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Conserved Patterns of Cell Movements

Review

during Vertebrate Gastrulation

Lilianna Solnica-Krezel

Vertebrate embryogenesis entails an exquisitely
coordinated combination of cell proliferation, fate
specification and movement. After induction of the
germ layers, the blastula is transformed by gastrula-
tion movements into a multilayered embryo with
head, trunk and tail rudiments. Gastrulation is her-
alded by formation of a blastopore, an opening in the
blastula. The axial side of the blastopore is marked
by the organizer, a signaling center that patterns the
germ layers and regulates gastrulation movements.
During internalization, endoderm and mesoderm
cells move via the blastopore beneath the ectoderm.
Epiboly movements expand and thin the nascent
germ layers. Convergence movements narrow the
germ layers from lateral to medial while extension
movements elongate them from head to tail. Despite
different morphology, parallels emerge with respect
to the cellular and genetic mechanisms of gastrula-
tion in different vertebrate groups. Patterns of gas-
trulation cell movements relative to the blastopore
and the organizer are similar from fish to mammals,
and conserved molecular pathways mediate gastru-
lation movements.

Introduction
Gastrulation is a fundamental process of animal
embryogenesis that shapes the internal and external
features of developing animals. Introduced by
Haeckel, the term gastrulation is derived from the
Greek word ‘gaster’, meaning stomach or gut. It
describes a set of morphogenetic processes that
transform the rather unstructured early embryo into a
gastrula with three germ layers — endoderm, meso-
derm and ectoderm. Vertebrate embryos display a
conserved body plan with an elongated rostrocaudal
axis. Along the dorsoventral axis, the nervous system
takes the most dorsal position, above the notochord
flanked by bilateral somites, and the most ventral ali-
mentary structures, including the gut (Figures 1 and 2).
Vertebrate gastrulation involves four evolutionarily
conserved morphogenetic movements: internalization,
epiboly, convergence and extension. Internalization
brings cells of the prospective mesoderm and endo-
derm beneath the future ectoderm via the blastopore,
an opening in the blastula, known as blastoderm
margin in fish, and primitive streak in amniotes (Box 1).
Epiboly movements spread and thin germ layers
during gastrulation, while concurrent convergence and
extension movements narrow them mediolaterally,
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and elongate the embryo from head to tail. Gastrula-
tion is preceded and accompanied by inductive
processes that specify and pattern the germ layers.
These inductive processes are in large part controlled
by the Spemann-Mangold organizer (SMO, hereafter
referred to as the organizer), the key embryonic sig-
naling center, which is located in the dorsal or axial
aspect of the blastopore (Box 1) [1]. Work from the
past two decades has revealed a great deal of con-
servation in the mechanisms of cell fate specification
[2-4]. However, it is less clear whether this conserva-
tion also extends to the morphogenetic processes of
gastrulation, in particular when the highly distinct
architecture of gastrulae from different vertebrate
groups is considered

Diverse Pre-Gastrulation Histories of Vertebrate
Embryos

The fertilized zygote contains all the instructions for its
embryonic development in the zygotic genome and as
maternally derived cytoplasmic substances. The rela-
tive contributions of zygotic and maternal regulation
vary among vertebrates and this is reflected particu-
larly in the speed and pattern of the early cleavages,
and consequently in the morphology of the blastula.
Fish and amphibian embryos develop externally and
the fast rate of their early development ensures swift
formation of independent larvae. These embryos rely
on rich energy stores in the form of a yolk and on
maternal determinants that mediate development until
the midblastula stage, when the zygotic genome
becomes transcriptionally active and takes control
[5,6]. The yolk is generally concentrated vegetally and
is either distributed between the blastomeres via com-
plete cleavages, as in frog embryos, or deposited in a
separate yolk cell, as seen in incompletely cleaving
fish embryos (Figure 1A,B). Consequently, the fish
blastula is a mound of blastomeres at the animal
region on top of a large syncytial yolk cell (Figure 1E).
By contrast, the frog blastula consists of smaller blas-
tomeres at the animal hemisphere surrounding a blas-
tocoel cavity and larger blastomeres in the vegetal
region (Figure 1F).

The chick zygote, which is also endowed with large
amounts of yolk, divides incompletely to partition the
cytoplasmic island into centrally located small cells,
and larger, yolky and open cells at the periphery
(Figure 1C). Further divisions generate a superficial
single-cell thick epithelium, known as the epiblast,
which will give rise to the embryo proper, and which
consists of a central area pellucida surrounded by the
peripheral area opaca. Underlying the entire superfi-
cial layer is the primitive endodermal layer, known as
the primary hypoblast, while the secondary hypoblast
marks the prospective posterior of the blastoderm
(Figure 1G) [7]. Although these tissues give rise only to
extraembryonic structures, they are thought to play an
active role in embryo patterning [8].
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Box 1. Spatial coordinates in vertebrate gastrulae using
blastopore and organizer as reference points.
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According to the traditional view, the blastopore of fish and frog
gastrulae is aligned with the dorsoventral axis, with the organizer
(SMO) marking its dorsal end. Recently it was suggested that in
the frog the blastopore marks the anteroposterior axis; the
dorsoventral axis is perpendicular to the blastopore, thus
corresponding to the animal-vegetal axis [32,33]. In the chick and
the mouse, the blastopore is thought to be aligned with the
anteroposterior embryonic axis and the position of the
dorsoventral axis is not clear. Due to the distinct architecture of
different vertebrate gastrulae and the dramatic cell movements
during gastrulation it is not easy to assign the dorsoventral and
anteroposterior gastrula axes, which has led some investigators to
conclude that “all fate maps are wrong” [18]. To facilitate
comparison, | suggest to use the blastopore and the organizer as
conserved reference points for describing spatial coordinates in
vertebrate gastrulae. In this view, the organizer marks the axial
blastopore region (indicated by a circle), while the proximodistal
axis (black arrow) indicates blastopore regions located further
away from the organizer. In the most distal blastopore region of
zebrafish gastrula, resides the tail organizer, a tissue which can
invoke formation of partial tail upon transplantation [144]. The
blastoporal-abblastoporal axis (green arrow), which is
perpendicular to the blastopore, designates the distance from the
blastopore. This simple terminology allows for a description of the
position of a cell in any vertebrate gastrula, while abstracting from
its future fate, and thus avoiding complications associated with
the designation of dorsoventral and anteroposterior gastrula axes.
However, this terminology can also be used to describe the
positions of tissues on fate maps.

A, anterior; An, Animal; D, Dorsal; P, posterior; V, ventral; Vg,
vegetal; SMO, Spemann-Mangold organizer; TO, tail organizer.
Color code: red, mesoderm; yellow, endoderm; light blue,
nonneural ectoderm; dark blue, neural ectoderm.

