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Abstract

Formation of the muscular layer of the heart, the myocardium, involves the medial movement of 

bilateral progenitor fields; driven primarily by shortening of the endoderm during foregut 

formation. Using a combination of time-lapse imaging, microsurgical perturbations and 

computational modeling, we show that the speed of the medial-ward movement of the myocardial 

progenitors is similar, but not identical to that of the adjacent endoderm. Further, the extracellular 

matrix microenvironment separating the two germ layers also moves with the myocardium, 

indicating that collective tissue motion and not cell migration drives tubular heart assembly. 

Importantly, as myocardial cells approach the midline, they perform distinct anterior-directed 

movements relative to the endoderm. Based on the analysis of microincision experiments and 

computational models, we propose two characteristic, autonomous morphogenetic activities within 

the early myocardium: 1) an active contraction of the medial portion of the heart field and 2) 

curling - the tendency of the unconstrained myocardial tissue to form a spherical surface with a 

concave ventral side. In the intact embryo, these deformations are constrained by the endoderm 

and the adjacent mesoderm, nevertheless the corresponding mechanical stresses contribute to the 

proper positioning of myocardial primordia.
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Introduction

In amniotes, the endoderm plays an important mechanical and signaling role in early heart 

development. As cardiac precursors in the splanchnic mesoderm move from bilateral heart 

fields to the embryonic midline, they are in close contact with the endoderm and intervening 

extracellular matrix. Myocardial precursor cells become epithelialized beginning at 

Hamburger and Hamilton (1951)/HH Stages 7–8 (Linask, 1992), and the myocardial tissue 

primordia fuse anterior to the opening of the foregut – the anterior intestinal portal (AIP) at 

HH9-10. The foregut lining is formed concomitantly via shortening of the endoderm, and 

the walls of the foregut are formed from splanchnic mesoderm adjacent to the myocardium 

(Bellairs and Osmond, 2005). The physical association between the mesoderm and 

endoderm (connected by extracellular matrix), as well as the forming heart and foregut 

(connected transiently via a mesentery) indicates the need to study tissue-level mechanical 

interactions during heart and foregut formation.

In avians, several studies have suggested that myocardial progenitors actively propel the 

midline-directed movement of cardiogenic fields (DeHaan, 1963; Rosenquist and DeHaan, 

1966; Wiens 1996). Currently the most widely accepted (textbook) mechanism that attempts 

to explain these movements is the migration of myocardial cells (Gilbert, 2006). This 

migration is envisioned as taking place relative to the underlying endoderm of the forming 

foregut and the associated extracellular matrix (ECM). Furthermore, timely closure 

(regression) of the anterior intestinal portal (AIP) is critical for the midline directed 

myocardial precursor movements (reviewed in Brand, 2003), as perturbation of AIP 

regression or removal of the foregut endoderm results in cardia bifida (DeHaan, 1959; 

Rosenquist, 1970; Gannon and Bader, 1995). Varner and Taber (2012) provided additional 

evidence for a primary role of endoderm shortening (contraction) in driving convergence of 

the heart fields to the midline, and co-movement of labeled endodermal and myocardial 

tissue was demonstrated. In this study, we sought to determine if shortening of the endoderm 

was sufficient to form a tubular heart, or whether myocardial progenitors actively 

participated in driving the fusion of myocardial progenitor fields at the midline.

We demonstrate that in avians, myocardial precursors do not migrate substantially relative to 

their ECM microenvironment as has been suggested. Instead, in agreement with the results 

of Varner and Taber (2012), endodermal shortening during foregut morphogenesis 

predominantly drives the medial-ward displacement of the myocardial cells to the midline. 

However, here we show that in addition to the role of the endoderm - as the myocardial 

progenitor fields are moving towards the midline - they autonomously exert mechanical 

stresses within the tissue. These forces give rise to at least two distinct active autonomous 

deformations and propel the anterior displacement of the myocardium relative to the 

endoderm. Thus, our imaging and microincision studies as well as our computational models 

indicate that both endodermal contraction and autonomous myocardial deformations 

contribute to heart tube assembly.
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Materials and Methods

Quail embryo preparation

Fertile wild type quail (Coturnix coturnix japonica) eggs (Ozark Egg Co., Stover, MO) were 

incubated for varying periods of time (from 20 to 36 hours) at 37°C to reach stages HH6 to 

HH11 (Hamburger and Hamilton, 1951). Embryos were then isolated and cultured as in Cui 

et al., 2009 (modified early chick “EC” culture; Chapman et al., 2001).

Plasmid generation and transfection for myocardial progenitor labeling

Genomic DNA was prepared from three HH12 chick embryos using Tri Reagent (Sigma) 

according to the manufacturer’s instructions. Primer sequences 5′-

AAAAAATTAATCAAGGCTATGACTGCTGGAGTG-3′ and 5′-

AAAAAGCTAGCCAGAGGTGCTGGTGGTGCTG-3′ were used to PCR amplify the 

region between −931 and +56 of the Cardiac Myosin Light Chain 2 (CMLC2/my17) gene. 

To generate pCMLC2::EGFP plasmid, the CMLC2 promoter was subcloned into the 

pEGFP-C1 vector (Clontech) between AseI and NheI restriction sites in place of the CMV 

promoter. To generate pCMLC2::MitoRFP, the CMLC2 promoter was similarly subcloned 

into the pEGFP-N1 vector (Clontech) between AseI and NheI sites. Next, the EGFP ORF 

was replaced by a cassette consisting of a mitochondrial localization signal fused to RFP 

(MitoRFP) using XhoI and NheI restriction sites. The MitoRFP cassette was derived from 

pCoxIV-RFP (a generous gift from Dr. Rusty Lansford, University of Southern California 

and Children’s Hospital Los Angeles, CA).

