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In Brief

Kawabhira et al. reveal that initial heart
looping is achieved by left-right (LR)
asymmetry in the direction of tissue
deformation, originating from right-
specific directional cell rearrangement.
These findings demonstrate that heart
looping involves dynamic/intrinsic
cellular behaviors within tubular tissue
itself, providing a significantly different
viewpoint from previous models focusing
on LR asymmetry in growth and/or stress
at tube boundaries.
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SUMMARY

Despite extensive study, the morphogenetic mecha-
nisms of heart looping remain controversial because
of a lack of information concerning precise tissue-
level deformation and the quantitative relationship
between tissue and cellular dynamics; this lack of in-
formation causes difficulties in evaluating previously
proposed models. To overcome these limitations, we
perform four-dimensional (4D) high-resolution imag-
ing to reconstruct a tissue deformation map, which
reveals that, at the tissue scale, initial heart looping
is achieved by left-right (LR) asymmetry in the direc-
tion of deformation within the myocardial tube. We
further identify F-actin-dependent directional cell re-
arrangement in the right myocardium as a major
contributor to LR asymmetric tissue deformation.
Our findings demonstrate that heart looping involves
dynamic and intrinsic cellular behaviors within the
tubular tissue and provide a significantly different
viewpoint from current models that are based on
LR asymmetry of growth and/or stress at the tube
boundaries. Finally, we propose a minimally suffi-
cient model for initial heart looping that is also sup-
ported by mechanical simulations.

INTRODUCTION

How organs achieve their specific morphologies during develop-
ment is a major unsolved question in biology. For example, the
heart develops a sophisticated and complex three-dimensional
(8D) morphology from a much simpler structure. In higher-verte-
brate embryos, heart morphogenesis begins with the formation
of a straight heart tube derived from the mesoderm. This tube
then undergoes looping, septation, and valve formation
concomitant with the fate specification into cardiac muscle
and conduction system to create a fully functional four-cham-
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bered heart (Moorman and Christoffels, 2003; Hoogaars et al.,
2007b; Kirby, 2007).

Among these morphogenetic processes, heart looping is the
first event that shows a clear morphological left-right (LR) asym-
metry (Patten, 1922; Figures 1A and 1B). In particular, during
early phases, the straight heart tube acquires a C-shape (called
C-looping), which then becomes more helical (e.g., S-looping)
(see, for example, figure 1 of Manner, 2000, in which the electron
microscopic images of morphological change during the C-loop-
ing process are shown). Such looping has been intensively
studied, both experimentally and theoretically. In addition to
molecular biology studies (Hoogaars et al., 2007a; Hoogaars
et al., 2007b; Evans et al., 2010), cellular- and tissue-scale mech-
anisms involved in looping also have been examined. Among the
many hypothetical models proposed to date (for a review on clas-
sical models, see, for example, Shi et al., 2014b), a prevailing
model describes the achievement of heart looping through a
combination of ventral bending and rightward rotation based on
the observation that the ventral midline becomes the outer curva-
ture of C-shaped heart tube (Manner, 2000; Kirby, 2007; Fig-
ure 1C, left). In this model, dorso-ventral differences in changes
of cell size and/or shape are considered to drive bending of the
heart tube in the ventral direction, and subsequent LR asymmetric
growth of omphalomesenteric veins (OVs) (i.e., posterior
branches) is assumed to drive rightward rigid body rotation of
the tube (Shi et al., 2014b). In addition to ventral-bending and
rotation components, a contribution of a slight rightward bend
was also suggested (Voronov et al., 2004). Another prevailing
model is based on physical buckling wherein longitudinal elonga-
tion of the heart tube that is physically confined within the pericar-
dial cavity is regarded as the morphogenetic mechanism (Bayrak-
tar and Manner, 2014; Le Garrec et al., 2017). LR asymmetry in
cell ingression is included as a boundary condition and is
assumed to be a driving force of rightward bending (Figure 1C,
right). In this context, both prevailing models assume that LR
asymmetry in boundary conditions, i.e., asymmetric growth of
or cell ingression at OVs, is the main mechanism by which right-
ward rotation/bending is achieved. Recent high-resolution imag-
ing using zebrafish embryos by Ocana et al., 2017 showed LR
asymmetry in cell movement around the posterior pole of the
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Figure 1. C-Looping of a Developing Chick
Heart Tube

(A) A chick embryo at HH11+/12 (left), a straight
heart tube before looping (right, top), and C-looped
tube (right, bottom).

(B) A schematic representation of the C-looping
process. The heart tube is mainly composed of the
myocardium, cardiac jelly (CJ), and endocardium
(EC).

(C) Two currently prevailing models for C-looping:
(left) ventral bending and rotation model and (right)
physical buckling model. Both models assume that
the left-right asymmetry in the boundary condition,
i.e., the asymmetric growth or cell ingression of
OVs, is the main mechanism to achieve rightward
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(D) A sample used for quantitative analysis of tis-
sue/cell dynamics, illustrating a typical morpho-
logical change that we focused on here.
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heart tube, which was suggested to cause the leftward shift of the
posterior pole, although how this shift relates to the rightward
looping is still unknown.

Importantly, however, the straight heart tubes seen in chick and
fish embryos can achieve a C-shaped morphology even under
explant cultures (Latacha et al., 2005; Noél et al., 2013), which
strongly suggests that this C-looping, an early phase of the entire
looping process, occurs not because of boundary conditions (i.e.,
LR asymmetry at the posterior ends) but instead is an intrinsic
morphogenetic process wherein tubular tissue itself should
deform/grow non-uniformly rather than a simple elongation along
the antero-posterior or longitudinal axis of the heart tube. Thus, in
this study, we examined the intrinsic mechanism of C-looping
focusing on tissue-level deformation dynamics of the entire heart
tube and its relation to local cell dynamics. As pointed out in
previous studies (Guirao et al., 2015; Morishita et al., 2017), mul-
tiple tissue deformation patterns produce similar changes in
morphological appearance. Thus, evaluating proposed models
and understanding underlying mechanisms of organ development
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describe the morphogenetic process itself.
Furthermore, elucidating whether and to
what extent each cellular process, i.e.,
division/apoptosis, size/shape change,
and rearrangement, contributes to tissue-
level deformation is essential to identifying
which cellular process dominates during
morphogenesis of a given organ. As
such, quantitative comparative analyses
of tissue and cellular dynamics are needed
to evaluate the quality of proposed
models. In the context of heart looping
processes, even though the history of
fate mapping studies of the cardiac field
spans nearly 100 years, few details con-
cerning tissue-level deformation dynamics
and cellular movement within the heart tube that has already
formed, rather than simply cell ingression at the tube boundaries,
are available. Thus, we could not appropriately evaluate previous
models that were based on limited information (e.g., 2D planar
observations with low spatial and temporal resolution).

To overcome these issues, we established a 4D (3D space and
time) high-resolution live-imaging system to characterize the
C-looping process using developing chick embryos. The major
advantages of chick embryos over mice are ease of observation
and morphological similarity to the human heart tube (Kirby,
2007). In the chick development, C-looping is commonly said
to occur during a period from Hamburger and Hamilton (HH)
stage 9+/10— to HH11+/12 (Manner, 2000); Figure 1D shows a
typical morphological change during this period, and here we
focused on the tissue/cell dynamics for this process. Morpho-
logical changes after HH12, i.e., more helical shaping including
S-looping, are difficult to image at high resolution, which pre-
cludes objective discussion of morphogenetic processes. We
first reconstructed a 3D tissue deformation map of the heart
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Figure 2. Quantitative Analysis of Tissue Deformation Dynamics

(A) Two-photon microscopy images of heart tube morphology (magenta) and GFP-expressing cardiomyocytes that serve as landmarks for reconstructing a tissue
deformation map.

(B) Mathematical description of heart tube morphology using spherical harmonics expansion.

(C) Bayesian reconstruction of tissue deformation map based on the positional changes of a few hundred labeled cells (for details, see Morishita et al., 2017).

(legend continued on next page)
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tube during C-looping from cell trajectory data and found that, at
the tissue level, the LR asymmetry in the direction of deformation
anisotropy within the myocardial tube achieves the C-looping.