As mammalian embryos develop within the uterus,
their development is rather slow and the amount of
maternal energy supply in the completely cleaving
blastomeres is minimal (Figure 1D). Likewise, the reg-
ulation of development is heavily shifted towards the
zygotic genome, which becomes active already at the
2-cell stage [9]. The embryo communicates with the
mother’s uterus via extraembryonic structures, forma-
tion of which starts during the early cleavages. The
mouse, human and chick blastulae are similar in that
future embryonic tissues form a single-cell thick
epithelium. This epithelium is flat in chicks and
humans, but shaped as a cup in mice. In the murine
embryo, extraembryonic tissues surround the cup on
the outside (endoderm) and are gathered at its rim
(ectoderm) (Figure 1H) [10].

Induction and Patterning of the Germ Layers
Cleavage is followed by induction of the three germ
layers: ectoderm, which will give rise to the epidermis
and neural tissues; mesoderm, which will form
muscles, cardiovascular, urogenital and skeletal ele-
ments of the body; and endoderm, which will generate
the digestive tube and its accessory organs. After the
mesoderm and endodermal precursors move through
the blastopore and become internalized, the germ
layers are patterned to produce specific tissues and
organs along the dorsoventral and rostrocaudal
embryonic axes.

The underlying molecular and genetic mechanisms
involve a highly conserved cascade of transcription
factors and signaling pathways resulting in a similar
relative distribution of germ layers in different verte-
brate embryos at the onset of gastrulation (Figure
11-L; reviewed in [2,3]). Induction of mesoderm and
endoderm precursors in all vertebrates entails signal-
ing by Nodal ligands of the TGFB superfamily,
although the molecular pathways that activate expres-
sion of nodal genes in the first place might be distinct
[11]. The crucial early symmetry-breaking events
engage microtubule driven asymmetric transport of
dorsal determinants in frog and zebrafish [12,13]. They
culminate in the enrichment and nuclear localization of
B-catenin, a transcriptional effector of canonical Wnt
signaling, in the prospective dorsal region of the blas-
tula known as the Nieuwkoop center [14]. In turn, B-
catenin instigates a set of genetic pathways that
establish the dorsal gastrula or organizer [15-17]. This
specialized region of the dorsal gastrula was initially
discovered by Hans Spemann and Hilde Mangold,
who observed in newts that transplantation of the
dorsal blastopore lip to a ventral region of another
gastrula resulted in the formation of complete ectopic
embryonic axes [1].

Current evidence indicates that the organizer activ-
ity encompasses all three germ layers of the dorsal
gastrula and employs evolutionarily conserved genetic
pathways that pattern germ layers and regulate gas-
trulation movements (Figure 1I-L) [2,3,18]. Many genes
that are activated by B-catenin in the Nieuwkoop
center continue to be expressed in the organizer, con-
sistent with the notion that the Nieuwkoop center not
only induces but also contributes to the organizer [19].
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Figure 1. Cleavage, blastula and gastrula stages of four vertebrate model organisms.

Developmental stages of zebrafish (A,E,I,M,Q), the frog Xenopus laevis (B,F,J,N,R), the chick (C,G,K,0,S) and the mouse (D,H,L,P,T).
Cleavage, 8-cell stages (A-D). Note the incomplete cleavage in zebrafish (A) and chick (C) and the complete cleavage with differ-
ently sized blastomeres in Xenopus (B), and uniformly sized blastomeres in the mouse (D). Early blastula (E-H), late blastula-early
gastrula (I-L), late gastrula (M-P) and pharyngula (Q-T). The position of the Nieuwkoop center (NC) and its equivalents is shown at
cleavage stages and the position of the Spemann-Mangold organizer region (SMO) at early and late gastrula stages. Colors: light
gray, cytoplasm; beige, yolk; dark gray, epiblast region of amniote embryos; red, mesoderm and its precursors; dark red, pre-
chordal mesendoderm; yellow, definitive endoderm and its precursors; dark blue, epidermis; lighter blue, neuroectoderm; green,
brown and violet, various extraembryonic tissues; orange, blastopore. Abbreviations: ep, epidermis; fb, forebrain; mb, midbrain;
hb, hindbrain; sc, spinal cord; nt, notochord; pm, prechordal mesendoderm; som, somite; psm, presomitic mesoderm; ge, gut
endoderm; an, animal; vg, vegetal.
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Figure 2. Anatomy of the vertebrate
blastopore.

(A) Schematic of a blastopore (blastoderm
margin in fish, primitive streak in
amniotes). The Spemann-Mangold orga-
nizer (SMO), known as embryonic shield
in fish, dorsal blastopore lip in frogs and
node in amniotes, marks its axial region.
The proximodistal axis of the blastopore
designates regions of the blastopore rela-
tive to the organizer. A BMP activity gra-
dient forms along the blastopore with its
minimum at the axial (organizer) region
and increasing towards the distal region.
The Nodal gradient has an opposite polar-
ity. The blastoporal-abblastoporal axis
reflects the distance of a given cell layer
from the blastopore edge. Nodal signaling
might form a gradient along the blastopo-
ral-abblastoporal axis, with the maximum
at the blastopore edge. (B) Internalization
movements through the blastopore illus-
trate that in most cases endodermal pre-
cursors become internalized before the
mesodermal precursors. Color scheme as
in Figure 1. (C) Relationship between the
position and timing of internalization of
mesodermal cells and their final rostro-
caudal localization. A shaded arrow indi-
cates the proximodistal axis of the
blastopore. Colored arrows pointing
towards the blastopore depict the move-
ments of different types of mesoderm via
this part of the blastopore. Oval shapes
colored in blue depict positions of
prospective ectodermal regions that
neighbor different types of mesoderm. (D)
Relationship between the position of
internalization of mesodermal cells
through the blastopore and their final
localization along the dorsoventral embry-
onic axis, shown as a crossection through
the trunk region. Color scheme: red,
mesoderm; dark red, prechordal

mesendoderm; lighter red, notochord (nt); violet and pink, somitic and presomitic mesoderm (psm); dark green, intermediate meso-
derm (im); light green, lateral plate mesoderm (Ipm); yellow, definitive endoderm and its precursors; blue, ectoderm; lighter blue, neu-
roectoderm. Abbreviations: fb, forebrain; mb, midbrain; hb, hindbrain; sc, spinal cord; nt, notochord; pm, prechordal mesendoderm;
im, intermediate mesoderm; psm, presomitic mesoderm; ge, gut endoderm.

Transcriptional targets of B-catenin include nodal
genes, or genes that promote expression of nodal
genes, thus generating a dorsal to ventral gradient of
Nodal signaling activity [20,21]. Probably, one of the
most important roles of the organizer is to limit the
ventralizing and posteriorizing activity of Bone mor-
phogenetic proteins (BMPs) and canonical Wnt
ligands during gastrulation [3]. Indeed, B-catenin
directly promotes expression of secreted antagonists
of BMPs and Wnts, as well as of transcription factors
such as Bozozok in zebrafish or Siamois and Twin in
Xenopus that repress expression of BMP and Wnt
genes [22,23]. In zebrafish, B-catenin also promotes
the expression of members of the Fibroblast Growth
Factor (FGF) family as well as their negative regula-
tors. Early FGF signaling on the dorsal side of the
embryo contributes to embryonic patterning by
restricting expression of BMP genes [24,25].