In vivo fluorescent labeling approaches

Monoclonal antibodies directed against fibrillin-2 (JB3) and fibronectin (B3D6) ECM 

proteins (Rongish et al., 1998, Czirok et al., 2006, Aleksandrova et al., 2012; DSHB, Iowa 

City, IA) or a quail endothelial cell surface marker (QH1; Pardanaud et al., 1987; DSHB) 

were directly conjugated to AlexaFluor 488, 555 or 647 (Molecular Probes) according to the 

manufacturer’s instructions. The direct conjugates were injected into the lateral plate 

mesoderm in 5–40 nl boluses using a PLI-100 (Harvard Instruments) microinjector as 

described in Little and Drake, 2000. Microinjections were performed 30–60 minutes prior to 

the beginning of the image acquisition to allow for antibody diffusion and antigen binding. 

We found that short exposure of the ventral side of the embryo to the MitoTracker Green 

dye solution, a dye retained in mitochondria, causes its retention only in the endoderm, if 

endodermal integrity was not compromised during treatment. The in vivo endoderm-labeling 

MitoTracker® Green FM dye (Invitrogen) was diluted in DMSO to 1 mM concentration 

according to the manufacturer’s recommendations. The obtained stock solution was further 

dissolved to 500 nM in PBS. HH8 stage embryos, placed on paper rings as described above, 

were submerged into the resultant solution with their ventral side down, and placed into a 

humidified incubator at 37°C for 30 min. Following three 5 min washes with PBS at room 

temperature, the quality of labeling and the integrity of the endoderm in each embryo was 

assessed under a Leica DM6000 epifluorescence microscope.
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Post-fixation immunofluorescence labeling

Embryos were fixed and prepared for immunolabeling according to Little and Drake, 2000. 

Monoclonal antibodies against avian epitopes (JB3, B3D6, QH1; DSHB, Iowa City, IA), 

directly conjugated to AlexaFluor 488, 555 or 647 (Molecular Probes, Eugene, OR), were 

added at 1:1000 dilutions; rabbit polyclonal anti-GFP antibody, conjugated to AlexaFluor 

488 – at 1:400, and mouse monoclonal antibody MF20 (DSHB, Iowa City, IA) – at 1:10 

dilution in 3% BSA for overnight incubation. Goat anti-mouse secondary antibodies, 

conjugated to AlexaFluor 488, 555 or 647, were used to follow the MF20 staining at 1:10 

dilution in 3% BSA. Nuclei were counterstained with 4′, 6-diamidino-2-phenylindole 

(DAPI) at 500 nM in PBS.

Preparation of transverse plastic sections

Embryos were dehydrated through a graded ethanol series, placed in JB4 infiltration 

medium (Electron Microscopy Sciences, Hatfield, PA) at 4°C overnight, and embedded in 

JB4 resin following the manufacturer’s protocol. Subsequently, 10 μm sections were 

prepared.

Wide-field time-lapse imaging

Automated microscopy of immunolabeled quail embryos was performed as described 

elsewhere (Czirok et al., 2002; Zamir et al., 2008). To enhance contrast, selected 

epifluorescence image stacks were deconvolved (Autoquant X, MediaCybernetics). Manual 

tracing of image details was performed using custom software (see, e.g., Czirok et al., 2004). 

Embryos stained with MitoTracker Green (as described above) were subsequently recorded 

in time lapse for 4–5 hours with 10–12 min intervals between frames. Fading of 

MitoTracker Green fluorescent signal prevented further imaging. Motion analysis of 

recorded image sequences were performed as described below and in Aleksandrova et al., 

2012.

Confocal Imaging

Confocal imaging of whole-mount embryo specimens was performed using a Nikon 90i 

upright microscope with a Nikon C1 confocal scan head and Nikon Plan Apochromat 10x 

and 20x objectives.

Microincisions

50 – 800 μm incisions through the endoderm and adjacent splanchnic mesoderm of HH8 

stage embryos were performed under a Leica stereomicroscope using tungsten needles. 

Embryos were then incubated at 37°C on a microscope stage (Czirok et al., 2002; Zamir, et 

al., 2008) for 0.5 – 1.5 h prior to initiation of time-lapse image acquisition.

Particle Image Velocimetry (PIV)

We used the two-step algorithm of Zamir et al. (2005); implemented in MatLab 

(Mathworks, Inc.) and as described in Aleksandrova et al., 2012. Briefly, images were 

divided into overlapping tiles, each 75 μm wide. The displacements of the tiles were 

determined by cross-correlation analysis; for each tile we searched the next image for the 
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location that exhibited the most similar intensity pattern. The resulting displacement vectors 

were then interpolated and denoised by a thin-plate spline fit, yielding our coarse 

displacement map. This map was used to construct a second, higher resolution one. The 

cross-correlation procedure was repeated with tiles that were only 30 μm wide. To reduce 

ambiguities associated with smaller tiles (patterns within smaller tiles are less unique), the 

subsequent image was scanned only in the vicinity of positions predicted by the coarse map. 

In this study we did not apply a final smoothing (spline fitting) step, but kept the results of 

the second cross-correlation analysis.