We then examined key cellular mechanisms that realize the
observed anisotropic tissue deformation. Quantifying cellular
dynamics and comparing them with tissue-level deformation
patterns, we found that directional cell rearrangement in the
right-sided heart tube is the main contributor to the anisotropic
tissue deformation for achieving C-looping. Although cell rear-
rangement was observed long before the looping process in ze-
brafish embryos (Smith et al., 2008; Lenhart et al., 2013), here
we reveal the relationship between cell movement within the
formed heart tube and tissue-level deformation. We also
show that actin polymerization, rather than myosin phosphory-
lation, was required for this directional cell rearrangement
within the myocardial tube.

Most notably, our findings obtained from high-resolution im-
aging and quantitative analyses are inconsistent with tissue/
cellular behaviors assumed in any previous models and demon-
strate that heart looping is realized by much more dynamic and
intrinsic cellular behaviors within the entire tube already formed,
not at the tube boundaries, than was previously assumed
(Rosenquist and DeHaan, 1966; Manasek et al., 1972b). As
shown in this study, quantifying the relationship between tissue
and cellular dynamics is essential for clarifying and defining the
mechanism of complex organ morphogenesis, and the resulting
information could be applied to modeling studies to support the
plausibility of proposed biological models.

RESULTS

C-Looping Is Achieved through LR Asymmetry in the
Direction of Deformation Anisotropy within the
Myocardial Tube at the Tissue Level

Quantifying tissue-level deformation dynamics provides essen-
tial information needed to understand morphogenetic mecha-
nisms of an entire organ (Guirao et al., 2015; Morishita et al.,
2017). To precisely describe the 3D deformation process, 3D
morphologies of an entire tissue at different time points must
be measured, and positions of a sufficient number of land-
marks/cells on the heart tissue must be tracked (at minimum
the cell number should allow reconstruction of a tissue deforma-
tion map with sufficient precision; Morishita et al., 2017).
However, previous works that analyzed heart tube morphogen-
esis were based on limited data due to imaging techniques
that allowed, for example, only planar observations of the posi-
tions of several landmarks with low resolution (Voronov et al.,
2004; Kidokoro et al., 2008).

Here, we began with 4D imaging at a single-cell resolution and
precise reconstruction of a myocardium deformation map during
early heart development (from HH10 to HH11/11+) in chick em-
bryos (Figure 1D). We focused on myocardium deformation
based on its involvement in heart tube morphogenesis. The
tube itself also includes cardiac jelly (CJ) and endocardium
(EC) (Kirby, 2007), but looping can occur even following chemical
removal of CJ (Baldwin and Solursh, 1989).

Through introduction of fluorescent proteins to the primary
heart-forming field (mesodermal cells composing the prospec-
tive heart tube) by electroporation, we could visualize several
hundred cardiomyocytes (STAR Methods). The 3D positions of
these labeled cells and the morphology of a heart tube stained
with FM4-64FX lipophilic dye were live imaged by two-photon
microscopy every 2 h (Figure 2A; STAR Methods). The trajec-
tories of labeled cells or those of a few cell clusters were
extracted using Imaris software. To describe heart tube
morphology, we constructed polygonal models of the basal sur-
face of the myocardium (i.e., the boundary between myocardium
and CJ) from the microscopy image. Because the myocardial tis-
sue is sufficiently thin (~15 um or 1-2 cell layers), we here
focused on myocardial surface deformation. We will touch on
the change in tissue thickness during morphogenesis in a later
section on quantification of cellular geometry (see the subsec-
tion Changes in Cell Shape and Size Cannot Explain the LR
Asymmetry in Tissue Deformation Anisotropy).

To reconstruct the deformation map of the myocardium
surface, we first defined 2D coordinate systems on the curved
surface at each time point using spherical harmonics expansion
(SHE) (Shen et al., 2009; Figure 2B), which allows the approxima-
tion of arbitrary surfaces as a closed surface defined by a series
of harmonic functions. The SHE representation facilitates analyt-
ical treatment of surfaces having a complex morphology. For
example, the metric tensor needed to reconstruct the tissue defor-
mation map can be readily calculated at arbitrary points on the
curved surface. Using SHE-based coordinates, we specified the
positions of fluorescently labeled cells on the tissue at each stage.
From these data for both 2D and 3D representations of heart tube
morphology and landmark positions, we reconstructed deforma-
tion dynamics of myocardial tissue using our previously reported
Bayesian method (Morishita et al., 2017; Figures 2C and S1A).
Because the heart tube adheres to the dorsal mesocardium at
its dorsal midline during this stage (Figure 1B), we reconstructed
the map for about two-thirds of the ventral surface.

We first checked the accuracy of the reconstructed map by
evaluating the prediction error in cross-validation; the mean error
of the map was about 10 um, which indicates sufficient accuracy
(Figure S1B). As shown by the electron microscope images

(D) Left: reconstructed tissue deformation maps for two embryos (the ventral and right views are shown). Right: the spatial patterns of area growth rate and

deformation anisotropy.

(E) Measurement of the rotation angle of each cell on the transverse cross-section of the heart tube around the central axis of the tube (sample 1).

(F) Quantified rotation angle in Figure 2E. If the heart tube indeed undergoes rigid body rotation, all of the cells on the tube should show the same or a similar
rotation angle. However, the cells that were initially included in the right-sided tissue showed much smaller rotation angles than those for cells in the original left-
sided tissue. E[40], o« and E[40]g,, are the average rotation angles of left and right tissues, respectively, and 46miq is the rotation angle of the ventral midline.
(G) Left: comparison of mean area growth rate between left and right tissues in three embryos. Error bars represent the standard deviation. Right: comparison of
the direction of tissue deformation anisotropy between left and right tissues; the frequencies of longitudinal (|¢| < 30°) and circumferential (|¢| >60°) directions are

shown.

(H) Summary of tissue deformation analysis. At the tissue level, C-looping is achieved by left-right asymmetry in the direction of deformation anisotropy.
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(Manner, 2000), the LR boundary of the heart tube shifts right-
ward and shows a C-shape (Figure 2D). Before considering in
detail the spatial patterns of local deformation characteristics
that can be calculated from the reconstructed map, we can
readily learn several important facts from movies showing the
trajectories of landmark cells (see Videos S1, S2, and S3), which
were made using a simple linear interpolation of raw trajectory
data along the time axis. First, the movies from the ventral, right,
and anterior views show that the heart tube undergoes very little
ventral bending (i.e., bending on the original midsagittal plane)
(Videos S1 and S2). Second, the movie from the anterior view
(Video S3) shows that the heart tube appears to be rotating.
We measured the rotation angle of each cell around the central
axis of the tube after aligning the axis position for all time points
(Figures 2E and 2F). As a result, rotation of the tube did occur, but
interestingly we found that the amount of rotation was clearly
different between the tissues on the left and right side of the
tube, meaning that the observed cell movement cannot be ex-
plained by a simple rigid body rotation. If the heart tube indeed
undergoes rigid body rotation, all of the cells on the tube should
show the same or a similar rotation angle. However, the cells that
were initially included in the right-sided tissue showed much
smaller rotation angles than those for cells in the original left-
sided tissue. As shown below, this LR asymmetry in the rotation
angle arises from the clear differences in tissue deformation be-
tween the left- and right-sided tissues, which has not been
assumed in previous models of C-looping. Further, the rightward
shift in the LR boundary and the apparent rotation of the tube are
due to the large deformation that the heart tube itself (rather than
the boundaries) undergoes. It should be noted that evaluation of
whether the tube undergoes rigid body rotation or large deforma-
tion of itself does not depend on the choice of axis on which to
measure the amount of rotation (Figure S1C).