This genetic hierarchy within the organizer culmi-
nates in the establishment of gradients of BMP and
probably also Wnt activity along the blastopore with

their minima in the axial or organizer region of the
blastopore. Intriguingly, the Nodal activity gradient
has the opposite orientation with its maximum in the
organizer region of the blastopore. Moreover, Nodal
activity is highest in the cells at the blastopore and
decreases in cells further away from the blastopore
(Figure 2A). These gradients along the proximodistal
and blastoporal-abblastoporal axes of the gastrula
(Figure 2A) are thought to specify cell fates along the
future dorsoventral and rostrocaudal axes [2,3,26]. In
the zebrafish organizer, B-catenin was also shown to
activate the Stat3 pathway, which mediates some
gastrulation movements [27]. Hence, before the mor-
phogenetic movements are initiated, a set of genetic
pathways has been set in motion to induce and
pattern germ layers and to mediate individual gastru-
lation movements.

Early Morphogenetic Movements
Gastrulation is preceded by morphogenetic move-
ments that are either shared or unique to different
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vertebrate embryos. For instance in murine embryos,
extraembryonic anterior visceral endoderm (AVE), ini-
tially located at the base of the cup-shaped embryo,
moves towards its rim near the junction with the
extraembryonic ectoderm (Figure 1H). Upon reaching
its destination, the AVE will find itself in close apposi-
tion to prospective anterior neural tissue and will play
instructive roles in its patterning [10,28]. In chick
embryos, so-called ‘polonaise movements’ bring
future dorsal and anterior mesoderm from the lateral
region of the epiblast towards its posterior edge
where the blastopore (‘primitive streak’) will form and
then towards its center as the primitive streak
extends [8]. Similar movements are likely to occur in
mammalian embryos as the prospective mesoderm
initially distributed along the entire rim of the blasto-
dermal cup becomes concentrated at the edge where
the blastopore will start to form and extends towards
the tip or center of the epiblast (Figure 1L) [29]. It is
intriguing that many of these group-specific move-
ments seem to work towards establishing a similar
arrangement of germ layers and tissue progenitors at
the onset of gastrulation movements (Figure 11-L).

Conserved Arrangements of Tissue Progenitors at
Early Gastrulation

At the late blastula stage, the position of prospective
organs and tissues can be predicted by lineage
tracing. Such experiments allow the construction of
fate maps, which show the fate of each blastomere in
terms of its position and the type of tissue it gives rise
to [30]. Thus fate maps are two-dimensional represen-
tations of the future three-dimensional embryonic
body. However, these fate maps are often difficult to
compare between different vertebrates, largely due to
differences in the naming traditions for embryonic axes
in architecturally distinct vertebrate embryos (Box 1)
[31]. Even in the case of frog and fish gastrulae where
the animal-vegetal and dorsoventral axes are tradi-
tionally defined as perpendicular and parallel to the
blastopore, respectively (Figure 11-J), it is debatable
whether the anteroposterior axis is parallel to the
animal-vegetal axis or aligned with the blastopore [32,
33]. In mice the blastopore is thought to demarcate the
anteroposterior embryonic axis, whereas the position
of the dorsoventral axis is less clear [34].

I will argue that the relative position of tissues on
fate maps, as well as the later patterns of gastrulation
movements, can be readily compared between differ-
ent vertebrate gastrulae when using the blastopore
and the organizer as the main reference points (Box
1). These similarities are most striking when early fish
and frog gastrulae are compared to amniote embryos
in which the primitive streak (blastopore) is extending
(Figure 11-L), and in particular when it is fully extended
and reaches the center of the epiblast (Figures 2 and
4). | will refer to tissues positioned along the blasto-
pore as proximal and distal with respect to the orga-
nizer, which takes the axial blastopore position (Figure
2A). To describe positions within the blastoderm (the
epiblast of amniote embryos) | will refer to the dis-
tance from the blastopore as defining the blasto-
poral-abblastoporal axis (Figure 2A).

In this somewhat simplified schematic of the early
vertebrate gastrula, the positions of prospective germ
layers and tissues residing at specific rostrocaudal
and dorsoventral positions at the pharyngula stage
are remarkably similar. Endoderm progenitors reside
near the blastopore, mesodermal progenitors reside
further away, whereas ectodermal precursors are
positioned at the greatest distance from the blasto-
pore (Figures 1lI-L and 2B). Future midline tissues
reside in the axial region of the blastopore, with
prospective prechordal mesendoderm being found in
the cell layers closest to the blastopore and chor-
damesoderm being further away (Figure 2C,D) [20].
Notably, the axial blastopore region gives rise to both
anterior and posterior midline tissues in all vertebrates
(Figure 2C) [1,35,36]. Presomitic mesoderm occupies
a proximal position, whereas intermediate and lateral
plate mesoderm reside at progressively more distal
blastopore regions. Prospective posterior mesendo-
dermal tissues with the notable exception of posterior
axial mesoderm are located at the most distal posi-
tions of the blastopore (Figure 2C,D). The similarity
between vertebrate fate maps at this stage of gastru-
lation is also reflected in the similar expression pat-
terns of genes that determine cell fates. For example,
in all vertebrates the prechordal mesendoderm marker
goosecoid (gsc) and the chordamesoderm marker not
are expressed in the organizer region [37,38], while
Brachyury homologs are expressed throughout the
blastopore [39-41].

The fate map of the neuroectoderm is complex, yet
the forebrain takes the axial position, midbrain pre-
cursors are found in proximal positions, and hindbrain
and spinal cord precursors reside in progressively
distal locations with respect to the blastopore (Figures
1l-L and 2). Again, the exception is the prospective
midline neural tissue, which — whether destined for
tail floorplate or head floorplate and hypothalamus —
is derived from the vicinity of the organizer (Figure 2C).
In this view both future dorsoventral and rostrocaudal
axes of the embryo are aligned with the proximodistal
axis of the blastopore. In addition further rostrocaudal
diversification of tissues is seen along the blastopo-
ral-abblastoporal axis (Figure 2A,C).

