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The amniote primitive streak is defined by epithelial
cell intercalation before gastrulation
Octavian Voiculescu1, Federica Bertocchini1, Lewis Wolpert1, Ray E. Keller2 & Claudio D. Stern1

During gastrulation, a single epithelial cell layer, the ectoderm,
generates two others: the mesoderm and the endoderm. In amniotes
(birds and mammals), mesendoderm formation occurs through an
axial midline structure, the primitive streak1, the formation of
which is preceded by massive ‘polonaise’ movements2,3 of ectoderm
cells. The mechanisms controlling these processes are unknown.
Here, using multi-photon time-lapse microscopy of chick (Gallus
gallus) embryos, we reveal a medio-lateral cell intercalation
confined to the ectodermal subdomain where the streak will later
form. This intercalation event differs from the convergent extension movements of the mesoderm described in fish and amphibians
(anamniotes)4–8: it occurs before gastrulation and within a tight
columnar epithelium. Fibroblast growth factor from the extraembryonic endoderm (hypoblast, a cell layer unique to amniotes)
directs the expression of Wnt planar-cell-polarity pathway components to the intercalation domain. Disruption of this Wnt pathway
causes the mesendoderm to form peripherally, as in anamniotes1,9.
We propose that the amniote primitive streak evolved from the
ancestral blastopore by acquisition of an additional medio-lateral
intercalation event, preceding gastrulation and acting independently of mesendoderm formation to position the primitive streak
at the midline.
Low magnification time-lapse movies of pre-primitive-streakstage chick embryos, in which some epiblast cells have been labelled
by electroporation of green fluorescent protein (GFP), confirm the
‘polonaise movements’ described long ago2,3 (Fig. 1a, b, and Supplementary Movie 1). These are massive, bilaterally symmetrical movements of epiblast cells towards the posterior edge of the disc where
the primitive streak will later arise, combined with anterior movement at the midline. Gastrulation then begins by formation of the
streak. This arises as a short, broad local thickening of the epiblast,
which quickly narrows and elongates towards the centre of the disc.
Three main models have been put forward to account for these
movements. One proposes that cell division is increased at the midline and aligned with it to drive streak elongation10. The second
suggests that long-range attractive and repulsive cues, emanating
mainly from the site of primitive streak formation, guide cells to
generate the polonaise movements11,12. The third proposes that convergent extension is responsible for streak elongation13. All three proposals are plausible, but it has been impossible to test them because
the behaviour of individual cells could not be visualized directly.
Furthermore, the mechanics of cell movements are generally not
understood in epithelia such as the chick epiblast, the cells of which
(7 mm diameter, 50 mm tall) are connected by apical tight junctions.
We used multi-photon time-lapse microscopy to follow nuclei and
cell morphology simultaneously (Fig. 1c). Scattered cells throughout
the epiblast were double-labelled by co-electroporation of histone2B–EGFP (enhanced GFP) and cytoplasmic DsRed-Express and

filmed from stage XII (ref. 14, shortly after the polonaise movements
start). A region centred on the site of future primitive streak formation was imaged (Fig. 1d, e) in 15 embryos. The descriptions that
follow concentrate on one of these, for clarity. A short broad streak
(stage 2, ref. 15) formed after 210 min, which became extended (stage
3) by 320 min.
First, we analysed the frequency and orientation of mitoses. Cell
divisions are uniformly distributed across the image field and are not
significantly aligned with the midline (Supplementary Movie 2).
Rather, cells divide either perpendicularly or along the trajectory of
their mother cells, which they tend to continue (either side-by-side
or one in front of the other). On average, cells divide every 12.2 h,
about twice the time taken for the streak to form. Thus, as has been
argued recently16, neither local accumulation of mitoses nor the
orientation of cell division can explain the polonaise movements or
the elongation of the primitive streak.
The trajectories of marked nuclei (Fig. 1f–i and Supplementary
Movie 3) revealed symmetrical movements with respect to two axes:
the future primitive streak axis (‘vertical’) and an arc parallel to the
posterior marginal zone, near the edge of the area pellucida (‘horizontal’). Cells converge to the midline and move away from the
horizontal axis; the speed of both movements increases with distance
from the axes. Close to either axis, cells follow jagged paths, whereas
distant cells move more smoothly.
Although not inconsistent with the idea11,12 that lateral cells are
attracted to the midline and then become repelled, these movements
can also be explained by medio-lateral cell intercalation (cells
wedging themselves between their lateral neighbours), restricted to
a small posterior domain. To discriminate between these alternatives,
we assessed intercalation by plotting the changes in relative positions
of cells in different regions by drawing lines between them (‘constellations’; Fig. 1j–m and Supplementary Movie 4). In the central
domain, constellations (yellow) change their configuration extensively, becoming narrower and radially aligned (vertically) irrespective of their position and size. In contrast, more lateral cells (purple in
Supplementary Movie 4, left) move coherently and seem to be displaced passively. Within the yellow constellations, cell intercalation
becomes obvious by observing the cytoplasmic marker (Fig. 1n–q).
Thus, as in other cases of intercalation7,17, all cells in the central
domain execute similar movements with respect to their neighbours,
but the additive effect of these small local displacements causes more
distant cells to move faster. Both in the intercalation region and
lateral to it, cells are strongly oriented along the horizontal axis
(Fig. 1s) and tend to be bipolar (their leading and trailing protrusions
are of comparable size, P . 0.7). Importantly, however, cells in the
intercalation domain produce significantly larger protrusions than
lateral cells (Fig. 1t, P , 0.0001). The size of the intercalation domain
remains approximately 12 3 104 mm2 (3,000 cells) until it starts to
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Figure 1 | Cell movements and behaviours during primitive streak
formation. a, b, Global cell movements in the epiblast, before (a) and during
(b) primitive streak formation (modified from refs. 2, 3). c, Culture system
for multi-photon time-lapse imaging. d, e, Imaged embryo before (d) and
after (e) filming (the imaged region is boxed). f–i, Subset of the tracked
nuclei. j–m, Changes in the relative positions of cells over time. In the