To observe tissue deformation in greater detail, we next calcu-
lated the spatial patterns of local deformation characteristics
(i.e., area growth rate and deformation anisotropy) (Figures 2D,
right; Figure S1E; STAR Methods). Our observations and previous
reports about expression patterns of heart development-related
genes (Kathiriya and Srivastava, 2000; Moorman and Christoffels,
2003) highlight the importance of differences in the LR behavior,
and thus we compared the mean values of the deformation char-
acteristics between left- and right-sided tissues (Figure 2G). There
was little difference between the left and right tissues in terms of
area growth rate, and thus the contribution of area growth pattern
to C-looping would not dominate. In contrast, deformation anisot-
ropy showed a clear LR difference that can directly explain the C-
looping process. The left tissue deforms in a more circumferential
direction, whereas the right tissue deforms in a more longitudinal
direction (Figures 2G and 2H). Thus, the LR boundary of the heart
tube shifts rightward by anisotropic deformation of the left tissue in
a circumferential direction. Furthermore, because the right tissue
deforms along the longitudinal axis, the position of the dorsal-
ventral boundary is almost unchanged when the C-shaped tube
is first observed (see the reconstructed tissue deformation map
of sample 1 shown in the top panels of Figure 2D). In a later phase
of C-looping, as reported in many previous studies, the LR bound-
ary (or original ventral midline) forms the outer curve of the tube,
and the original right dorsal-ventral boundary shifts to the more

dorsal side (see the result of sample 2 shown in the lower panels
of Figure 2D). Further, the LR asymmetry in the direction of tissue
deformation becomes significant in a later phase; in fact, in sample
3, where the tissue deformation from HH10 to HH10+ was
analyzed (Figure 2G; Figure S1E), the LR asymmetry of deforma-
tion direction is less clear compared with samples 1 and 2.

Taken together, the tissue deformation analysis showed that
initial heart looping (i.e., morphological change from a straight
tube to a C-shaped tube with the outer curvature turned to the
right) is not achieved through spatial heterogeneity of the surface
area change, but instead by the LR asymmetry in the direction of
deformation anisotropy within the myocardial tube, and specif-
ically through circumferential and longitudinal elongation of the
left and right tissues, respectively. This finding differs from
behaviors assumed in previously proposed models.

Cell Division Is Not Involved in C-Looping

Quantitative analysis of tissue-level deformation revealed the
importance of the direction of deformation for C-looping. In prin-
ciple, different cellular processes, including cell division, cell
death, cell shape/size change, and cell rearrangement, can
affect tissue deformation and anisotropy (Blanchard et al.,
2009), although which of these processes significantly contrib-
utes to heart tube C-looping is unclear. Previous studies using
chick embryos reported that, during early development, the
rates of cell division or apoptosis are low within the heart tube
and occur with no clear LR asymmetry, and that changes in
cell number through cell division are likely not a major factor in
morphogenesis (Stalsberg, 1969; Soufan et al., 2006). To assess
the effects of cell division on heart tube C-looping, we examined
changes in C-looping in the presence of the cell division inhibitor
aphidicolin. We found that, even in the presence of cell division
inhibition, C-looping still occurred (Figure S2; STAR Methods),
which suggests that cell division (including its rate and orienta-
tion) is not a driver of C-looping.

In the context of mouse heart development, a previous study
that performed clonal analysis indicated that cell division orien-
tation could be spatially biased and thus could be a candidate
factor that affects morphogenesis (Meilhac et al., 2004). Howev-
er, in that report, the focal stage was much later than the C-loop-
ing stage. Moreover, cell positions at two (or more) different time
points cannot be directly compared in clonal analysis, and thus
the result in that report does not necessarily indicate that
observed relative positions of daughter cells were determined
by the orientation of division because the relative positions are
also significantly influenced by cell rearrangement.

Changes in Cell Shape and Size Cannot Explain the LR
Asymmetry in Tissue Deformation Anisotropy

As mentioned above, changes in cell shape and size are
currently regarded as a prime cellular mechanism involved in
C-looping. To date, several studies reported that cell size and
shape changes occur during the looping process (Manasek
et al., 1972b; Soufan et al., 2006; Auman et al., 2007). From a
modeling perspective, other studies performed continuum me-
chanical simulations to explain the bending mechanism of the
heart tube based on the assumptions that cell shape changes
actively occur and/or differential hypertrophic growth between
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(A) Two-photon microscopy images for GFP-ex-
pressing cardiomyocytes. Cell geometry was
quantified after ellipsoidal approximation (see also
Figure S3A).
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dorsal and ventral sides is the driving force for bending (Latacha
et al., 2005; Shi et al., 2014a, 2014b).

We next addressed how changes in cell size and shape align
with tissue deformation patterns by quantifying cell geometry
and comparing it with the tissue deformation patterns clarified
in the previous section (Figure 3; STAR Methods). In all stages
that we examined (i.e., from HH10 to HH11), most of the cardio-
myocytes had elongated shapes, which we approximated as
ellipsoids to quantify geometric characteristics (Figures 3A and
S3A). In particular, we compared the characteristics between
the left and right sides of the heart tube based on our finding
that LR asymmetry of tissue deformation anisotropy is essential
for C-looping.
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occurs) and on the LC plane at HH11 (dur-
ing the looping) is consistent with a previ-
ous report by Manasek et al. (1972b).
Importantly, we saw no clear difference in the values for cell
volume, area, height, and their temporal changes from HH10 to
HH11 between the left and right tissues.

We then examined the cell orientation and shape anisotropy
on the LC plane to compare with the tissue deformation anisot-
ropy quantified in the previous section (Figure 3C). On the LC
plane, cells were, on average, oriented in the circumferential di-
rection regardless of stage or position, and the shape anisotropy
increased (i.e., elongated circumferentially) from HH10 to HH11
(Figure 3D); again, there was no clear difference in the cell orien-
tation, shape anisotropy, and their temporal changes between
the left and right sides of the heart tube during this period (Fig-
ure 3E). On the left side, the directions of the tissue deformation



anisotropy and the change in cell shape anisotropy were nearly
consistent. In contrast, the longitudinal elongation of the right-
sided tissue was nearly perpendicular to the direction of cell
shape elongation. Thus, the 3D quantification of cell geometry
revealed that changes in cell shape and size have no clear asym-
metry between the left and right tissues, and that they are
insufficient to explain the tissue deformation patterns observed
during C-looping, especially the longitudinal elongation of the
right-sided tissue.

Directional Cell Rearrangement within the Myocardial
Tube Is a Major Contributor to Longitudinal Deformation
of Right-Sided Tissue

To clarify the cellular mechanism that causes longitudinal defor-
mation of the right side of the heart tube, we next focused on cell
rearrangement that could achieve anisotropic tissue deforma-
tion. In the development of various organs/animals, cell rear-
rangement has a key role in morphogenesis, as well as cell divi-
sion/apoptosis and changes in cell shape/size (Davidson and
Keller, 1999; Bertet et al., 2004; Nishimura et al., 2012). In the
context of heart development, recent advances in live-imaging
techniques allowed the observation of cell migration and rear-
rangement, particularly before and during heart tube formation
in zebrafish embryos (Smith et al., 2008; Lenhart et al., 2013;
Pestel et al., 2016; Merks et al., 2018). Regarding amniotes,
although previous studies reported cell migration and rearrange-
ment in the mesoderm of chick embryos before heart tube
formation (Yue et al., 2008; Aleksandrova et al., 2015; Kidokoro
et al., 2018), whether and how frequently cell rearrangement oc-
curs and to what extent it relates to tissue-level deformation
during 3D morphogenesis, including the C-looping process, is
unclear.

To address these questions, we first performed 3D time-lapse
imaging at single-cell resolution for a patch of left- and right-
sided tissue every 10 min (STAR Methods). Because tracking
changes in adjacent relationship between cells based on mem-
brane information was difficult, we instead tracked the nucleus
position for each cell in the patch (Figures 4A and S4; Video
S4). From this information on nucleus trajectory and data for
changes in the average cell shape examined in the previous sec-
tion, we quantified the contribution of cell rearrangement to tis-
sue deformation during morphogenesis that occurs between
HH10 and HH11 by using a tensor decomposition method pro-
posed by Blanchard et al. (2009). In their method, cell rearrange-
ment is measured by the tensor that is defined as the difference
between two kinds of tensors, Lt and Lg, which we denote by Ly
(= Lt — Lg); Ly is the tissue velocity gradient tensor that repre-
sents the deformation per unit time as a cell population (or as a
continuum), and L is the cell shape strain rate tensor that repre-
sents the change in cell shape. Ly reflects the continuous sliding
of the bulk of neighboring cells past each other. The local rate
and principal directions of sliding can be directly derived from
Lg. We calculated Ly from time-lapse imaging data showing
the trajectories of nuclei included in the focal patch. Our high-
resolution imaging allowed direct observation of a cell popula-
tion that shows gradual anisotropic deformation of the right-
and left-sided tissues along the longitudinal axis and more
circumferential axis, respectively (Figure 4B, green and gray).