Formation of the Germ Layers via Stereotyped
Gastrulation Movements

Despite the morphologies of early vertebrate embryos
being quite diverse (Figure 1), there are four predomi-
nant gastrulation movements shared by all verte-
brates: epiboly, mesendoderm internalization or
emboly, convergence and extension. These move-
ments can be defined most generally in terms of the
morphogenetic changes they produce (Figure 3A).
Epiboly leads to an expansion of tissue, often accom-
panied by its thinning. Emboly or internalization entails
movements of mesodermal and endodermal precur-
sors from the blastula surface beneath the ectodermal
layer. Convergence movements narrow embryonic
tissues mediolaterally, whereas extension movements
elongate them from head to tail. These different mor-
phogenetic movements can be achieved by a variety
of cellular activities (Figure 3B-H).
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Spreading out — Epiboly Movements

Epibolic expansion starts before the germ layers arise.
In blastulae organized as a single-layered epithelium,
like those of mammalian embryos, epiboly entails
expansion of the surface area with thickness remain-
ing constant. In multilayered blastulae, epibolic expan-
sion is usually accompanied by a thinning of the
tissue. Many different cell behaviors can contribute to
epiboly. In embryos that experience significant cell
division and cell growth, such as amniotes, cell divi-
sion within the plane of the epithelium followed by an
increase of cell volume drives the expansion of embry-
onic tissues. The key cell behavior during epiboly in
the frog Xenopus laevis [42] and in teleost fish [35,43]
is radial cell intercalation, whereby cells from deeper
layers interdigitate between more superficial cells or
vice versa. This results in fewer layers of cells occu-
pying a bigger area and thus in a thinning and spread-
ing of tissues (Figure 3B). Cell shape changes, namely
flattening of columnar cells, can also produce an
increase in tissue area [42]. Finally, directed cell
migration, which spreads densely packed cells can
also lead to epibolic expansion of tissue as observed
during epiboly of the mesoderm in the zebrafish
(Figure 3C) [44].

While our understanding of molecular determinants
of these diverse epibolic cell behaviors is still very
limited (Table 1), the first insights have been gained
into radial intercalation. In Xenopus, the extracellular
matrix protein Fibronectin and its signaling via the
o581 Integrin receptor is required for the radial inter-
calation of prospective ectoderm and mesoderm cells

[45]. Fibronectin might provide a permissive signal for
elongation and alignment of cells along the axis of
radial intercalation [45]. Regulation of intercellular
adhesion via members of the cadherin family of cell
adhesion molecules has been also implicated in
epiboly. E-cadherin is maternally expressed in fish,
chick and mammals [46], whereas in Xenopus its
expression is initiated at early gastrulation [47]. E-cad-
herin is essential for normal epibolic movements in
zebrafish [48,49]. In E-cadherin deficient zebrafish
mutants cells from deeper layers fail to undergo the
shape changes characteristic of the superficial layer
and eventually sink back [48].

Gaining Guts — Emboly

Internalization of mesodermal and endodermal precur-
sors is the defining event of gastrulation. Mesodermal
and endodermal precursors move inside via a gateway
that is known as the blastopore lip in the frog, the blas-
toderm margin in fish and the primitive streak in
amniotes. In terms of cellular behavior, internalization
can occur via invagination, which involves bending of
cell sheets, often due to coordinated constriction of
cells on one side of the sheet (Figure 3E) [8]. In the frog,
emboly starts with the invagination of so-called bottle
cells, which shape the axial blastopore lip. Invagination
is followed by involution, whereby prospective meso-
dermal and endodermal precursors move as one cohe-
sive sheet around the blastopore lip (Figure 3D) [50-52].
By contrast, during ingression movements in chick and
mouse gastrulae individual cells translocate from
superficial to deeper positions at or near the blastopore



Current Biology
R219

lip [53]. In general, internalization is thought to involve
an epithelial to mesenchymal transition (EMT), with cells
breaking free of the epithelial sheet and moving indi-
vidually through the blastopore (Figure 3F). In fish
embryos, internalization might represent an intermedi-
ate mechanism between ingression and involution (also
named ‘synchronized ingression’), whereby prospective
mesendodermal cells approach the blastopore as a
coherent sheet, but at the blastopore the coherence is
lost and cells move in a coordinated manner but as
individuals [54,55].

There are parallels but also differences between
vertebrates with regard to the order in which germ
layers undergo internalization. In the frog gastrula, for-
mation of the dorsal (axial) blastopore lip heralds the
onset of internalization. Subsequently, the blastopore
lip expands in the lateroventral (proximodistal) direc-
tion [50]. Likewise, in the zebrafish gastrula, internal-
ization movements are initiated in the axial blastoderm
margin, where the organizer will form, and then rapidly
spread around the entire blastoderm margin [35,56].
Hence, in frog and fish the first tissues to be internal-
ized are dorsoanterior mesoderm and endoderm. This
contrasts the situation in the chick and the mouse,
where the primitive streak first arises at the future
caudal end of the embryo, and then elongates
towards the future rostral end assuming a linear shape
[57]. The expansion of the streak is accompanied by
ingression of mesendodermal cells fated to become
extraembryonic and posterior tissues. Only when the
primitive streak achieves its maximal length, its rostral
aspect forms Hensen’s node, which becomes a
conduit for the ingression of dorsoanterior mesendo-
derm [29,58]. Therefore, early internalization in fish
and frog engages dorsoanterior tissues, whereas in
amniotes extraembryonic and posterior tissues
undergo internalization first.

There is a remarkable degree of conservation of the
temporal order of germ layer internalization and of the
spatial order in which different tissues become inter-
nalized with respect to the organizer. | will continue to
use here the term proximal to describe regions of the
blastopore close to the organizer, while distal refers to
blastopore regions farther away (Box1; Figure 2A). Dif-
ferent vertebrate gastrulae share a number of similar-
ities in endoderm internalization and its subsequent
morphogenetic behaviors. In general, endoderm
becomes internalized before mesoderm (Figure 2B).
This is probably most apparent during fish gastrula-
tion, where the endoderm precursors are localized
closest to the blastoderm margin (blastopore), and
most of them become internalized by early gastrula-
tion [59]. Strikingly, in fish, chick and mouse the
majority of endoderm is internalized via the blastopore
region proximal to the organizer [60,61]. Upon inter-
nalization, endodermal cells in these vertebrates move
initially as individuals. In fish, endodermal cells
assume a morphology distinct from that of the meso-
derm and move on the surface of the yolk cell to even-
tually form an endodermal layer along the
rostrocaudal embryonic axis (Figures 1M and 2B) [59].
In chick, and probably also in the mouse, the precur-
sors of definitive endoderm invade between the cells

of the hypoblast (primitive endoderm), and gradually
establish a congruent layer of definitive endoderm,
which will displace the primitive endoderm towards
extraembryonic tissues.