streak-forming region, cells intercalate extensively (yellow polygons),
whereas cells in adjacent regions are displaced passively (purple triangles).
n–q, Morphology and behaviour of cells in the intercalation domain.
r, Changes in the area of the intercalation domain over time. s, Distribution
of the orientation of cell protrusions in the intercalation region (yellow) and
lateral to it (purple). t, Magnitude of protrusions in the same regions.

decrease around the time of primitive streak formation (stage 2;
t 5 3.5 h in Fig. 1f–m, r and Supplementary Movies 2–4); this indicates that the movements occur in the plane of the epiblast. Initially,
all convergence is translated into extension; after the primitive streak
appears (stage 2), up to one-third of extension caused by continuing
convergence becomes transformed into thickening of the streak.
In the mesoderm of amphibians and teleost fish, cell intercalation
depends on the Wnt planar-cell-polarity (Wnt-PCP) pathway4,18. A
principal ligand activating this pathway is Wnt11 (refs 4, 19). In
chick, WNT11 is uniformly expressed before primitive streak formation20, but we found three genes in this pathway with localized
expression (Fig. 2 and Supplementary Fig. 5): at stages XII–XIV,
FMI1 (flamingo 1) and PRICKLE1 are concentrated at the posterior
edge of the epiblast and in a medial posterior domain; VANGL2
(vangogh-like2) expression is broader, covering a large part of the
inner epiblast, but is especially strong in a small posterior region.
Thus, the expression of these genes overlaps in a domain similar to
that undergoing intercalation. After stage XIV, the region of overlap
changes shape exactly like the intercalation domain (yellow constellations in Fig. 1j–m), suggesting that cells retain their co-expression
of these genes as they intercalate.

To test whether the Wnt-PCP pathway is required for streak
morphogenesis, we electroporated Xenopus laevis Dsh (dishevelled)
lacking the DEP domain (Dsh-DDEP), a specific inhibitor of
this pathway21, into the intercalation region (Fig. 3a). Primitive
streak morphogenesis was profoundly compromised (15 out of 18
embryos). In 9 out of 18 embryos, no axial streak developed; instead
there was a broad, thickened, BRA (brachyury)-expressing crescent at
the posterior margin (reminiscent of the shield of teleosts or the
blastopore of amphibians) (Fig. 3c, g, h). In another six cases, several
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3