Meanwhile, we calculated L¢ from information for the average
cell shape on the left- and right-sided tissue obtained in the pre-
vious section (STAR Methods).

Figures 4C-4F show the calculated contributions of cell
rearrangement and cell shape change to the tissue deformation.
For the right-sided tissue, along the direction of maximum tissue
stretch, which was almost longitudinal (Figure 4D, top), the
contribution of cell rearrangement is significantly (about three
times) larger than that of cell shape change (Figures 4C, left,
and 4D). On the other hand, in the circumferential direction, the
tissue has minimal deformation (Figures 4C, right, and 4D, top),
which was shown to be achieved by canceling out the circumfer-
ential elongation of cell shape through cell rearrangement (Fig-
ures 4C, right, and 4D). In this manner, the longitudinal
elongation of the right side of the heart tube was achieved mainly
by directional cell rearrangement within the tube (in Figures 4A
and S4 and Video S4, we can also see the longitudinal elongation
of tissue patches through changes in the spatial relationship of
multiple adjacent cells). In contrast, as stated earlier, the direc-
tion of maximum tissue stretch of the left-sided tissue is more
circumferential, and cell shape change rather than rearrange-
ment significantly contributes to the tissue deformation (Figures
4E and 4F). These findings demonstrate that C-looping is real-
ized by much more dynamic cellular behaviors (especially in
the right-sided tissue) than was previously assumed, and these
behaviors could be elucidated using high-resolution imaging
and quantitative analyses.

Actin Polymerization Is Required for Directional Cell
Rearrangement that Causes Longitudinal Deformation
of Right Tissue

Cell rearrangement is widely observed during organ/animal
developmental processes, and acto-myosin activity is often
involved (Guillot and Lecuit, 2013). During early heart develop-
ment, inhibition of actin polymerization abolishes looping (Man-
asek et al.,, 1972a; Ghaskadbi and Mulherkar, 1984; Itasaki
et al., 1991; Latacha et al., 2005). However, the role of myosin
function in looping remains controversial because several
studies reported a role for myosin Il phosphorylation in C-looping
(Lu et al., 2008; Noél et al., 2013; Ocana et al., 2017), whereas
others saw no effect (Latacha et al., 2005; Nerurkar et al.,
2006; Shi et al., 2014b). Our replication experiment indicated
that myosin phosphorylation does not play a role in C-looping
of chick embryos (STAR Methods). Thus, in the following, we
examined the role of actin polymerization for the achievement
of C-looping.

In previous studies, the requirement for actin polymerization
during C-looping was demonstrated only by observing changes
in morphological appearance when actin polymerization was
inhibited. Even in our replication study, with the treatment of actin
polymerization inhibitor (cytochalasin D or latrunculin A was
added to embryos at HH10), no looping was observed; in partic-
ular, there is no clear LR asymmetry in the heart tube morphology
with the wider width and shorter length of tube compared with
normal development (Figure 4G; STAR Methods).

To characterize events at cell and tissue levels in the presence
of actin-polymerization inhibition, we performed quantitative an-
alyses of tissue and cellular dynamics as done for the normal
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Figure 4. Longitudinal Deformation of Right-Sided Tissue Is Achieved Mainly through F-Actin-Dependent Directional Cell Rearrangement
(A) Time-lapse imaging at a single-cell resolution for a patch (composed of around 30 cells) of right-sided tissue during normal development. Cardiomyocytes
surrounded by the white broken lines show rearrangement.

(B) Temporal changes in the magnitude and direction of deformation anisotropy of focal patches. Values taken every 10 min are plotted. Green: right tissue for normal
development (n = 3 patches); gray: left, normal (n = 2); red: right tissue under cytochalasin D (CytoD) treatment (n = 2); black: left, cytochalasin (Cyto.) D (n = 2).
(C, E, I, and K) Contributions of cell rearrangement and cell shape change to the tissue strain rate in the right-sided (C) and left-sided (E) tissues during normal
development, and in the right-sided (1) and left-sided (K) tissues under CytoD treatment.

(D, F, J, and L) The direction and magnitude of tissue strain rate, symmetrical cell shape strain rate, and strain rate for cell rearrangement during normal
development (D, right; F, left) and under CytoD treatment (J, right; L, left).

(G) CytoD treatment inhibits C-looping.

(H) Time-lapse imaging every 10 min at a single-cell resolution for a patch of right-sided tissue treated with CytoD.
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development in the previous sections. Red and black lines in Fig-
ure 4B show the temporal changes in the magnitude and direc-
tion of tissue deformation anisotropy of the right- and left-sided
tissues, respectively, that were calculated from time-lapse imag-
ing of cells in a ~30-cell patch under actin-polymerization inhibi-
tion by cytochalasin D (Figure 4H; Video S5). These analyses
show that the direction of deformation anisotropy in the right-
sided tissue was more ambiguous, not oriented in a specific
direction, compared with the normal case, resulting in the disap-
pearance of clear LR asymmetry. Regarding cell shape in both
the left- and right-sided tissues, as seen in the normal case,
the cell height decreased, whereas the LC area enlarged, with
cell elongation in the circumferential direction between HH10
and HH11, although the degree of cell elongation was somewhat
decreased (Figure S3B). To clarify the relationship between tis-
sue deformation and cellular behaviors under actin polymeriza-
tion inhibition, we next calculated the three tensors, Ly, Lg,
and Ly (Figures 4l-4L). We observed clear differences from
normal development for the right-sided tissue: the contribution
of cell rearrangement much decreased and tissue deformation
was mostly due to changes in cell shape (Figure 41, left). Although
for the left-sided tissue, the relative contributions of cell rear-
rangement and cell shape change to the tissue deformation
are similar to those during normal development. As a conse-
quence, the direction of tissue deformation of the right-sided tis-
sue was more circumferential in the presence of actin polymeri-
zation inhibition (Figure 4J, top), leading to a wider and shorter
heart tube. Taken together, these results demonstrated that lon-
gitudinal deformation of right-sided tissue promoted by F-actin-
dependent directional cell rearrangement is critical to achieving
heart tube C-looping.

How Is Directional Information Provided within the
Myocardium?

As seen above, during heart development, tissue and cellular
dynamics show clear anisotropy (i.e., directional specificity).
During C-looping (specifically, from HH10 to HH11), cells in
the left-sided tissue elongate in a circumferential direction
that is consistent with the tissue-level deformation anisotropy.
In contrast, in the right-sided tissue, F-actin-dependent cell
rearrangement causes tissue elongation along the longitudinal
axis, whereas the cells themselves elongate in a circumferen-
tial direction as seen for left-sided tissue. What provides
such directional information? Currently, we have no clear
answer, but we here show our ideas with tissue mechanical
simulations.

First, we need to touch the fact that the orientation of F-actin
also shows anisotropy. Previous studies documented that the
orientation of F-actin is globally aligned in the circumferential
direction during C-looping (e.g., HH11), but no clear pattern
can be observed before looping (Itasaki et al., 1989). Because
these findings were obtained from 2D observations (i.e., on

the LC surface), here we re-examined the spatio-temporal
pattern of F-actin orientation in a 3D setting using two-photon
imaging (Figure 5A; STAR Methods). Our 3D imaging/analysis
revealed that during both HH10 and HH11, F-actin was clearly
oriented over the whole heart tube, but its direction depended
on the stage; during HH10, F-actin orientation is almost
isotropic on the LC plane and relatively biased along the AB
axis, whereas during HH11, it was oriented along the circumfer-
ential axis (Figures 5A and 5B, left). There was no clear differ-
ence in the direction between the left- and right-sided tissues.
This dynamic change in F-actin orientation is consistent with
the observed changes in cell shape; the long axis of cardiomyo-
cyte is oriented in the AB axis at HH10 and the circumferential
direction at HH11, respectively (Figure 3). In the presence of
cytochalasin D (added at HH10), where the heart tube shows
no looping (Figure 4G), the F-actin orientation was still biased
to the AB (not circumferential) direction at HH11, yet it had a
more aggregated (or granulated) state (Figure 5B, right; Lata-
cha et al., 2005), whereas the cell shape was elongated in the
circumferential direction (Figure S3B). This result suggests
that cell shape changes during C-looping are not necessarily
regulated by actin polymerization, and that the F-actin oriented
along the circumferential axis plays a key role in the achieve-
ment of longitudinal tissue deformation through directional
cell rearrangement.