Details on ECM tracking can be found in Czirok et. al., 2004 (Figure 3) and Aleksandrova et 

al., 2012 (methods and Supplemental Figure 1). Within the whole embryo, the ECM labeling 

was highly non-uniform, as some areas were exposed to more antibody than others. To 

account for the individual variability in ECM antibody staining, we analyzed 4–9 specimens 

for each developmental stage. Image tiles corresponding to areas where the 

immunofluorescence was weak were very noisy; hence the cross correlation analysis was 

more error-prone. To reflect this, for each PIV-derived displacement vector we assigned a 

weight, the local standard deviation of fluorescence intensity. Thus, displacement vectors 

characterizing a detail-rich region carry more weight in the subsequent analyses than those 

obtained in a weakly-labeled area. The PIV analysis comparing displacements of the 

endoderm and myocardial progenitors has been performed by identical methods. However, 

the images of the MitoTracker-mediated labeled endoderm were not suitable for 

deconvolution. Hence, we projected the maximal image intensities of the ‘z-stack’ into a 

single image for each frame, and used the resulting ‘z-projected’ image for PIV analysis. 

Thus, instead of performing the PIV analysis on each collected z-plane, it was performed 

only on a single collapsed image. To compare endoderm and myocardial movements, both 

optical channels were analyzed the same way.

Motion analysis

To characterize ECM and cell rearrangements at various stages of heart development, pairs 

of deconvolved image stacks were selected. The images within the pairs were acquired on 

the average of 20 minutes apart. Each pair was analyzed through the following procedure. 

The corresponding optical sections and fluorescence channels were compared by PIV 

analysis as described above. Velocities (displacements normalized by the time lag between 

the images) were presented in a reference system co-moving with the somites. Thus, we use 

the term “velocity” to describe a vector value characterizing both the rate and direction of 

the displacements of selected objects. The term “speed” is used to describe the magnitude of 

the velocity vector. Observed velocity vectors represent total movement in a frame of 

reference where somites or the paraxial mesoderm is stationary. Active cell velocities were 

calculated as the local vectorial difference between the cell- and ECM-derived velocity 

vectors as described in Aleksandrova et al. (2012), and thus are indicative of relative 

movement. The “reliability” weight assigned to the vectorial difference is the lesser of the 

two weights assigned to the source vectors.

For statistical comparison of cell motion between embryos, three areas were selected around 

the anterior intestinal portal (AIP): one at the anterior aspect and one at each side. Velocity 
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vectors from different embryos, but within the same location, were pooled. Data obtained 

from different embryos were considered statistically independent.

Quantitative measure of autonomous myocardial activity following tissue perturbation

To assess the movements of myocardial cells in embryos with bilateral microincisions, 

CMLC2::GFP or CMLC2::MitoRFP-expressing cells were tracked manually at the incision 

boundary. The achieved transfection efficiency, which we estimate at 10% of the total 

myocardial cell population, allows individual cells to be followed through space and time. 

Reproducible myocardial progenitor speeds were obtained despite labeling different 

myocardial cell populations in each embryo. To determine the local ECM movement, or that 

of the wound/incision edge, we implemented the following procedure: i) the center of mass 

of the tracked cells was calculated at both sides of the embryo. Since the tracked cells are in 

close proximity, the center of mass gives a convenient approximate location of the 

myocardial cells. ii) Centered around the position of the center of mass, a PIV cross-

correlation calculation was performed on the ECM images, yielding the typical ECM 

displacements at those areas. As the most prominent feature on these images is the wound 

edge, the PIV analysis essentially returns the movement of the incision boundary. iii) 

Knowing the positions of the myocardial cells as well as the incision boundary, their relative 

speed, v, was calculated for each frame. iv) The autonomous myocardial activity was 

characterized as the magnitude of v, averaged over 10 frames following experimental 

microincision perturbations.

Computational modeling

Utilizing a recent particle-beam tissue model (Czirok and Isai, 2014) we have developed a 

model of heart development that reflects interactions between 2 germ layers. In the model, 

mechanical connectivity of the cells is explicitly represented as elastic beams connecting 

adjacent particles. The beams can be compressed and stretched, bent and twisted. Tissue 

movements, as driven by cell activities, are modeled using the following steps. First, an 

initial configuration is defined, which is in mechanical equilibrium. Second, cell activities 

are represented as changes in the neutral link lengths or orientation – parameters that 

characterize the link in a mechanical equilibrium. This approach is similar to prescribing 

growth laws in finite element models (Varner et al., 2010), but we prescribe the new 

equilibrium configuration on the cellular (particle) scale instead of the tissue scale. Finally, 

the new equilibrium configuration of the system is established using a 4th order Runge 

Kutta relaxation algorithm (Press et al., 1992). Since here we model only small 

deformations, we did not address changes in cell adjacency. Detailed model equations are 

provided as Supplemental Material.

Results

Myocardial progenitors move medially with their associated fibronectin-containing ECM to 
the anterior embryonic midline

To compare the movements of myocardial cells with their ECM environment, we visualized 

the fibronectin ECM in the myocardial fields in CMLC2::GFP or CMLC2::mitoRFP-

transfected quail embryos at HH7-8 (n=21), and then recorded embryonic development until 
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HH11-12 (Fig. 1, Supplemental Fig. 1, Movie 1). The population of myocardial cells 

transfected using this approach is estimated to be 10% of the total myocardial cell 

population, which allows the tracing of individual cells. Myocardial progenitor and 

fibronectin movements were compared in the same embryo using vector maps obtained by 

particle image velocimetry/PIV (Zamir et al., 2005; Aleksandrova et al., 2012). Movements 

are characterized both as observed (movement of myocardial progenitors and their local 

fibronectin ECM relative to the somites or paraxial mesoderm) and as active (relative 

movements between cells and the local ECM, calculated as the local vectorial difference 

between the velocity vectors of cell and ECM motion).

