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The heart is the first organ to function during vertebrate devel-
opment and cardiac progenitors, are among the first cell lineages 
to be established from mesoderm cells emerging from the primitive 
streak during gastrulation. Cardiac progenitors have been mapped 
in the epiblast of pre-streak embryos. In the early chick gastrula they 
are located in the mid-primitive streak, from which they enter the 
mesoderm bilaterally. However, migration routes of cardiac progen-
itors have never been directly observed within the embryo and the 
factor(s) controlling their movement are not known. Furthermore, 
it is not understood how signals controlling cell movement are 
integrated with those that determine cell fate. Long-term video 
microscopy combined with GFP labelling and image processing 
enabled us to observe the movement patterns of prospective cardiac 
cells in whole embryos in real time. Embryo manipulations and 
the analysis of explants suggest that Wnt3a plays a crucial role 
in guiding these cells through a RhoA dependent mechanism 
involving negative chemotaxis. Wnt3a is expressed at high levels in 
the amniote primitive streak and ectopic signalling activity caused 
wider movement trajectories resulting in cardia bifida, which was 
rescued by dominant-negative Wnt3a. Our studies revealed Wnt3a-
RhoA mediated chemo-repulsion as a novel mechanism guiding 
cardiac progenitors. This activity can act at long-range and does 
not interfere with cardiac cell fate specification.

Embryo development involves the coordinated movement of 
many cells, sometimes over long distances, to reach the final location 
of cell differentiation and organogenesis. The cells that will become 
the heart, mesoderm-derived cardiac progenitors, are among the first  
cells to ingress through the primitive streak during gastrulation. In 
the chick, future cardiac cells have been identified in the epiblast of 

pre-streak embryos1 and in the mid-primitive streak at Hamburger-
Hamilton (HH) stage 3.2-4 Migration routes of cardiac progenitors 
have been inferred from fate mapping studies,5 but until recently it 
has not been possible to observe cell movement in real time and the 
signals that control directed cell migration were not known.

Recent developments of in vivo imaging techniques have allowed 
direct observations of cell migration in the chicken embryo. This 
has enabled us to begin to gain an understanding of the mechanisms 
involved in guiding cell movements.6-9 We established long-term 
video microscopy and used this technique to characterize the move-
ment patterns of paraxial and lateral plate mesoderm cells, which 
emerge from the primitive streak at HH stage 4.6 At this stage in 
gastrulation, cells are guided by negative and positive chemotaxis in 
response to FGF-8 and FGF-4 respectively, consistent with pheno-
types of mice deficient in FGF signalling where cells remain in the 
streak.10,11 Cells contributing to the heart gastrulate through the 
streak prior to paraxial and lateral mesoderm and thus, they were not 
observed in the initial study. Therefore, we recently examined HH3 
chicken embryos and investigated the migration routes of cardiac 
progenitors and some of the factor(s) involved.12

GFP labelled cardiac progenitors were tracked from their origin 
in the avian primitive streak until they formed a primitive heart 
tube in the ventral midline. GFP labelled cells contributed to the 
myocardium and endocardium, and developing hearts showed 
normal morphogenesis and expressed cardiac specific markers 
such as Nkx2.5 and ventricular myosin heavy chain, vMHC. Real 
time imaging demonstrated that prospective heart cells migrate on 
highly directed trajectories (Fig. 1A and A'). Heterochronic grafts 
confirmed that cell movement patterns are governed by extrinsic 
signals; GFP labelled cells always behaved appropriately for their 
new environment. This was not unexpected since classic mapping 
experiments have shown that cell fate at these stages is plastic and 
determined by extrinsic cues. However, in addition this observation 
suggests that cell fate decisions and cell movement behaviour are 
intimately linked.

Wnt3a transcripts are highly expressed in the primitive streak of 
the chick gastrula and implantation of Wnt3a expressing RatB1a 
fibroblasts into the migration path of cardiogenic cells dramatically 
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changed their movement trajectories. In the majority of embryos 
cardiac progenitors took a significantly wider path with more 
pronounced lateral migration (Fig. 1B and B’). Often the two heart 
fields failed to merge and cardia bifida was observed frequently 
(75%). Similar results were obtained after directed expression of 
Wnt3a in the primitive streak.12 We speculate that this phenotype is 
primarily due to more extensive lateral migration but may also be the 
result of impaired movement back towards the midline. Expression 
of a dominant negative Wnt3a (DN-Wnt3a-IRES-GFP)13 restored 
the movement patterns of cardiac progenitors in the presence of an 
ectopic source of Wnt3a in vivo and reduced the incidence of cardia 
bifida. This suggests that Wnt3a levels are crucial in directing cell 
movements.