As shown above, cell shape and F-actin orientations in normal
development have the same tendencies in that they both orient in
the circumferential direction at HH11 and show no clear LR
asymmetry. Both cell shape and F-actin are globally oriented
across the heart tube, suggesting that local signaling does not
determine those orientations. Instead, morphogens and tissue
stress could be candidate factors that provide global information
to orient cell shape and F-actin. Considering the relevance of
stress to the orientation of actin fibers observed in various sys-
tems, including cell culture (Pellegrin and Mellor, 2007), devel-
oping tissues (Wozniak and Chen, 2009), and mature blood ves-
sels (Yuan and He, 2012), here we focused on the ability of tissue
stress to affect the orientations of tissue/cellular/molecular
dynamics. The depth of the heart tube precludes simple mea-
surement of stress in vivo by external operations such as laser
ablation, so we instead estimated stress distribution within the
myocardium using continuum mechanical simulations. The
C-shaped morphological changes seen in isolated heart tubes
suggest that external forces acting on both ends of the heart
tube are not essential to the deformation. Thus, for our simula-
tions, we assumed that stress within the myocardium is gener-
ated though the hydrostatic pressure from interior substances
(e.g., CJ or any type of body fluid) acting in the normal (i.e., the
AB axis) direction of myocardium. As a constitutive law repre-
senting physical properties of the heart tube, we assumed the
hyperelasticity that is often adopted in the mechanical simula-
tions of both matured and developing tissues (Conte et al.,

Figure 5. F-Actin Orientation Dynamics and Tissue Stress as a Candidate Factor that Provides Directional Information to the Myocardium

(A) Extraction of F-actin orientation.

(B) The angle distribution of F-actin orientation measured from each reference axis during normal development (left) and in the presence of cytochalasin D (right).
(C) The distribution of the directions of maximum principal stress (tensile stress) generated by mechanical simulation (top). The directions are biased to the

circumferential orientation in both left and right tissues (bottom).
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2008; Ambrosi et al., 2011; Savin et al., 2011; Kida and Adachi,
2015; Tallinen et al., 2016; STAR Methods). The myocardium
was modeled as a thick-walled 3D tubular structure based on
the measured 3D morphology at HH10 (Figure S5).

Figure 5C shows the distribution of the directions of the
maximum principal stress. On average, both left- and right-sided
tissues undergo circumferential tensile force. This is consistent
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stress-dependent active deformation.

Deform

Vtress

with the fact that the cell shape and F-
actin come to orient along the circumfer-
ential axis during the period from HH10
to HH11, and suggests that the tissue
stress (i.e., the direction of the maximum
principal stress) determines cell shape
and F-actin orientation. Furthermore,
based on results with cytochalasin D
wherein F-actin fails to orient in a circum-
ferential direction, we speculate that F-
actin can detect the direction of tissue
stress.

0 45 90(deg.)

A Hypothetical Model: LR
Asymmetric Response to Tissue
Stress Drives C-Looping
A comprehensive consideration of exper-
imental results and data analyses on
tissue/cell dynamics, as well as stress
distribution obtained from mechanical
simulations, suggests the hypothesis
that LR asymmetric response to tissue
stress drives C-looping. The following
proposed mechanism could thus produce
C-looping (Figure 6A). First, when the
heart tube is formed at HH9+/10—, tensile
stress is generated along the circumfer-
ential axis in the myocardium (Figure 5C).
Second, this promotes cell elongation in
the direction of the stress (Figure 3). Third,
simultaneously, through the actin poly-
merization-depolymerization process, F-
actin, which was oriented in the AB direc-
tion immediately after tube formation, is
re-organized in the circumferential direc-
tion (Figure 5B), where the tensile stress
is applied (Figure 5C). This process can
be interpreted as the detection of the di-
rection of maximum principal stress by F-actin. Fourth, differ-
ence in the response to stress between the left- and right-sided
tissues leads to cell rearrangement against the tissue stress only
in the right-sided tissue. This results in longitudinal elongation of
the right-sided tissue, and thus heart tube C-looping.
According to this proposed mechanism, the direction of tissue
deformation should be consistent with that of the maximum
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principal stress (i.e., the maximum stretching) on the left-sided
tissue, and in contrast, the direction of deformation and the
maximum principal stress should be perpendicular on the
right-sided tissue. Figure 6B shows the angular differences at
each position of the myocardium between the anisotropy of tis-
sue deformation obtained from experimental data (Figures 2C
and 2G) and stress obtained from simulations (Figure 5C). As
expected, there is a clear difference between the left- and
right-sided tissues; the angular difference is smaller (19 degrees
on average) on the left and is nearly orthogonal (108 degrees) on
the right. This tendency is clearer in the anterior half of the tube.

To support this concept, we further performed morphogenetic
simulations based onthe above hypothesis, i.e., stress-dependent
active deformation of right-sided tissue. Because development of
continuum models that tolerate 3D large deformations that occur
through active deformation and growth is challenging, here we
simulated only the initiation of C-shaping (Figure 6C). In the model,
we adopted the constitutive law that the right-sided tissue actively
elongates perpendicular to the direction of maximum principal
stress originating from hydrostatic pressure within the heart
tube, whereas the left-sided tissue actively elongates parallel to
the stress, but atamuch slower rate compared with the right-sided
tissue, which reflects the effect of cell shape change. Using a
boundary condition in which part of the dorsal midline was fixed
(see STAR Methods about boundary conditions), we solved our
mechanical model using a finite-element method (for a detailed
description of the calculation method, see Kida and Morishita,
2018). Simulation under these conditions reproduced the initiation
phase, i.e., rightward shift and C-shaped change of the LR bound-
ary, without significant rotation of the tube as was described in the
previous section and as was also observed in explant cultures (Fig-
ure 2; Video S6). This result supports the sufficiency of the LR
asymmetric response to tissue stress as a minimal condition for
the initiation of C-shaping, i.e., spatial constraints at the anterior/
posterior boundary assumed for the physical buckling model are
not necessary. However, our simulation has not yet reproduced
the full process of C-looping shown in Figure 2C and Video S1.
Development of a model that can handle 3D large deformation
will be necessary to fully understand what drives the C-looping.
We will also need to consider the effects of constraints and forces
at the boundaries, which might be important for the later helical
looping process (Voronov et al., 2004; Kidokoro et al., 2008; Le
Garrec et al., 2017).

DISCUSSION

Our quantitative analysis of tissue deformation dynamics
revealed the LR asymmetry in the direction of deformation
anisotropy within the myocardial tube. The tissue elongates
longitudinally in the right side of the heart tube and more circum-
ferentially in the left side. We also showed that directional cell
rearrangement observed in the right side of the heart tube is a
key process for achieving LR asymmetric tissue deformation.
These findings are inconsistent with behaviors assumed in previ-
ous models. Our data on cell trajectories and quantified tissue
deformation map showed that little ventral bending occurs dur-
ing the C-shaping of the heart tube, and that the LR boundary
of the heart tube shifts rightward not because of a simple rigid
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body rotation assumed in the ventral bending and rotation
model, but instead the C-shaped tube is achieved by the combi-
nation of circumferential deformation of the left tissue and longi-
tudinal deformation of the right tissue. This LR asymmetry in the
direction of tissue deformation is also not assumed in the phys-
ical buckling model. In most simulations of the buckling model,
the direction of maximum principal strain (i.e., direction of tissue
elongation) is along the longitudinal axis in both left- and right-
sided heart tubes. Moreover, no previous models assumed
that dynamic cell rearrangement within the tube itself, rather
than at the tube boundaries (or OVs), makes a significant contri-
bution to tissue deformation. Together, this study provides
integrated knowledge about morphogenetic mechanisms at
the tissue and cellular scales for C-looping of the heart tube.