Myocardial and ECM movements are similar in the vicinity of the AIP (Fig. 1A). To 

quantify the degree of co-movement, the typical magnitude of the myocardial and ECM 

movement vectors as well as of their difference was averaged at three locations close to the 

AIP in n=21 embryos. The observed movements of both the myocardium and ECM slow 

down from 60 μm/h to 30 μm/h as development progresses. While similar, ECM and 

myocardial movements are not identical; the magnitude of the vectorial difference between 

myocardial and ECM displacements (the measure of active movements) remains at 20 μm/h 

during the entire period. The distinct active myocardial cell movements exhibit 

predominantly anterior directionality (asterisks in Fig. 1A).

A similar relationship between observed and active cell movements, and ECM movements 

was previously characterized for the endocardial progenitor population (Aleksandrova et al., 

2012). The calculated 20 μm/h autonomous speeds of myocardial progenitors are in the 

same range as those reported for endocardial cells in Aleksandrova et al., 2012, or 

endothelial cells moving in culture (10 μm/h: Szabo et al., 2010; 50 μm/h: Kouvroukoglou et 

al., 2000). Thus, cell repositioning (relative to its immediate environment) can be 

comparable to the size of the cell in approximately one hour. In comparison, the total 

distance myocardial progenitors moved (with their tissue environment) from their initial 

lateral location is around 1 mm.

Myocardial progenitors contract at the medial aspects of the heart field

To investigate the behavior of individual myocardial progenitors, we subjected three 

CMLC2::GFP-transfected HH8 embryos to 1 frame/minute time-lapse imaging. Cells 

situated along the medial aspects of the bilateral heart fields undergo pronounced 

contraction along the edge of the AIP, becoming progressively more columnar, with their 

long axis perpendicular to the AIP arch (See cells marked by arrowheads in Fig. 2Aa-Ac, 

and Movie 2). In contrast, more laterally-positioned myocardial cells maintain their 

cuboidal/isotropic shapes. Note that contraction of individual cells appears to result in 

tissue-level contraction in the medial aspect of the heart field (See decrease in the anterior-

posterior extent of the medial portion of the heart field in Fig. 2B at 0.0h compared to 2.2h). 

Simultaneously, the anterior heart fields turn ventrally (Fig. 2Aa-Ac), resulting in an 

inversion of the myocardium (Abu-Issa and Kirby, 2008).
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Myocardial tissue moves anteriorly relative to the endoderm

To compare the relative motion of the endoderm versus myocardial tissue, embryos were 

transfected with CMLC2::mitoRFP and their endoderm labeled with MitoTracker Green 

(n=11). This vital stain allows the observation of individual cells within the endoderm for up 

to 5 hours (Fig. 3A–A′). PIV analysis performed on sequential image pairs taken 15–24 

minutes apart yields vector maps characterizing the co-movement of myocardial (red) and 

endodermal (green) tissues (Fig. 3B, Movie 3). In HH8-9 embryos, the overall movement of 

both tissues is directed towards the midline. However, the motion of the presumptive 

myocardial tissue relative to the endoderm has a pronounced anterior directionality (cyan 

vectors in Fig. 3B). Displacement speeds, calculated for both the myocardium and endoderm 

(Fig. 3C), demonstrate a greater degree of difference (i.e. exhibit greater relative motion) 

than the difference between the myocardial tissue and its ECM microenvironment (Fig. 1B).

Mechanical perturbations abrogate endoderm shortening and reveal autonomous 
myocardial movements

In order to identify the tissue-autonomous behavior of myocardial fields, we utilized 

microincisions (Fig. 4A–E) to alter the tissue mechanics of the myocardial and adjacent 

tissues. Incisions transecting the endoderm and underlying splanchnic mesoderm were 

conducted at HH8 (Fig. 4A). Prior to the microsurgeries, myocardial progenitors and 

fibronectin-ECM were labeled in each embryo.

Perturbations to the ventral midline endoderm induce separation of cardiac progenitor fields, 

termed cardia bifida (DeHaan, 1959; Glanzer and Peaslee, 1970; Rosenquist, 1970; Satin et 

al., 1988). This perturbation also slows foregut elongation, i.e., movement of the endoderm 

(Movie 4). Yet, despite the failure of the myocardial fields to converge, the bifid myocardial 

tissue continues to exhibit: 1) ventral cell repositioning and 2) cell contraction along the 

medial edge of the progenitor fields coupled with a columnar cell-shape change (Fig. 4B).

When 500–600 μm-long incisions, parallel to the anterior-posterior axis, were targeted either 

lateral (Fig. 4C, Movie 5) or medial (not shown) to the heart field, the perturbation had little 

or no effect on heart or AIP morphogenesis. In contrast, incisions within the myocardial 

field result in striking deformations (Fig. 4D, 4Da, Movie 6). The unconstrained wound 

edges of the myocardial tissue bend ventrally and medially yielding a “cylindrical” surface. 

Furthermore, myocardial tissue posterior to the incision advances in the anterior direction, 

past the wound edge. The morphology, and the processes within the perturbed myocardial 

tissue, is depicted in schematic form in Fig. 5a.

Pronounced myocardial changes were also observable when 200–300 μm-long incisions 

were placed perpendicular to the anterior-posterior axis (white bracket, Fig. 4A). In 

perturbed embryos the myocardial tissue continues to move anteriorly. Specifically, it 

advances past the incision site and curls over the ventral surface of the endoderm yielding a 

spherical surface (Figure 4E, 4Ea, Fig. 5b and Movies 7–8). Figures 4Eb and 4Ec illustrate 

the cross-sectional anatomy of the perturbed embryo shown in Fig. 4E. The two physical 

sections were obtained caudal to the posterior wound edge and at the level of the incision 

site, respectively. These sections illustrate the cup-shaped myocardial structures that form by 
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progressive ventral curling. Thus in the absence of contact with, or constraints due to the 

endoderm and the adjacent mesoderm, the myocardial tissue exhibits substantial 

autonomous deformations. We suggest that in the normal (constrained) condition, the 

identified autonomous tissue stresses (bending moments - a measure of spatially distributed 

internal forces associated with an imposed curvature on a structural element) contribute to 

tissue movements necessary for proper heart tube formation.