With respect to mesoderm formation, there is a
trend in all vertebrates that the rostrocaudal organiza-
tion of mesodermal tissues reflects the temporal order
of their internalization via a specific proximodistal
position of the blastopore (Figure 2C). Fate mapping
of cells moving at specific proximodistal blastopore
positions revealed that emboly of cells giving rise to
more anterior structures precedes the movement of
cells that generate more posterior structures (Figure
2). Another common aspect of emboly is that the
mediolateral organization of mesodermal and perhaps
endodermal tissues is linked to the spatial order in
which they move through the blastopore with respect
to the organizer region. The axial mesoderm moves
through the axial aspect of the blastopore (Figure
2C,D), i.e. the dorsal blastopore lip in frogs, the shield
in fish, and the node in amniotes, with the emboly of
more rostral, prechordal mesoderm preceding the
internalization of chordamesoderm. Presomitic meso-
derm moves through the blastopore region proximal
to the organizer, while intermediate mesoderm and
lateral plate mesoderm are internalized via more distal
blastopore regions (Figures 2 and 4; reviewed in
[61,62]). In zebrafish the most posterior (tail) mesendo-
derm becomes internalized via the distalmost part of
the blastopore [63,64]. Studies in amniotes show that
the distalmost blastopore is a gateway predominantly
for extraembryonic mesoderm [65,66].

The distinct internalization behaviors, involution of
cell sheets and ingression of individual cells, appear to
be mediated by similar gene cascades (Table 1).
Mesendoderm specification and internalization is
absolutely dependent on Nodal signals [11]. In mouse
and fish embryos with mutations that impair Nodal sig-
naling, prospective mesoderm and endoderm fail to
express the proper markers and do not become inter-
nalized [67-72]. Instead, they assume neuroectodermal
or tail fates [73,74]. Reception of Nodal signaling is suf-
ficient for the execution of the internalization program
by individual cells in the blastopore region and also in
ectopic positions [74,75]. In fact, Nodal signaling must
be restricted before the onset of gastrulation to prevent
excess internalization and formation of ectopic blasto-
pores. This is achieved in chick and mouse embryos by
the Nodal antagonists Cerberus and/or Lefty, which
emanate from extraembryonic tissues [76,77]. During
gastrulation in fish, frog and amniotes, secreted Lefty
proteins act as feedback antagonists of Nodal signaling
in the mesoderm and are essential to prevent excess
mesoderm specification and internalization [78-81]. The
molecular effectors of Nodal signaling that regulate
internalization behaviors remain to be elucidated.

Mutational analyses in the mouse and overexpres-
sion of dominant negative receptors in Xenopus
revealed that FGF signaling is also essential for
mesendoderm specification and internalization [82,83].
Mouse embryos homozygous for null alleles of genes
encoding FGF receptor 1 (Fgfr1) and the Fgf8 ligand
show similar gastrulation defects. In such embryos,
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Table 1. Molecular regulators of gastrulation movements in vertebrates.

Gene product Gastrulation movement Cellular behavior and/or fate Species References
BMPs Convergence and extension Cell fate, negative regulator of zebrafish, [64]
mediolateral elongation Xenopus
(intercalation, migration)
Nodal Emboly Mesendoderm fate, involution, zebrafish, Xenopus, [67,74]
ingression mouse
Convergence and extension Unknown zebrafish [73,143]
FGFs Mesendoderm migration EMT, chick, mouse [83,84,86,117]
away from the blastopore directed cell migration
Convergence and extension Directed cell migration Xenopus, zebrafish  [82,117,145,146]
Brachyury Convergence and extension, Cell intercalation, Xenopus, [113,120,147,148]

mesendoderm migration away
from the blastopore,
mesodermal cell fate

directed migration

zebrafish, mouse

Spadetail (Tbx 16) Convergence and extension, Directed cell migration, zebrafish [149,150]
mesodermal cell fate
Slit Convergence and extension Unknown zebrafish [151]
Neogenin Convergence and extension Unknown zebrafish [152]
E-cadherin Epiboly Radial intercalation zebrafish, mouse, [48,49]
Xenopus
Convergence and extension Unknown zebrafish [153]
Fibronectin Epiboly Cell polarity, radial Xenopus [45]
intercalation
Mesendoderm migration Directed migration Xenopus [98]
Snail Convergence and extension, EMT, mouse [87,88]
mesendoderm migration directed migration
Liv1 Convergence and extension, EMT(?), zebrafish [95]
mesendoderm migration directed migration
Stat3 Convergence and extension Mediolateral elongation zebrafish [27]
Wnt11/ Convergence and extension Mediolateral elongation zebrafish, [90,120,121]
Silberblick (intercalation, migration) Xenopus
Wnt5/ Convergence and extension Mediolateral elongation zebrafish [125,154,155]
Pipetail (intercalation, migration)
Knypek (Gpc 4) Convergence and extension Mediolateral elongation zebrafish, [119,156,157]
(intercalation, migration) Xenopus
Stbm (Vangl2) Convergence and extension Mediolateral elongation zebrafish, [114,127,156]
(intercalation, migration) Xenopus
PDGF Convergence and extension, Directed migration zebrafish, [100,101]
mesendoderm migration Xenopus
PI3K Convergence and extension, Directed migration zebrafish [101]
mesendoderm migration
PAPC Convergence and extension Mediolateral cell polarization Xenopus, [158,159]
zebrafish
Quatro Convergence and extension, Directed migration zebrafish [160]
mesendoderm migration
Cap1 Convergence and extension, Directed migration zebrafish [160]

mesendoderm migration

mesoderm and endoderm derived tissues are severely
reduced, presumably because progenitor cells fail to
migrate and accumulate at the blastopore (primitive
streak) and retain epithelial character instead [83-85].
Elegant studies in mice revealed that FGF signaling
promotes EMT and consequently movement of meso-
dermal progenitors through the blastopore by positively

regulating expression of the transcriptional repressor
Snail (Sna), which in turn downregulates expression of
E-cadherin [86]. In Sna-deficient mouse embryos,
mesoderm forms but fails to completely downregulate
E-cadherin expression and retains epithelial character-
istics [87]. The milder gastrulation defects observed in
Sna mutants compared to FGF-deficient embryos
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suggest that additional factors execute the FGF-medi-
ated morphogenetic program. Strikingly, Snail function
is also necessary for mesoderm internalization during
gastrulation in Drosophila melanogaster, underscoring
the evolutionary conservation of genetic hierarchies
that regulate internalization (reviewed in [88,89]).

Migration of Internalized Mesendoderm

While the specific direction in which mesendoderm
migrates upon internalization depends on the overall
shape of the embryo (Figure 1), mesendodermal cells
generally move away from the blastopore (Figures 2
and 4). The evolutionarily most conserved migration
behavior is observed for mesendoderm internalized at
the axial region of the blastopore (Box 1); these
prospective axial mesendoderm cells move rostrally
(and also animally in frogs and fish), away from the
blastopore and towards the future forebrain (Figure
2C). By doing so, these cells contribute to axis exten-
sion. In all vertebrates, mesendodermal cells emerg-
ing from proximal and proximodistal blastopore
regions also move away from the blastopore.
However, in frog and fish gastrulae they move from
the rim of a ‘cup’ towards its base at the animal pole,
and thus anteriorly, and parallel to the axial mesoderm
(Figures 1 and 4A). In mouse gastrulae mesendoder-
mal cell populations move from the bottom of a cup
on its outside wall towards its rim; thus, their path-
ways diverge initially from those of the axial meso-
derm. In the flat chicken gastrulae, paraxial and lateral
mesendoderm initially move perpendicular to the axial
mesendoderm (Figure 4B).