On the other hand, what gives directional information to cells
and what generates the LR asymmetry in cell behaviors remain
open questions. Here we hypothesized that left- and right-sided
tissues show different cellular responses to stress wherein longi-
tudinal tissue elongation through directional cell rearrangement
occurs only in right-sided tissue. Although the molecular mech-
anisms that cause this LR asymmetry await further characteriza-
tion, the expression patterns of many genes in heart tissue show
clear LR asymmetry, and knockouts of several of these genes
abolish looping and produce heart malformation (Kathiriya and
Srivastava, 2000; Kirby, 2007). Thus, identification of which
genes regulate cell rearrangement during heart tube looping is
needed. For instance, a recent report showed that activation of
protein kinase C (PKC) signaling frequently causes leftward loop-
ing, suggesting a possible role for PKC signaling in determining
the LR asymmetry of cellular behavior (Ray et al., 2018). The
epithelial-mesenchymal transition (EMT)-related factor Prrx1
also affects the direction of looping (Ocana et al., 2017). Ocana
et al. (2017) observed in zebrafish embryos that LR asymmetry
in cell motility at the posterior pole of the heart tube (not within
the tube itself) caused by LR asymmetric Prrx1 gene expression
induces a leftward shift of the posterior pole. However, whether
and how this shift relates to the C-looping process is still un-
known. Because Prrxiexpression is lost once cells join the
tube, Prrx1 likely does not directly cause directional cell rear-
rangement within the right-sided tube.

In addition to LR patterning genes, actin-associated (or actin-
related) genes could be critical factors for C-looping. Here, we
found that actin polymerization is required for directional cell rear-
rangement that achieves anisotropic tissue deformation, but
details of intracellular mechanism, particularly how F-actin orien-
tation through actin polymerization drives cell rearrangement, is
unknown. Previous studies of organ/animal development showed
that contractility arising from myosin-phosphorylation isimportant
for cell rearrangement (Lu et al., 2008; Noél et al., 2013; Ocana
et al., 2017; Merks et al., 2018). However, other studies (Latacha
et al., 2005; Nerurkar et al., 2006; Shi et al., 2014b) and our repli-
cation experiment suggested that, at least during chick heart
development, myosin activity is not involved in cell rearrangement
during C-looping. A recent study reporting myosin ll-independent
collective cellmovement in the context of tracheal development in
Drosophila showed that cell movement mainly depends on actin
polymerization, and myosin activity is less important (Ochoa-Espi-
nosa et al., 2017). The directional cell rearrangement observed



during heart looping might be driven by similar actin-dependent
mechanisms underlying such collective cell migration.

On the right side of the heart tube, we found that rearrangement
of cardiomyocytes occurs so that the tissue shrinks along the direc-
tion of the long axis of the cell, and thus tissue elongates perpendic-
ularly to the direction of cell shape. Similar processes have been re-
ported for other organs/animals, such as neuroepithelial cells
during optic vesicle protrusion and neural tube closure in chicks
(Nishimura et al., 2012; Morishita et al., 2017) and notochord
convergent extension in Xenopus (Shindo and Wallingford, 2014).
Conditions for achieving such orthogonality between tissue/cell
behaviors have also been examined with a mathematical model
(Ishihara et al., 2017). These findings suggest that this relationship
between tissue and cellular processes is a well-preserved mecha-
nism that underlies the initial development of different organs.

As we showed here, through quantification and comparison of
tissue- and cellular-level dynamics, the contributions of each
cellular process to tissue deformation or tissue morphogenesis
can be elucidated. Currently, organs for which full dynamics
have been quantitatively described are limited, and this is partic-
ularly true for organs that have complex 3D structures. The
analytical approaches adopted here can be applied to different
systems beyond heart development to reveal universal design
principles of organ morphogenesis.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rat monoclonal anti-GFP

Rabbit polyclonal anti-Histone H3,
phospho (Ser10)

Goat anti-Rat Alexa Fluor-conjugated
antibody

Goat anti-Rabbit Alexa Fluor-conjugated
antibody

Nacalai Tesque
Millipore

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# GF090R; RRID: AB_2314545
Cat# 06-570; RRID: AB_310177

Cat# A-11006; RRID: AB_2534074

Cat# A-11036; RRID: AB_10563566

Chemicals, Peptides, and Recombinant Proteins

Aphidicolin Wako 011-09811
Alexa Fluor 488 Phalloidin Thermo Fisher Scientific A12379

Alexa Fluor 568 Phalloidin Thermo Fisher Scientific A12380
Blebbistatin Sigma-Aldrich B5002-100MG
Calyculin A Wako 038-14453
Cytochalasin D Wako 037-17561
DMSO Sigma-Aldrich D2650-5X5ML
FM4-64FX Thermo Fisher Scientific F34653
Fluoroshield with DAPI ImmunoBioScience AR-6501-02
FxCycle PI/RNase Staining Solution Thermo Fisher Scientific F10797
Hoechst33342 Thermo Fisher Scientific H3570
Y27632 Wako 257-00513
Critical Commercial Assays

Click-iT EdU Alexa Fluor 488 Imaging Kit Thermo Fisher Scientific C10337

Deposited Data

Quantified data from microscopic images

This paper

https://doi.org/10.17632/kk3gw6cx7p. 1

Experimental Models: Organisms/Strains

Fertilized chicken egg Shiroyama Farm, Inoue Egg Farm N/A
Recombinant DNA

pCAGGS-H2B-EGFP Dr. T. Suzuki N/A
pCAGGS-EGFPF-2A-EGFP Dr. T. Suzuki N/A

Software and Algorithms

ImageJ/Fiji (ver. 2.0.0-rc-69/1.52i)
Imaris (ver. 7.6.5)

Meshlab (v2016.12)

Mathematica (version 11)

Python (2.7.12)

R 8.5.1)

SPHARM Morphogenetic Software

Schindelin et al., 2012
Bitplane

Cignoni et al., 2008
Wolfram Research
Python.org

R project

Shen et al., 2009

RRID: SCR_002285

RRID: SCR_007370
http://www.meshlab.net

RRID: SCR_014448

RRID: SCR_008394

RRID: SCR_001905
http://www.enallagma.com/SPHARM.php

LEAD CONTACT AND MATERIALS AVAILABILITY

This study did not generate new unique reagents. Further information and requests for resources and reagents should be directed to

and will be fulfilled by the Lead Contact, Yoshihiro Morishita (yoshihiro.morishita@riken.jp).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Embryos and culture preparations

Fertilized chicken eggs (Shiroyama Farm and Inoue Egg Farm) were incubated at 38°C in a humidified incubator until the embryos
reach the appropriate stages (Hamburger and Hamilton, 1951). For each experiment, embryos were transplanted using the EC cul-
ture method (Chapman et al., 2001). All the animal experiments were performed under the ethical guidelines of RIKEN Center for
Biosystems Dynamics Research.

Embryo stages focused on in this study

As described in Introduction, C-looping is the first event in heart development that shows left-right asymmetry in appearance. In
the chick development, C-looping is commonly said to occur during a period from Hamburger and Hamilton (HH) stage 9+/10- to
HH11+/12 (Figure 1A). Figure 1D shows a typical morphological change that we focused on in this study, covering nearly the entire
C-looping process (see also Video S7). Morphological changes after HH12, i.e., more helical shaping including S-looping, are difficult
to image at high resolution, which precludes objective discussion of morphogenetic processes.

METHOD DETAILS

Electroporation

HH3/3+ embryos were prepared for in vitro electroporation to label prospective cardiomyocytes in the heart tube. Plasmids were
electroporated into epiblast cells at gastrulation near the primitive node (Tanaka et al., 2010). The electroporation conditions
were: one poration pulse of 6V, 10 ms and five 3 V driving pulses, 50 ms with interval of 50 ms. These pulses were charged twice
using a CUY21EX electroporator (BEX CO. Ltd). After manipulation, embryos were incubated at 38°C with 5% CO..