Figure 2 | Summary of expression patterns of Wnt-PCP genes. The
diagrams are based on the data shown in Supplementary Fig. 5. Stages are
indicated below each diagram. FMI1, forward slashes; PRICKLE1, reverse
slashes and VANGL2, stippled.
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small, disorganized streaks formed side-by-side in the posterior
epiblast (see Supplementary Fig. 6). Targeting as few as one-third
to one-half of cells within the future primitive streak domain is
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sufficient to cause these defects, even though the construct should
act cell-autonomously. This suggests that effective medio-lateral
intercalation requires activation of the Wnt-PCP pathway in all
neighbouring intercalating cells. The effect cannot be caused by
activation of the canonical Wnt pathway, because embryos electroporated with stabilized b-catenin22 were indistinguishable from
EGFP-electroporated controls (Fig. 3b). To confirm this conclusion
and to test the role of the three Wnt-PCP genes that show localized
expression, we co-electroporated morpholinos against FMI1,
VANGL2 and PRICKLE1. In 16 of 35 cases, this also resulted in a
marginal crescent of thickened epiblast, expressing the streak markers BRA and SLUG (snail homologue 2, also known as SNAI2)
(Fig. 3e, f, i, j). Electroporation of these morpholinos individually
or in pairs did not produce defects, nor did a control morpholino
(Fig. 3d; n 5 18 for each). An important observation from both lossof-function experiments is that ingression of the targeted cells is not
affected (Fig. 3g–j); about half of them ingress (as in controls).
What mechanisms are responsible for positioning the site of cell
intercalation? The hypoblast (an amniote-specific extra-embryonic
tissue, equivalent to the mouse anterior visceral endoderm23,24)
underlying the ectoderm has long been known to influence axis
formation. It does this in two separate ways. It restricts the site and
timing of mesendoderm induction by modulating Nodal activity24. It
also influences epiblast cell movements: 90u rotation of the hypoblast
induces a new set of polonaise movements, leading to bending of the
streak23,25 (Fig. 3k). Could the hypoblast regulate cell movements by
controlling the expression of Wnt-PCP genes? Rotation of the hypoblast by 90u quickly (,6 h) induces a new expression domain of FMI1
and PRICKLE1 in the epiblast adjacent to the rotated hypoblast
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Figure 3 | The Wnt-PCP pathway controls primitive streak morphogenesis.
a–j, Inhibiting the Wnt-PCP pathway blocks cell intercalation, but not
mesendoderm formation. a, Experimental setup. Electroporation of
stabilized b-catenin has no effect (b), whereas inhibition of the Wnt-PCP
pathway by Dsh-DDEP prevents formation of a radial streak; gastrulation
now occurs in a peripheral crescent (c). Morpholino (MO)-mediated knockdown of chick FMI1, VANGL2 and PRICKLE1 has the same effect, revealed by
SLUG (d, e) and BRA (f). Transverse sections from Dsh-DDEP embryos show
normal ingression of mesendoderm (g, h). Longitudinal sections from MOembryos (i, j) show normal ingression of electroporated cells. k–o, Hypoblast
rotation induces ectopic expression of Wnt-PCP genes. k, Experimental
design. FMI1 (m, purple) is induced, but not BRA (l; same embryo as in
m). PRICKLE1 (o) is induced, but not BRA (n; same embryo as o). p–s, Fgf8
induces both FMI1 and PRICKLE1. p, Experimental design. q, r, Within 6 h,
Fgf8-soaked beads induce PRICKLE1 (purple) (q, r) and FMI1 (s). Scale bars,
100 mm (g, h, j, s); 200 mm (i, r).

Figure 4 | Early medio-lateral intercalation as an evolutionary step that
shapes the primitive streak. a–e, Cell rearrangements driving streak
formation. Medio-lateral intercalation changes the shape of the streakforming region, shown at stage XII (green in a), stage 2 (red in a and b) and
stage 3 (grey in b). Intercalation displaces lateral epiblast cells towards the
streak (green arrows in a; red arrows in b) and forwards in front of it (red
arrows in a; black arrows in b). c–e, The regions shown in a and b at higher
magnification, showing the intercalating cells. f–i, Evolution of the
ingression site (blue), showing embryos of Xenopus (stage 10) viewed from
the animal pole (f), zebrafish (50% epiboly) viewed from the animal pole
(g), chick in dorsal view (h) and mouse (embryonic day 6.75) viewed from
the proximal end (i).
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(Fig. 3m, o). In contrast, BRA is weakly or not induced (Fig. 3l, n),
indicating that the hypoblast regulates expression of these Wnt-PCP
pathway components independently of mesoderm formation. To
identify the signals involved in this induction, we tested the inducing
ability of several factors known to be secreted by the hypoblast
(dickkopf homologue 1 (Dkk1), crescent, cerberus1 (Cer1), fibroblast growth factor 8 (Fgf8) and combinations thereof) (Fig. 3p).
Only Fgf8 upregulates both FMI1 (17 out of 21) and PRICKLE1
(17 out of 19) but not BRA in the epiblast within 6 h (Fig. 3q–s).
These findings suggest that localization of Wnt-PCP activity is controlled, at least partly, at the transcriptional level.
We propose that local intercalation in the epiblast is responsible
for positioning and shaping the primitive streak and can also explain
the polonaise movements (see Fig. 4a–e) without the need for longrange gradients11,12. Convergent extension of the axial mesoderm
and neural plate in anamniotes5–8 is almost certainly conserved in
amniotes26–28, but our study reveals an additional, much earlier (pregastrula) cell intercalation, required for morphogenesis of the primitive streak independently of mesendoderm specification. This is
apparently unique to amniotes (Fig. 4f–i) and provides a possible
answer to the classical question9,29,30 of how evolution converted the
equatorial blastopore or shield of Anamnia into the radially oriented
primitive streak of amniotes.
METHODS SUMMARY
Electroporation was carried out on explanted embryos using five 50 ms pulses of
4.2 V, 500 ms apart, after delivering DNA (total 2 mg ml–1) or morpholinos (total
2.4 mM, equimolar concentrations). Imaging chambers were constructed as
shown in Fig. 1, and embryos were filmed with a Leica SP2 microscope with a
Tsunami infrared laser tuned to 910 nm. In situ hybridization, immunostaining
and factor delivery followed standard methods. For full methods, see Supplementary Information.
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