Computational modeling of myocardial and endodermal tissue behavior

Based on in vivo observations and experimental perturbations, we constructed a 3D tissue 

mechanics model utilizing a recent modeling framework (Czirok and Isai, 2014). This model 

represents the myocardial tissue, the adjacent splanchnic (ventral) and somatic (dorsal) 

mesodermal layers surrounding the coelom, and the endodermal layer comprising the 

foregut floor and lining the AIP (see Supplemental text and Supplemental Fig. 2). 

Intercellular mechanical connections are assumed within and between the germ layers. The 

left and right myocardial fields are kept distinct at the midline - linked only through their 

association with the subjacent endoderm. In this configuration, the tissue is at rest in the 

absence of cellular activities.

We consider three distinct cellular activities within the model: 1. Contraction of the medial 

aspect of the myocardial sheet - simulated by a 25% shortening of the interparticle bonds 

(green links in Suppl. Fig. 2C′). 2. A uniform and isotropic bending moment within a flat 

myocardium. In the absence of additional constraints, this distribution of cell-generated 

mechanical forces deforms the tissue to assume a ventrally concave spherical surface in 

mechanical equilibrium. 3. The endoderm moves medio-caudally to regress the AIP. We do 

not attempt to model the driving forces of the latter process. Instead, we prescribe a 

centripetally-directed displacement field along the AIP and at the ventral endodermal 

surface, which corresponds to our time-lapse data (Fig. 3).

After imposing a combination of the above activities, by computer simulations we determine 

the new configuration in which the surrounding tissue accommodates these cellular activities 

and the whole system reaches a new mechanical equilibrium (Fig. 6). The simulations 

suggest that medio-caudal endodermal motion alone does not result in myocardial tissue-

specific displacements. This lack of movement is reflected in an AIP with abnormally 

straight edges (Fig. 6A). Addition of myocardial contraction (Fig. 6B) pulls the myocardial 

sheet towards two, laterally-localized (instead of the normal medially-localized) contraction 

centers (asterisks), one on each side. As a result of these modeling conditions, the shape of 

the AIP resembles a triangle, instead of the characteristic arch-like shape observed in vivo. 

Endodermal motion with the presence of myocardial bending moments (Fig. 6C) moves the 

myocardial layer anteriorly and laterally (instead of medially), but creates a more normally 

shaped AIP. Finally, the addition of both myocardial tissue contraction and bending 

moments (Fig. 6D) moves the myocardial sheet anterio-medially. The centers of myocardial 

tissue contraction are also moved towards the midline. As a further relevant model outcome, 

the myocardial tissue and the surrounding endoderm (not shown) protrude into the coelom, 

thus forming a dorsal bulge (Fig. 6Df, 6Dg), as is observed in vivo. Finally, the shape of the 

AIP in embryos is assessed by establishing curvature radii at the lateral aspects of the AIP 
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and these data are compared to the shape of the AIP obtained in the model. At the stage 

selected for modeling (“endocardial stage” 4 from Aleksandrova et al., 2012), we found that 

in normal embryos, the curvature radii are approximately equal to (100%) the lateral width 

of the AIP; i.e. the AIP has a substantial curvature at this stage. The model recapitulates this 

shape when all three driving mechanisms are considered.

These simulations demonstrate that due to the mechanical constraints imposed by adjacent 

tissues (endoderm and non cardiac mesoderm), simple myocardial cellular activities can 

produce tissue deformations that are markedly distinct from the prescribed behavior, and 

show a great degree of similarity with the empirically observed tissue movements in vivo. In 

particular, at the anterior AIP, the myocardial tissue dislocates anteriorly relative to the more 

ventral endoderm layer (Compare Fig. 3 to Fig. 6De). Furthermore, by moving the ventral 

(splanchnic) mesodermal layer medially, this myocardial activity can contribute to the 

regression of the AIP, by providing additional compression along the anterior intestinal 

portal.

Our model can also reproduce the myocardial tissue movements observed after mechanical 

perturbations when the initial condition of the simulation is a configuration where the links 

crossing the embryonic midline at the anterior-most aspect of the AIP were removed (Fig. 

7). The simulated “wound” opens, and the lateral movement of the myocardial tissue (Supp. 

Fig 3E) is consistent with the presence of two contractile centers (bifid heart), one on each 

side (as in Fig. 4Bd). Similarly, a mediolateral “incision” in the myocardial tissue and the 

surrounding mesoderm yields a ventrally curled myocardial structure (Fig. 7), in accord with 

experimental observations (Fig. 4E). Thus, our computational model demonstrates that the 

proposed autonomous myocardial tissue activities, contraction and curling, are feasible 

mechanisms to drive early cardiac morphogenesis.