Immunofluorescence

Chick embryos were fixed in 4% PFA/PBS overnight and then rinsed in PBS (TaKaRa PBS tablets T900). The vitelline membrane and
splanchnopleura were then removed to expose the heart tube for better staining and visualization. For permeabilization, the embryos
were incubated with 1% Triton X-100 (Nacalai Tesque) in PBS for 1 h and washed with 0.2% PBST (Tween-20, Wako, 166-21213)
three times. For antibody reactions, embryos were incubated overnight with the primary antibody (see below), washed extensively,
and then incubated overnight with a secondary antibody. After the antibody reactions, nuclei or F-actin were stained using propidium
iodide (Thermo Fisher F10797) or Alexa Fluor 488/568 phalloidin (Thermo Fisher A12379, A12380). The antibodies used for
immunostaining were: anti-GFP rat IgG2 monoclonal antibody (Nacalai Tesque, GFO90R) 1:1,000, Anti-phospho-Histone H3
(Ser10) Antibody (Millipore, 06-570) 1:500, anti-rat Alexa Fluor-conjugated goat antibody (Thermo Fisher, A11006) 1:5,000, anti-rab-
bit Alexa Fluor-conjugated antibody (Thermo Fisher, A11036) 1:5,000. All procedures were performed at room temperature.

3-D live imaging

3-D live imaging was performed using an upright microscope (FV1000MPE; Olympus) equipped with an Olympus 25 x /NA1.05
XLPLN25XWMP objective lens and a multi-photon femtosecond laser (excitation wavelength 920 nm; Mai-Tai DeepSeeHP,
Spectra-Physics). Embryos in which cardiomyocytes were sparsely labeled were prepared. The embryos were electroporated
with pCAGGS-H2B-EGFP expression vector and incubated. Before live imaging, cell membranes were stained with 80 pl of FM4-
64FX lipophilic dye (10 ng/ul, Thermo Fisher) for 1 h. The embryos were then immersed in PBS, and 3-D heart morphology was
obtained as a Z stack of optical sectional images (80 slices with an interval of 2.5 um; each slice was 512 x 512 pixels). In later stages,
four X-Y tiles were obtained to cover the entire heart tube region. After imaging, the embryos were returned to the incubator until the
next imaging time point. Within each time interval (2 h), embryo development progressed to the next somite stage. Although this
developmental speed is slightly slower than that in normal development (1.5 h/somite), the morphology itself was normal. All images
were taken at room temperature.

Pharmaceutical treatment to inhibit cell cycle/actin polymerization/myosin phosphorylation

The role of actin polymerization, myosin phosphorylation, and cell division were assessed following: i) Cytochalasin D (Wako 037-
17561; final concentration 5 pM) or Latrunculin A (Wako 125-04363; 5 uM) treatment to inhibit actin polymerization; ii) Blebbistatin
(Sigma-Aldrich B5002-100MG; 100 pM), Y27632 (Wako 257-00513; 100 uM) or Calyculin A (Wako 038-14453; 100 nM) treatment
to alter myosin phosphorylation; or iii) aphidicolin (Wako 011-09811; 100 puM) treatment to inhibit cell cycle progression. These
reagents were dissolved in DMSO to produce a stock solution, and then diluted to the final concentration in PBS just before use.
The reagents (100 pl) were gently applied to whole chick embryos in EC culture at HH10. DMSO diluted in PBS with the respective
final concentration was used in the control experiments. Embryos were fixed at the corresponding stages and processed for
immunostaining as described above (Figure S2).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Reconstruction of tissue deformation maps

Bayesian reconstruction of tissue deformation maps of the myocardium during C-looping was performed as we previously described
(Morishita et al., 2017). In the method, 3-D and 2-D representations of the entire heart tube and landmark cells (i.e., GFP-positive cells)
are needed. In order to obtain the 3-D morphology, we first manually traced the basal surface of myocardium for each section along
different axes. By stacking the traced data, the 3-D morphology of the basal surface was reconstructed. The 3-D model of the
myocardium and 2-D coordinates on it were obtained using the spherical harmonics expansion (SHE). The positions of GFP-express-
ing cardiomyocytes before and after deformation were manually linked, and their 2-D coordinates were obtained by projecting them
onto the approximated surface by SHE. The reconstruction of deformation map was performed for three embryos, and the numbers
of labeled cells used for the reconstruction were 179, 78, and 126, respectively. Mean residual errors for the three embryos are 9.39,
6.77, and 11.0 um, respectively.

Coordinate systems in data analyses

To quantify/compare the orientations of different variables at different spatial scales such as tissue deformation anisotropy, cell
shape/rearrangement, and F-actin, we must define coordinate systems on the curved myocardial surface. Although we used
SHE-based (2-D) coordinates in the Bayesian reconstruction of the tissue deformation map for analytical convenience, another co-
ordinate system more reflecting tube morphologies (in particular, longitudinal, circumferential, and apical-basal axes) defined below
was introduced in the quantification/comparison of the orientation of each variable.

First, the anterior and posterior ends in a polygon model of heart tube were determined. Then, using the “Generate scalar harmonic
field” command in Meshlab software (Cignoni et al., 2008), a harmonic field (different from SHE) was set using those anterior and
posterior ends as boundary conditions. This scalar field yields a spatial distribution of a scalar variable similar to that seen in heat
conduction, i.e., the polygon was “heated” at the anterior end and “cooled” at the posterior ends; thus, the value of the variable
shows a gradual decrease toward the posterior end. Based on this harmonic scalar field, at each point on the heart tube, the longi-
tudinal direction was defined as the gradient direction of the scalar, and the circumferential direction as its contour direction (Fig-
ure S1D). Then, the normal (i.e., apico-basal) direction was defined so as to be perpendicular to the myocardial surface. These three
directions provide an orthogonal coordinate system for each point on the heart tube.

Quantification of cell geometry

Cardiomyocyte shape was visualized using GFP protein expressed in the cytoplasm and cell membrane by the pPCAGGS-EGFPF-2A-
EGFP plasmid. The plasmid was electroporated into the cells as described above; GFP-positive cardiomyocytes were sparsely
distributed in the heart tube. The cardiomyocytes were further immunostained by anti-GFP rat IgG2 monoclonal antibody (Nacalai
Tesque, GFO90R), and nuclei were counterstained by Pl that could be used to distinguish two adjacent cardiomyocytes. 3-D volu-
metric image data were obtained using the same microscope equipment described above. In this case, an additional laser was used
for multi-wavelength excitation (excitation wavelength 1040 nm; HighQ2 laser, Spectra-Physics), and the Z stack was taken using 1 X
1 x 1 um® voxel sizes. Each cell shape was quantified using ImageJ/Fiji software (Schindelin et al., 2012; Rueden et al. 2017;
Schneider et al., 2012). Cardiomyocyte contours were traced manually using freehand selections in each Z-slice, and 3-D binary im-
ages representing all segmented cell shapes were created. These 3-D cell shapes were quantified using “Particle Analysis 3D” in the
Morpholibd plugin (Legland et al., 2016). To calculate statistics, each cell shape was approximated as a 3-D ellipsoid calculated by
Morpholibd (Figure S3A). The cell height was defined as the length when the 3-D ellipsoid was projected onto the AB axis, and the cell
area on the longitudinal-circumferential (LC) plane was defined as the area of the 2-D ellipse in the LC cross section through the cell
centroid of the 3-D ellipsoid (Figure 3C).

Quantification of cell rearrangement

To visualize cellular movement in the heart tube, chick embryos at HH10 were prepared using the EC culture technique. The nuclei
were stained with Hoechst 33342 dye (Thermo Fisher Scientific H3570) that was diluted 500-fold in high potassium solution (140 mM
KCI and 14 mM NaCl in phosphate buffer) (Manasek and Monroe, 1972; Filas et al., 2007) to attenuate the heartbeat, because
myocardial contraction impairs precise acquisition of live imaging data. 1-2 ul of Hoechst solution were injected into the pericardial
cavity through the splanchnopleura using a pulled glass capillary. After a 30-min incubation, the embryo was moved to a glass-bot-
tom dish coated with a thin layer of EC culture medium (dorsal-side up), and then all nuclei in the heart were live imaged every
5-15 min using a two-photon microscope equipped with a stage-top incubator.