The morphology and behavior of migrating mesoder-
mal cells in different vertebrate gastrulae is similar. In
amniotes and fish, mesodermal cells migrate as a loose
association of mesenchymal monopolar cells, which
form numerous filopodia and lamellipodia at the leading
edge facing the direction of movement [90,91]. In
Xenopus, prechordal mesendoderm cells move as a
partially coherent mass, in which individual cells
overlap such that protrusions of a given cell underlie
the posterior part of the cells anterior to it [92,93]. This
geometrical arrangement is likely to be important for
normal movement, as the migration rates of individual
cells in explants are not sufficient to explain normal
movement of the prechordal mesoderm tissue in vivo
[94]. The mesenchymal nature of migrating mesodermal
cells is a consequence of EMT, which either precedes
internalization, as in amniote embryos, or follows inter-
nalization, as in frogs and possibly fish. Studies in
zebrafish identified a separate EMT pathway in the
dorsal gastrula organizer, in parallel to downregulation
of E-cadherin by Snail [27,95]. Phosphorylation and
consequent activation of the Stat3 in the organizer
region is required for the normal anterior migration of
the organizer cells [27]. The main target of Stat3
appears to be Liv1, a breast cancer-associated zinc
transporter protein, which promotes nuclear localization
of Snail and thus its ability to repress epithelial charac-
ter [95]. Similar to mouse gastrulation, a full EMT (and
Snaill function) appears not to be essential for internal-
ization, but for the effective migration of internalized
cells away from the blastopore [87,95].

After internalization, mesenchymal mesendodermal
cells find themselves between the superficial tissue,
largely prospective ectoderm, and extraembryonic
tissues in amniotes and fish. In frogs and fish, the
mesendoderm faces non-involuted tissues that form
the blastocoel roof on the inner wall of the blastoder-
mal cup, while having a nascent archenteron space
beneath them (Figure 11,J). Mesendodermal cells form
rich protrusive contacts with overlying and underlying
tissues [90,93,96]. The relationship of migrating meso-
dermal cells with the overlying noninvoluted ectoderm
is especially complex and instructive. Elegant work in
Xenopus demonstrated that the mesodermal cells
must be able to move on the overlying surface without
adhering to or ‘sinking’ into it. This separation behav-
ior is mediated by transcription factors Mix1 and Gsc,
as well as by non-canonical Wnt signaling via Protein
Kinase C [97]. Importantly, the ectodermal roof pro-
duces a number of factors that guide mesoderm
migration. The basal surface of the ectodermal roof is
covered by a sparse network of extracellular matrix
(ECM), the density of which decreases during gastru-
lation. In frog and chick, interference with the main
ECM component Fibronectin or its Integrin receptors
expressed by mesodermal cells, does not prevent
their adhesion to the ECM. However, their protrusive
activity is severely reduced, and they fail to migrate
away from the blastopore [98]. Whether Fibronectin
has a similarly important role in mesoderm migration
in all vertebrates is questioned by the finding that in
murine embryos with inactivated Fibronectin genes
the mesoderm migrates normally [99]. The ECM
network per se is not likely to guide mesoderm migra-
tion, rather it harbors instructive cues and permissive
factors secreted by the ectoderm and mesendoderm.
One such molecule, Platelet Derived Growth Factor
(PDGF), which signals via a receptor tyrosine kinase,
has been implicated in mesoderm spreading on
Fibronectin in tissue culture, and in survival and
migration of mesodermal cells in Xenopus [100]. In
mouse embryos, inactivation of the PDGF receptor
results in mesendodermal cells migrating abnormally.
Recent studies show that during zebrafish gastrulation
PDGF functions upstream of PI3 Kinase to promote
formation of cellular protrusions, to polarize migrating
prechordal mesoderm cells and localize protein kinase
B (PKB) to the leading edge of the moving cells [101].
In fish embryos, the ectodermal roof also produces
Wnt11, which is required for normal orientation of
mesodermal cell protrusions in the direction of migra-
tion, as well as for effective migration away from the
blastopore [90]. It will be important to determine
whether non-canonical Wnt11 signaling also con-
tributes to the separation of mesoderm from ectoderm
in fish, as it does in the frog gastrula [97].

Becoming Lanky — Convergence and Extension
Movements

Convergence and extension movements narrow (con-
vergence) the mediolateral aspect and elongate
(extension) the rostrocaudal aspect of the vertebrate
body (Figure 3A). Convergence and extension pushes
the neural and mesendodermal head components
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away from trunk and tail chordamesoderm precursors,
which are positioned close together in the blastula
fate maps (Figure 2C) [102]. In fish and frog, these
movements are initiated after the formation of the
three germ layers and when epibolic movements are
well underway. By contrast, in amniote embryos ante-
rior expansion of the primitive streak (blastopore) is
considered an integral part of convergence and exten-
sion movements [91].

Depending on the underlying cellular mechanisms,
convergence and extension can be independent, or
they can be linked in the process known as conver-
gent extension [103,104]. Pioneering work by Keller
[105,106] and colleagues in Xenopus has shown that,
as gastrulation proceeds, mesodermal cells lose their
irregular shape and become elongated along the
mediolateral embryonic axis. These elongated cells
intercalate between their medial and lateral neighbors,
thereby simultaneously narrowing (mediolaterally) and
elongating (rostrocaudally) the body axis (Figure 3G)
[105,106]. In the mesoderm, convergent extension is
driven by a bipolar protrusive activity: medially and
laterally projected lamelliform protrusions attach to
neighboring cells and facilitate intercalation by
wedging between cells as well as maintain supportive
connections that become increasingly necessary as
the tissue stiffens. Initially neural ectodermal cells also
exhibit bipolar protrusive activity, but after induction
by an unknown midline derived signal they show
medially directed monopolar protrusions [107,108].
Studies in chick and zebrafish indicate that additional
cell behaviors, such as polarized cell division and
apical-basal elongation of cells, also contribute to
neural convergence and extension [109,110].

John Trinkaus, through his original time-lapse
analyses of gastrulation in the fish Fundulus heterocli-
tus, demonstrated that several cell behaviors can con-
tribute to convergence and extension [111,112]; this
has now also been shown in zebrafish [90,113,114]. In
the axial gastrula, mediolateral cell intercalation
seems to drive convergence and extension of axial
mesoderm and the adjacent presomitic mesoderm, as
in Xenopus [113]. In proximodistal regions, mesoder-
mal and ectodermal cell populations move dorsally at
an increasing speed [112,115]. Time-lapse analyses
revealed that cells in the more distal domain are only
slightly mediolaterally elongated and migrate as indi-
viduals with a slow net dorsal speed along indirect
paths. When these cells move closer to the midline
they become mediolaterally highly elongated and
migrate dorsally at an increased net speed along more
direct trajectories [114]. As some of these dorsally
migrating cells bias their trajectories towards the
rostral and some towards the caudal region, the entire
population contributes to tissue convergence by
moving dorsally, but also to extension, as it becomes
elongated rostrocaudally (Figure 3H) (Sepich and LSK,
unpublished observations). Hence, in Fundulus and
zebrafish convergence and extension movements
involve directed migration and intercalation of medio-
laterally elongated cells (Figure 3G,H) [104].