Discussion

Myocardial progenitors and their local ECM move together as a tissue composite to the 
midline

Despite the prevalent literature postulating that cardiac progenitor movements to the midline 

occur relative to the ECM and/or the endoderm (classically defined as migration), we find 

that such movements are limited in scope, and are secondary to larger-scale tissue 

deformation events. Our in vivo fibronectin immunolocalization strategy labels both 

myocardial- and endodermal-associated ECM fractions (Supp. Fig 1). Hence, we can detect 

movement relative to both the endodermal- and myocardial-associated fibronectin. As 

shown in a number of recent studies by our group (Zamir et al., 2006; 2008; Aleksandrova et 

al., 2012), in avian embryos and by others (Sepich et al., 2005) in zebrafish embryos, cell 

populations at various stages of development can be moved passively with the surrounding 

tissue environment. Additionally, cells may move relative to their ECM micro-environment, 

which we refer to as “active” movement. In this study, we demonstrate that most of the 

midline-directed myocardial movement is shared with the surrounding fibronectin ECM 

(Fig. 1A). Hence, the observed medial movement of myocardial progenitors clearly cannot 

be interpreted as a migration process relative to their local ECM environment.
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Wiens (1996) proposed that myocardial movement is driven by the contractile activity of the 

anterior-most cells within a cohesive epithelial sheet. These cells were suggested to interact 

with an anterior “patch” of fibronectin, activate their contractile mechanisms, and pull the 

posterior portion of the myocardial fields forward. As seen in Suppl. Fig. 1Aa, fibronectin is 

associated with both the presumptive myocardium and endoderm at both the anterior and 

posterior aspects of the heart fields, without the obvious presence of a mediolateral or 

anterio-posterior gradient.

Studies in which microincisions block foregut elongation also suggest that enhanced 

myocardial cell migration does not compensate for perturbed endodermal contraction; since 

in these experiments we do not observe a compensatory medial movement of the myocardial 

primordia.

Tissue mechanics underlying the microincision experiments

In microincision experiments, the endoderm adjacent to the wound does not exhibit 

substantial morphological changes. Thus, the myocardium likely responds to the incisions 

autonomously, without mechanical input from the adjacent endoderm. We therefore propose 

that the observed deformations are a cumulative result of forces acting within, and specific 

to the myocardial sheet. While long term effects of microincisions are more problematic to 

interpret than short term recoil over a time course of minutes, our experiments have 

reasonable controls: similar microincisions made at slightly different positions or at a 

different angle relative to the anterior-posterior axis. Most importantly, incisions placed 

through the endoderm and mesoderm in the regions outside of the heart fields – although 

eliciting a wound healing response – do not result in tissue curling or any other behaviors 

that we describe for incised myocardial primordia. The experimental incisions (red contour 

lines in Figs. 5a and 5b) introduce unconstrained (free) myocardial boundaries, which curl 

further ventrally (cyan arrows) in the absence of mechanical constraints.

Endodermal cell activities generate tissue movements necessary for early heart 
morphogenesis

The directionality and magnitude of the convective tissue movements studied in this work 

indicate endodermal contraction plays a primary role in drawing the heart fields toward the 

midline. In our experiments, as well as work reported previously (DeHaan, 1959; 

Rosenquist, 1970), when AIP regression is perturbed, myocardial field translocation to the 

midline fails. More recently, Varner and Taber (2012) implicated the endoderm, and not the 

myocardium, as the primary source of a midline-directed contractile force in chicken 

embryos. Their work proposes that a cytoskeletal contraction-driven shortening of the 

endoderm around the AIP actively pulls the heart primordia (splanchnic mesoderm) to the 

midline. While our work agrees with this important role for the endoderm in bringing the 

myocardial fields to the midline, our results also indicate that the endoderm motion alone is 

not sufficient for proper midline positioning of the myocardial primordia.

Autonomous behavior of the myocardial fields contributes to proper heart morphogenesis

Our data suggest a complementary, autonomous role for the myocardial primordia in heart 

tube morphogenesis not previously observed. We propose two myocardial tissue-specific 
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cellular activities that contribute to early heart formation: 1) contraction of cells within the 

medial aspect of the heart field (magenta arrows in Fig. 5) and 2) exertion of bending 

moments within the myocardium that can give rise to a uniform ventral curling of the tissue 

in the absence of further constraints (Fig. 5c).

Contraction of the medial myocardial tissue boundary is visible at the cellular level: cells 

become progressively more columnar with their long axis perpendicular to the direction of 

tissue contraction (Fig. 2B). This observation is in accord with that of Auman et al. 2007, 

who demonstrated that regionally-confined cardiomyocyte cell shape changes underlie the 

emergence of ventricular chamber curvatures in the developing zebrafish heart. Likewise, in 

chicken embryos, Manasek et al. 1972 proposed regional changes in myocardial cell shape 

and alignment as a potential mechanism for cardiac looping.

The autonomous curling activity of the myocardium is readily apparent in the mechanical 

incision experiments, in which the free edge of the myocardial tissue bends/curls ventrally 

irrespective of the direction of the wound. Due to the constraints of adjacent (endodermal 

and mesodermal) tissues, in unperturbed embryos the myocardium does not assume a 

spherical shape. In particular, mechanical constraints at the long myocardial-mesodermal 

tissue boundary restrict the curvature along the A–P axis, while curvature still develops 

along a mediolateral axis - giving rise to a fold in the myocardium that protrudes dorsally 

(Supplemental Fig. 4B). We expect the exerted mechanical forces (bending moment) to 

contribute to the positioning of the heart fields and drive the observed anterior-directed 

movements of the myocardium relative to the endoderm (Fig. 3). Thus, in our proposed 

model, active contraction of the medial myocardial sheet is superimposed upon a more 

broadly-acting medio-caudal tissue movement that is driven by the regression of the AIP 

(Fig. 5c).

While our model cannot exclude alternative explanations, it demonstrates that our proposed 

mechanism is feasible, and - within the limits of our model - the three features considered 

(endoderm movement, myocardial contraction and bending) are both sufficient and 

necessary. Here we only explored the model in the elastic regime; future work will test how 

the proposed driving forces may contribute to sustained long-term elasto-plastic tissue flows 

generating a tubular heart from the lateral heart field.