To quantify the contribution of cell rearrangement or cell shape changes to tissue deformation during morphogenesis that occurs
between HH10 and HH11, we adopted the method proposed by Blanchard et al. (2009). The tissue velocity gradient tensor (L) was
calculated from time lapse imaging data on the trajectories of cells included in the focal myocardial patch. The quantity called cell
shape strain rate tensor (Lc) that represents the change in cell shape was calculated from the information of the average cell shape
on the right/left tissue obtained from cell geometry analysis (Figure 3). Using these values and the conditions trEr =trEc and Q7 = Qg,
the strain rate tensor for cell rearrangement Lg was calculated, where ET, EC, Q1 and Q¢ are tissue strain rate tensor, symmetrical cell
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shape strain rate tensor, tissue spin, average cell spin, and the relationship L. =E. + Q. (- = T or C) holds. Note that Ly, is the same
tensor as one called intercalation strain rate tensor in the study by Blanchard et al. (2009).

Quantification of F-actin orientation

To visualize the orientation of F-actin structure in the heart tube, embryos at from HH10 to HH12 were prepared for phalloidin stain-
ing. After fixation and washing, embryos were incubated in Alexa Fluor 488 or 568 Phalloidin (Thermo Fisher A12379, A12380;
diluted 1:1,000) for 1 h at room temperature. 3-D volumetric images were taken using the same settings as described above.
F-actin structural anisotropy was quantified using Imaged/Fiji software. F-actin signals in the heart region were extracted using
masking images of the heart tube, then the small cubic region with a 60 um edge length was cropped. After de-noising by median
filter and scaling to isometric voxel size, a binary image was created using the Otsu method. The actin fiber orientation was quan-
tified by “Anisotropy” in the Boned plugin (Doube et al., 2010). This quantification was repeated in multiple heart tube regions using
simple macro scripting. After testing several image cropping sizes, we determined that 60 um was sufficient to reflect consistent
actin fiber orientations.

Mechanical simulation to calculate stress distribution on the heart tube
To calculate stress distribution on the heart tube, we modeled it as a thick-walled incompressible hyperelastic material with the strain
energy function¥defined as:

¥=c(h-3)-pWU-1),

c =100 [kPa],

where /4 is the first invariant of the right Cauchy-Green strain tensor and J = det F. The scalar p indicates the indeterminate Lagrange
multiplier. Using a finite element method, we numerically solved the mechanical balance under a small hydrostatic pressure with
boundary conditions such that the anterior and posterior ends of the heart tube were fixed.

Mechanical simulation for morphogenesis with stress-dependent active deformation

To perform morphogenetic simulations under our hypothesis, we modeled the myocardial tissue as an actively deforming hyper-
elastic material. We adopted the constitutive law that the right-sided tissue actively elongates (assuming cell rearrangement on a
cellular scale) perpendicular to the direction of maximum principal stress originating from hydrostatic pressure within the heart
tube, while the left-sided tissue elongates (mainly through changes in cell shape) parallel to the direction of stress (see the
main text). Note that the latter rule for the left-sided tissue is not essential to support our hypothesis. As a boundary condition,
we fixed part of the dorsal midline position; from a biological perspective, this corresponds to the observation that the heart
tube adheres to the dorsal mesocardium at its dorsal midline during the initial phase of C-looping. From a technical perspective,
part of the tissue must be fixed to avoid rigid body motion. We tested several conditions in which one third of the anterior, middle or
posterior of the dorsal midline was fixed. Some combinations of these regions were also fixed. All simulations returned qualitatively
similar results, suggesting that the choice of boundary condition (i.e., which part of the dorsal midline is fixed) does not have a
significant effect. The stress within the myocardium was assumed to be generated through a small hydrostatic pressure as stated
above. To describe the constitutive law mathematically, we used multiplicative decomposition of the deformation gradient F into
an active-deformation part Fy and an elastic part Fe, i.e., F = FF4 (see Kida and Morishita, 2018 for details on mathematical formu-
lation and numerical implementation). Specifically, we used the following functions for the right- and left-sided tissues,
respectively;

. 1
FU9" (6g) = Ny ® N1 + N> ® N, + 7N ®Ns,
R

Fgeﬂ)(ﬁL) = N1 ®N1 +0lN2 ®N2 +(9LN3 ®N37
L

where =1 +cgrt and 6, =1 + c. t are parameters for determining the rate of active deformation with the progression of computation
time t (arbitrary time unit). In the simulation shown in Figure 6C, cg =1.0 and ¢, =0.125 were used. We also performed simulations
using c; values of 0, 0.25, 0.5 and 1 and confirmed that the simulation results were qualitatively unchanged. N1, N, and N3 represent
the unit vector for the direction of the minimum, intermediate, and maximum principal stresses at stage HH10 (before looping),
respectively. The Moony-Rivlin type strain energy function was adopted (see Kida and Morishita, 2018).

Data processing

The orientation and morphological data quantified by ImageJ/Fiji were analyzed using “orientlib,” “circular” and “movMF” packages
in R (version 3.5.1). All data (except for data used in the reconstruction of tissue deformation maps) were described by the coordinate

Cell Reports 30, 3889-3903.e1-e5, March 17, 2020 e4

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

systems defined above (i.e., longitudinal-circumferential-AB coordinates generated by the scalar harmonic field). The orientation
data were treated as axial data in the calculation of mean angles and confidence intervals.

DATA AND CODE AVAILABILITY

Data used for the paper are publicly available from Mendeley Data at https://doi.org/10.17632/kk3gw6cx7p.1.
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Fig. S1., Additional information on the quantitative analysis of tissue dynamics,
Related to Figure 2

(A) Positional dependence of metric calculated from the spherical harmonics used for modeling the
3D morphologies at HH10 and HH11 shown in (Fig. 2C). Different ellipses with different colors show
the metric anisotropy at their positions.

(B) Evaluation of the Bayesian reconstruction of the deformation map by prediction error in cross
validation (for sample #1).

(C) Quantification of the rotation angle of each cell around the fixed axis, dorsal mesocardium (DM).
Even in this case, cells that were initially included in the right-sided tissue showed much smaller
rotation angles than those for cells in the original left-sided tissue, as shown in Fig. 2(F).

(D) The longitudinal-circumferential coordinate system on the myocardial surface defined using
“Generate scalar harmonic field” command in Meshlab software. The coordinate systems for three
different embryos at HH10 are shown.

(E) Spatial patterns of local deformation characteristics during normal development for sample #3
(from HH10 to HH10+); (left) area growth and (right) direction of deformation anisotropy.
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Fig. S2. Experiment of cell division inhibition, Related to STAR Methods

(A) Heart tube C-looping occurs even when cell division was inhibited (Aphidicolin was added at
HH10). Cell cycle progression was efficiently inhibited by aphidicolin treatment (added at HH10).
The inhibition was checked by EdU (B) and PH3 (C).
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Fig. S3. Quantification of cell size/shape in the presence of Cytochalasin D, Related
to Figures 3 and 4.

(A) Cell geometrical characteristics were quantified after ellipsoidal approximation.

(B) Quantification of cell geometry in the presence of Cytochalasin D (added at HH10). The number
of cells used for statistical analyses; 52 (R) and 43 (L) for HH11. The data of cell geometry were
collected from three embryos at each stage. Error bars represent the standard error.
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Fig. S4. Additional information on the analysis of directional cell rearrangement,
Related to Figure 4.

(A) The white squares show the locations of patches of myocardium in an embryo used for calculating
the tissue velocity gradient tensor and the strain rate tensor for cell rearrangement in Fig.4. The
positions of patches in other embryos used for data analysis were similar to those in this embryo.
Based on the reconstructed tissue deformation maps and the spatial patterns of the local deformation
characteristics, we chose the locations of patches where the left-right difference in the direction of
tissue deformation is clear as the targets of analysis for cell dynamics.

(B) Another example showing directional cell rearrangement in the right-sided tissue during normal
C-looping (from HH10 to 11) (see also sample 2 in Movie S4). Nuclei were stained by Hoechst33342.
(C) Magnified images around each region surrounded by the white broken line in Fig. S4B.
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Incompressible hyperelastic material

Strain energy function ¥:
¥ =c(l,-3)- p(J-1)
c =100 [kPa]

1: the first invariant of the right Cauchy-
Green strain tensor

J =detF

p: indeterminate Lagrange multiplier

- Small hydrostatic pressure

(3D, thick-walled) - Anterior and posterior ends were fixed

Fig. S5. Simulations for the calculation of tissue stress distribution, Related to
Figure 5.

A polygonal model for the finite element simulation (left) and assumptions in the modeling
(right). See also STAR Methods.
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