To investigate the mechanism by which high levels of Wnt3a 
present in the primitive streak control the migration patterns of 
prospective cardiac cells, GFP labelled explants from the anterior 
primitive streak of HH3 embryos were exposed to different Wnt 
expressing cells or to the parental RatB1a-LNCX fibroblasts in 
explant culture. In response to Wnt3a expressing cells HH3 primi-
tive streak cells migrated away from the source of Wnt3a in a highly 
directed manner. This chemotactic behaviour was inhibited when 
cells expressed a dominant negative mutant of Wnt3a.12 These exper-
iments suggest that HH3 primitive streak cells can respond directly 
to Wnt3a, however, we cannot exclude the presence of additional 
guidance cues acting in parallel, such as for example FGF-8.6

Wnt3a is typically thought to act through β-catenin dependent 
mechanisms to affect cell fate decisions. However, in CHO cells 
Wnt3a dependent cell motility involves non-canonical signalling 

through RhoA.14 RhoA transcripts are enriched in the primitive streak 
and are upregulated during early heart development in chick.12,15 
Small GTPases, including RhoA, are involved in the dynamic 
organization of the actin cytoskeleton, which provides the force 
for cell motility. In addition, Rho GTPases may be responsible for 
the initial polarization of the microtubule cytoskeleton, thus main-
taining the stable polarization of a directionally migrating cell.16 
To determine whether RhoA is involved in cardiac progenitor cell 
migration HH3 streak cells were electroporated with constitutively 
active (RhoA-V14) or dominant negative forms (RhoA-N19).17 In 
the explant assay the RhoA-V14 expressing cells were still repelled by 
Wnt3a, while RhoA-N19 expressing cells were not able to respond. 
In vivo, RhoA-N19-IRES-GFP expressing cells moved more slowly 
and embryos developed cardia bifida. Movement trajectories of 
cardiac progenitors expressing RhoA-V14-IRES-GFP were affected 
during the later phase of migration when a large number of cells 
continued their outward movement and ended up in extra-embry-
onic regions or lateral mesoderm. This resulted in cardia bifida. We 
speculate that this behaviour may be due to the fact that RhoA-V14 
sensitises the cells and causes a more pronounced outward migration 
in response to Wnt3a. It is also possible that cells are moving faster 
and/or that RhoA-V14 interferes with factor(s) involved in guiding 
cells back towards the midline.

Taken together our data supports a model whereby Wnt3a acts as 
a chemo-repellent signal to guide the movement of cardiac progenitor 
cells away from the streak, resulting in lateral migration (Fig. 2). Our 
evidence suggests that directed migration is mediated by a pathway, 
which involves RhoA activity. Interestingly, Wnt3a signalling through 
β-catenin inhibits cardiac cell fate specification.18,19 We propose that 
these different activities are integrated by Wnt3a through cross-talk 
between multiple downstream effector pathways.20,21

Figure 1. Long-term video microscopy revealed migration trajectories of  
cardiac progenitors. (A and A’) GFP labelled cells leave the primitive streak 
at HH3 and migrate in a anterior-lateral trajectory before moving back 
toward the midline, where the bilateral heart fields merge to give rise to a 
single heart tube. (B and B’) Implanting Wnt3a expressing cells (white dots) 
causes wider cell movement trajectories, many cells failed to reach the mid-
line and cardia bifida was observed frequently. In each panel anterior is to 
the top and posterior at the bottom. Dark field still images are shown at 7.5 
and 20 hours of imaging, see reference12 for more details.

Figure 2. Schematic representation of cardiac progenitor cell migration 
in response to Wnt3a. At Hamburger Hamilton (HH) stage 3 cardiac pro-
genitors (black arrows) migrate away from the primitive streak (grey) in an 
anterior-lateral direction. Wnt3a is expressed in the primitive streak and is 
involved in the directed migration of cardiac progenitors through a RhoA 
dependent mechanism. It is likely that Wnt3a simultaneously inhibits cardiac 
fate specification via β-catenin. By HH stage 5 cardiac progenitors have 
arrived in the bilateral heart fields and in response to inductive signals22,23 
some cells begin to express the cardiac transcription factor Nkx2.5. The 
signals that guide cardiac progenitor cells back to the midline (black arrow) 
are currently unknown.
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