Applicability of the mechanisms proposed in avians to zebrafish heart development

In contrast to the endoderm folding-based foregut morphogenesis of avians and mammals, in 

zebrafish the gut develops from a rod of cells that forms as a result of midline-directed 

movements of bilateral endoderm progenitor populations. These movements resemble those 

of the cardiac progenitors (Sakaguchi et al., 2006; Arrington and Yost, 2009), However, in 

natter/fibronectin mutants (Trinh and Stainier, 2004) cardia bifida is observed, yet foregut 

morphogenesis is not affected, suggesting that endodermal and cardiac progenitors may rely 

on distinct mechanisms for arrival at the midline. Likewise, Ye and Lin (2013) showed that 

endodermal S1pr2/Galpha13 signaling, working through a RhoGEF-dependent pathway, 

drives the convergence of the endoderm to the midline, but not the convergence of the 

mesoderm.
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Conclusions

In conclusion, we have shown that the myocardial tissue is displaced to the embryonic 

midline via tissue motion (myocardial cells and their surrounding ECM moving together). 

These medial movements are driven primarily by endodermal contraction around the 

anterior intestinal portal. However, autonomous myocardial tissue deformations (contraction 

and curling) result in an anterior directed movement of the myocardial primordia relative to 

the endoderm. Our in vivo dynamic imaging and computational results are confirmed by our 

modeling approach and computer simulations. Thus, we conclude that the endoderm and 

myocardium join forces to drive early heart tube assembly. Collectively this results in the 

precise positioning of the myocardial primordia during tubular heart morphogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of myocardial progenitor movements relative to the fibronectin ECM
A – representative epifluorescence images of embryos included in the PIV analysis at HH8 

and HH10 (left panels, red: ECM immunolabeling, green: CMLC2::GFP labeled myocardial 

cells), with corresponding vector maps of observed myocardial (green) and ECM (red) 

velocities (middle panels) in a frame of reference anchored to the somites. The differences 

between the local myocardial and ECM movements, our measure of active myocardial cell 

movements (see inset), are plotted with blue vectors (right panels). While the overall 

(observed) motion of both the ECM and myocardium is medial and posterior, the active 

myocardial movement is mostly anteriorly-directed (asterisks). Red – B3D6 mAb-labeled 

fibronectin ECM, green – pCMLC2::GFP-transfected myocardial cells. Scale bars and white 

squares – 100 μm. The vectors represent speeds as extrapolated displacements during one 

hour. Dots indicate an absence of detectable movement, i.e., velocities smaller than 10 μm/

hour. AIP – anterior intestinal portal

B – mean speeds of observed (green) and active (blue) myocardial progenitor movements, 

compared to the observed ECM (red) displacement speeds at progressive stages of heart tube 

assembly. Error bars represent SEM, the difference between ECM components (grey) is our 

estimate of the magnitude of the systematic error in our analysis.
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Figure 2. Characteristic cell-shape changes in the medial aspect of the myocardial field
A – DIC (top panels) and epifluorescence (GFP; bottom panels Aa-Ac) images of the right 

embryonic myocardial progenitor field in a pCMLC2::GFP-transfected embryo. Individual 

planes within the z-stack were color-coded to reflect the position of objects along the dorso-

ventral embryonic axis as illustrated by the spectrum bar. Arrowheads mark two groupings 

of cells that manifest similar cell shape changes (See inset box, epifluorescence image Ac). 

In both cases, the labeled cells appear thinner (compressed), and elongate in the direction 

perpendicular to the anatomical margin of the AIP (shown in DIC images and depicted as 

segmented lines in B). Scale bar: 100 μm. B – outlines of the cells within the region 

demarcated by brackets in Aa. Segmented lines mark the AIP border. Elapsed time is shown 

in the top left corner of each image.
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Figure 3. Analysis of myocardial progenitor movements relative to the endoderm
A, A′ – HH8 embryo with the endoderm labeled with MitoTracker Green dye. Scale bars: 

A-100 μm, A′ − 40 μm; B – Localization of the myocardial CMLC2 and endodermal 

MitoTracker signals, and the corresponding vector field comparing the movements of the 

two tissue layers. Red and green vectors indicate myocardial and endodermal displacements, 

respectively. Blue vectors show myocardial movements relative to the local endoderm 

movement. Scale bar: 100 μm. C – observed myocardial, observed endodermal, and active 

myocardial (relative to the endoderm) displacement speeds, measured for the region outlined 

in B.
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Figure 4. Typical phenotypes induced by localized incisions through the endoderm and 
splanchnic mesoderm of HH8 embryos
A – location of incisions (labeled B–E) that result in phenotypes shown in panels B–E. 

Myocardial fields are schematically represented by red shading. B, C, D, E: Time-lapse 

image sequences of perturbed myocardial development. Red – B3D6 mAb-labeled 

fibronectin ECM, green – CMLC2::GFP or CMLC2::mitoRFP-expressing myocardial cells. 