In recent years, many inroads have been made into
the molecular mechanisms of polarized cell behaviors

associated with convergence and extension move-
ments. The directed migration of mesodermal cells
towards the midline in fish and chick is reminiscent of
chemotactic cell movements [111,112,114,116,117]. In
chick, FGF4 was proposed to act as a the midline
chemoattractant [117]. Whereas the chemoattractants
have not been identified in zebrafish, a putative
secreted convergence factor has been proposed to be
produced in the organizer downstream of Stat3 [27].
Inhibition of Stat3 impairs anterior movement of axial
mesoderm and dorsal convergence and extension
movements of lateral cells, without significant effect
on cell fates in the gastrula. Although Stat3 is
expressed ubiquitously at blastula stages, tyrosyl-
phosphorylation and presumed activation of Stat3
protein is observed exclusively in the dorsal aspect of
the embryo and is dependent on the p-catenin
pathway. Elegant transplantation experiments demon-
strated that Stat3 is required in axial tissues for con-
vergence and extension movements of distal cells,
thus implying that Stat3 promotes production of a
secreted convergence factor [27].

The mediolateral cell polarization underlying con-
vergence and extension is dependent on a non-
canonical Wnt signaling pathway, similar to the
planar cell polarity (PCP) pathway in Drosophila
[114,118-122]. In this pathway, which mediates cell
polarization along the proximal-distal axis within the
plane of an epithelium, the transmembrane protein
Frizzled (Fz) signals through downstream factors
including Dishevelled (Dsh), small GTPases of the
Rho family, Rho kinase and JNK [123,124]. In con-
trast to fruit flies, however, this pathway employs
Wnt ligands in vertebrates. Zebrafish mutants for
wnt11 and wnt5 result in shorter and broader
embryos [121,125]. Fruit flies and vertebrates share
components of this pathway, such as Dsh, the
transmembrane protein Strabismus/Trilobite, Rho,
Rho kinase 2, and Prickle [114,118,126-131]. Recent
studies revealed new vertebrate specific compo-
nents, including the glypican Knypek, which pro-
motes Wnt11 signaling [119], and the intracellular
protein Daam1, which links Dsh and Rho [132]. As
the small GTPase Rac has been implicated as a
downstream component of Wnt/PCP signaling [133],
regulation of small GTPases, such as Rho, Rac and
Cdc42, is likely to play a general role in mediating
cell behaviors driving vertebrate gastrulation
[134,135].

Expression of dominant negative Dsh in explants of
frog gastrulae revealed a critical requirement of this
pathway for mediolateral cell intercalation [118]. The
failure of cells in zebrafish knypek and trilobite
mutants to elongate and align mediolaterally links
impaired mediolateral cell polarization with defective
convergence and extension movements in vivo [119],
and with the ability of cells to move dorsally along
straight paths [114]. Non-canonical Wnt/PCP not only
regulates the elongation and orientation of the cell but
also polarization and stabilization of cellular protru-
sions [90,118]. Moreover, decreased cell adhesion is
associated with the axis extension defect in embryos
in which Wnt4 is overexpressed [136].
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Figure 4. Conserved patterns of cell movements during vertebrate gastrulation.

Cell movements during early (A,B) and late (C,D) gastrulation in zebrafish (A,C) and chick (B,D). (A) Inset shows early zebrafish gas-
trula, in lateral view with animal to the top, vegetal to the bottom and dorsal to the left. The blastopore is located at the blastoderm
margin with the organizer taking its axial position. The arrow shows proximaldistal axis of the blastopore. The schematic shows a
flattened zebrafish embryo with the yolk cell in the center, surrounded by the blastopore. The blastoderm is divided into three regions,
axial, proximodistal and distalmost, as illustrated by color lines on the inset. (B) Schematic of a chick gastrula at stage 4+, when the
primitive streak is most elongated. Several similarities are apparent between (A) and (B): Types of mesoderm become internalized
along similar regions of the blastopore: prechordal and chorda mesoderm through the axial blastopore, precursors of somites via
proximal regions, and intermediate as well as lateral plate mesoderm through distal regions. In the chick, the most distal aspect of
the blastopore provides a conduit for internalization of extraembryonic tissues, whereas in zebrafish precursors of the most poste-
rior (tail) somites, intermediate and lateral plate mesoderm move via the distal blastopore. Upon internalization all types of mesoderm
move away from the blastopore. (C,D) At later stages of gastrulation, the blastopore becomes smaller in fish, due to epiboly, and in
chick, due to regression of the primitive streak. This is associated with extension of axial mesoderm (dark red). Streams of mesoder-
mal cells that were internalized via proximal and proximodistal regions of the blastopore move dorsally towards the extending midline.
Whereas in the distal region of the zebrafish blastopore, prospective posterior mesoderm cells move back towards the blastopore to
form the tail bud (C), there is a continued movement of extraembryonic mesoderm away from the blastopore in the chick (D). (B) and

(D) are based on figures presented in [23] and [62].

Non-canonical Wnt signaling is required for cell
behaviors that drive convergence as well as extension
movements, and defects in extension are not simply
secondary to defective convergence [115]. Providing
further support for the notion that convergence and
extension can be separated, zebrafish no tail mutants,
in which the Brachyury homolog is mutated, have a
pronounced defect in convergence, but exhibit normal
extension of axial mesoderm during early gastrulation
[113]. Current work revealed that Hyaluronan synthe-
sizing enzyme 2 (Has2) acts upstream of Rac1 in

zebrafish mesoderm cells to promote the formation of
lamellipodia. Intriguingly, Has2- and Hyaluronan-defi-
cient gastrulae show a dramatic defect in dorsal con-
vergence but not in extension movements of lateral
mesoderm [137]. Given that non-canonical Wnt sig-
naling also impacts Rac1 activity [133], it will be inter-
esting to see how these pathways interact to regulate
convergence and extension movements.

Many other molecules and pathways have been
implicated in convergence and extension movements
based on phenotypes of gain and loss-of-function
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experiments (Table 1). As cell movements have not
been analyzed in these studies, the critical questions
regarding the involvement of these molecules in con-
vergence and extension remain open.

Conserved Patterns of Cellular Flow in Vertebrate
Gastrulae

Recent studies in which movements of large meso-
dermal cell populations have been traced over the
course of gastrulation uncovered striking similarities
in patterns of cell movements with respect to the main
landmarks of vertebrate gastrulae, the blastopore, the
organizer and the nascent embryonic midline (Figure
4) [64,117].

