiac cone) were tracked using Imaris. Speed variation
indicates speed of a cell during a given time interval. Total speed, displacement rate, and
meandering index were determined as described in Experimental Procedures and Supplemental
Figure 1. Note the higher speed (C and E), displacement rate (G) and meandering index (I) of
atrial cells as compared to ventricular cells in wild-type. These differences are reduced in
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LZoep mutants. LZoep mutant cells have lower speed (D and F), displacement rate (H) and
meandering index (J) compared to wild type. (K) Degree of clockwise rotation of cardiac cone.
Note the lack of rotation in LZoep mutants. Statistics: E-K p<0.05.
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