Contour lines delineate the wound edges at the onset of recording, 0.5–1.5 hours post-

incision. Time elapsed during recording is indicated on image panels. Scale bars: 100 μm 

unless otherwise indicated. Bd, Ca, Da: Myocardium visualized at the recording conclusion 

by post-fixation MF20 antibody labeling (green) and confocal imaging. B – An incision 
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through the endoderm at the ventral midline leads to the failure of midline fusion and 

formation of two lateral “hearts” (cardia bifida). Ba-Bc – Images of the left myocardial field 

of a CMLC2::GFP-transfected embryo that underwent an incision through the endoderm at 

the ventral midline. Color-code indicates dorso-ventral position of the labeled cells. Contour 

lines illustrate the position of the AIP edge. The same cell groups are indicated by an arrow 

and an arrowhead. Note the elongated shapes of CMLC2::GFP-expressing cells in Bc, a 

contraction comparable to Fig. 2. Myocardial cells become increasingly ventral, as indicated 

by the change in color from blue/green to yellow/red. C – Bilateral incisions through the 

endoderm and the underlying splanchnic mesoderm lateral to the myocardial fields have 

minor effects on heart development and are compatible with myocardial fusion. D – 

Bilateral, longitudinal incisions through the myocardial fields and endoderm. The region 

marked by the white rectangle on the left panel is shown in detail in the adjacent panels. E – 

Bilateral, medio-lateral incisions, perpendicular to the AIP arch, through the endoderm and 

underlying myocardium and splanchnic mesoderm. Embryos shown are representative 

examples. The number of embryos that underwent the various types of surgical perturbations 

are as follows: n=15 (Fig. 4B), n=6 (Figs. 4C and 4D) and n=34 (Fig. 4E). Ea: Cellular 

resolution image sequence depicting CMLC2::GFP-expressing myocardial tissue curling 

ventrally at the wound edge, within the area marked by a white rectangle in panel E. The 

color code represents dorsal-ventral position. Eb and Ec are images of transverse sections 

taken post-fixation at the lines indicated in panel E. Note that the myocardium forms 

pronounced cup-like structures posterior to the incision site (Eb), whereas the endoderm 

remains relatively planar. At the incision site (Ec), deformed (“curled”) myocardium is 

found ventral to the endoderm. En – endoderm, mc – myocardium, nc – notochord, nt – 

neural tube, s – somite; D – dorsal, V - ventral, L – left, R – right. Scale bars in Eb and Ec: 

50 μm.
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Figure 5. Schematic representations of tissue movements in a ventral view
5a – longitudinally incised myocardial field, as shown in Fig. 4D (embryonic left side; 

boxed area). The differentiating myocardium (dark green), contiguous with the surrounding 

non-cardiac mesoderm (light green), is undergoing contraction along its medial edge 

(indicated by a decrease in distance between the magenta arrows). At the same time, the 

myocardium actively generates bending moments (forces) that generate a groove (lower 

cyan arrows). The incision (red contour line) introduces an unconstrained boundary of the 

myocardium, which in turn bends and rotates medially (upper cyan arrow). The forces 

generated within the myocardial field posterior to the incision propel the myocardium 

anteriorly (blue segmented arrow) past the wound edge. 5b – medio-laterally incised 

myocardial field, as shown in Fig. 4E, with the same notations used as in panel 5a. The 

incision separates the myocardium and the adjacent non-myocardial mesoderm from the 

anterior tissues. As in 5a, tissue forces generated by the myocardial field posterior to the 

incision propels the myocardial tissue anteriorly (blue segmented arrow), past the wound 

edge. Tissue-autonomous bending moments drive the formation of characteristic spheres of 

myocardium at the wound edge. 5c: normal heart tube assembly. The myocardial field is 

located in the close vicinity of the AIP (purple semi-arch), and the mesoderm is overlain by 

the endoderm (the top light purple tissue layer), continuous with the AIP. The AIP 

endoderm undergoes a uniform contraction that moves both itself and the mesoderm 

mediocaudally (purple arrows). At the same time, the medial portion of the myocardial field 

actively contracts (pink arrows) and develops bending moments within the tissue. The 

mechanical constraints of the adjacent tissue transform this activity into the observed ventral 

bending (cyan arrows). The combination of these activities leads to the net displacement of 

the myocardial field in the anterior and medial direction, illustrated by the segmented arrow.
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Figure 6. Simulated tissue movements resulting from various prescribed (assigned) active cell 
behaviors
A: A prescribed medio-caudal movement of the endoderm rolls the presumptive 

myocardium medially, contributing to the inversion of the myocardial field. B: Contraction 

of the medial aspect of the myocardial tissue (see green links in Suppl. Fig. 2C′) narrows the 

AIP and reduces its curvature. C: Uniform curling of the myocardium moves the myocardial 

field laterally and anteriorly, as well as widens the AIP and increases its curvature. D: The 

combination of the three effects moves the myocardial field antero-medially relative to the 

surrounding tissue. Panels a and b show all particles, while the endoderm and associated 

cell-cell connections are removed from panels c, d. The initial configuration (as in Suppl. 

Fig. 2) is shown in panels a, c. The mechanical equilibrium resulted by the prescribed 

cellular activity is shown in panels b, d. The shape of the AIP is indicated by white dotted 

lines in panels b. Panels e show the tissue displacements during the simulations. Red and 

green arrows indicate movements of the myocardial tissue and both surfaces of the folded 
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mesoderm, respectively. Black arrows are guides for the eye, indicating the local direction 

of myocardial movements. Asterisks mark contraction centers. Panels Df and Dg show, from 

anterior and posterior aspects (ventral surface is at the top) the combined effects of all three 

cellular activities. Arrowheads indicate a developing bulge of the myocardium into the 

coelomic space.
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Figure 7. Computational simulations of microsurgical incisions
A mechanical discontinuity was introduced into the initial configuration by removing 

interconnecting beams along a line at the embryonic right side (yellow arrows), shown from 

a ventral (a), lateral (b) and posterior (c) aspect. Myocardial activity results in a pronounced 

ventral curling of the myocardium, shown from a ventral (d), lateral (e) and posterior (f) 

aspect. A: anterior, P: posterior, V: ventral, D: dorsal, R: right, L: left.
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