The migration patterns of cells emerging at discrete
positions from the fully extended streak of chick gas-
trulae have been revealed by time-lapse analyses of
GFP-labeled cells. Cells labeled in the node move
beneath the neuroectoderm towards the future fore-
brain and form rostrocaudally elongated arrays
marking the axial mesoderm. The cells initially move
away from the streak (Figure 4B). However, as the
node (the organizer) regresses leaving the embryonic
midline in its wake and passes the position in the
streak where the labeled cells originate, the trajecto-
ries of the labeled cells turn, such that they start to
move towards the midline (Figure 4D). A similar
pattern of movement was observed for cells proximal
to the node that contribute to the somites, as well as
for cells originating from more distal streak positions
that give rise to lateral plate mesoderm. Cells emerg-
ing from the very distal positions (posterior) in the
streak move outward toward the boundary of area
pellucida and area opaca (Figure 4B,D) [117].

In zebrafish, cell populations labeled in the orga-
nizer region (embryonic shield) of the blastoderm
margin move towards the future forebrain and subse-
quently also posteriorly. Thus, at the end of the gas-
trula period they form an elongated array spanning
from forebrain to tailoud (Figure 4A). Cells originating
from the proximal or distal blastopore regions, in strik-
ing similarity to behavior of cells in the chick gastrula,
initially move away from the blastopore without any
bias towards the midline (Figure 4A). However, close
to the midgastrula stage when the organizer has
moved posteriorly, these cells turn towards the
embryonic midline, thus initiating dorsal convergence
(Figure 4C) [115] (Sepich & LSK, unpublished obser-
vations). It is noteworthy that similarly to node regres-
sion in the chick, epibolic expansion of blastoderm
around the yolk cell in zebrafish gastrulae, decreases
blastopore size and moves the axial blastopore region
away from rostral tissues (Figures 4C,D). In another
remarkable similarity with chick gastrulae, cell popu-
lations residing in the distal blastopore (ventral blas-
toderm margin in fish and posterior primitive streak in
chick) do not engage in convergence towards the
axial midline, but rather move towards the prospective
tailbud or extraembryonic region [64,117]. In the chick,
the movement of mesendodermal cells away from the
blastopore has been proposed to be mediated by
FGF8 acting as a chemorepellent, whereas their later
movement towards the midline to be promoted by

FGF4 [117]. It will be important to test the universality
of these signals in other vertebrates.

The Complex Relationship between Cell Fates and
Movements during Gastrulation

Gastrulation simultaneously entails cell fate specifica-
tion and movements. How are the two related? While
the answer to this question is far from clear, two rele-
vant examples are given below: As discussed above,
Nodal signaling is sufficient and necessary for
mesendoderm induction and internalization. Indeed,
excess Nodal signaling leads to increased internaliza-
tion in fish, chick and mouse [76,77,81]. Is the inter-
nalization cell behavior simply a consequence of
specification of mesendodermal cell fate? Or rather,
does Nodal signaling activate a parallel gene cascade
that mediates internalization and that can be uncou-
pled from mesendodermal cell identity? After all, both
mesodermal and endodermal progenitors undergo
internalization, suggesting a common morphogenetic
program. EMT is a hallmark of internalization and
migration and might require intersection of several
signaling events. For example, in mouse, Snail activa-
tion and E-cadherin activation require FGF signaling,
and FGF signaling also contributes to mesoderm pat-
terning. However, in the organizer region of the
zebrafish blastopore, nuclear localization of Snail is
controlled by the Stat3-Liv1l pathway, which acts in
parallel to Nodal signaling and is not required for
mesodermal cell fate [95]. Studies in chick have
revealed that the extent of mesoderm internalization
during gastrulation might be limited by expression of
the transcription factor Churchill and downregulation
of Brachyury expression in the prospective ectoderm
[138]. Thus, internalization and migration of meso-
derm, in part mediated by Snail and Brachyury, might
involve integration of several genetic pathways, linked
to but also separate from the specification of meso-
dermal cell identity.

A similar relationship exists between BMP signaling
and convergence and extension movements. As dis-
cussed above, BMP activity forms a distal to proximal
gradient and is thought to promote ventroposterior
and to inhibit dorsoanterior cell fates in a concentra-
tion dependent manner [18,26]. The BMP activity gra-
dient has been also proposed to establish domains of
distinct convergence and extension movements in the
zebrafish gastrula [64]. In this model, cells that
become internalized via the distalmost part of the
blastopore, at high levels of BMP activity, do not
engage in convergence movements (Figures 2A and
4A,C). Mesodermal cell populations that become
internalized through the distal-proximal region of the
blastopore and thus at moderate BMP levels, translo-
cate towards the midline and extend at increasing
speeds as they move down the BMP activity gradient.
At the level of the axial blastopore and thus at low
BMP activity, slow convergence and fast extension
occur, driven by mediolateral intercalation (Figures 2A
and 4A,C). In Xenopus, high levels of BMP activity can
also inhibit convergence and extension of tissue
explants [139]. Again, the question arises whether the
specific convergence and extension behaviors of a
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cell at a given level of BMP activity are simply a con-
sequence of its BMP-specified cell fate? Or alterna-
tively, do different thresholds of BMP activity set off
parallel pathways that control cell fates and cell move-
ments? In support of the latter, inhibition of conver-
gence and extension of paraxial mesoderm cells in
ventralized zebrafish gastrulae is associated with
reduced expression of wnt5, which regulates conver-
gence and extension movements, but persistent
expression of the cell fate regulator MyoD [64].

The concept of positional information specifying cell
fate and movement in parallel is attractive. BMP sig-
naling activity forms a gradient with a high point at the
distal blastopore, decreasing in its proximal regions
and with a minimum in the axial blastopore, where the
organizer produces BMP antagonists (Figure 2A).
Conservation of this gradient along the blastopores of
different vertebrate gastrulae could account for the
similarities in the patterns of cell movements (Figures
2 and 4). In the frog embryo, elongation of axial meso-
derm by the process of convergence and extension is
thought to be coordinated by anteroposterior tissue
polarity [140]. Whereas the nature of this hypothetical
anteroposterior polarity signal that determines the
direction of tissue elongation remains to be deter-
mined, Nodal has been proposed to act as a mor-
phogen for mesodermal tissues and to affect the
global anteroposterior embryo pattern in a direct or
indirect manner [141-143]. Therefore, it is intriguing
that Nodal activity is thought to form a gradient
decreasing along the proximal-distal, and blastopo-
ral-abblastoporal axes (Figure 2A), and that Nodal sig-
naling is essential for extension movements [73,143].
Interpretation of positional information could account
for the coordinated morphogenetic behaviors of cells
in different germ layers. It will be important to deter-
mine whether Nodal and BMPs indeed provide such
positional information in vertebrate gastrulae and
delineate pathways that link positional information to
specific cell behaviors during gastrulation.

Conclusions

This is an exciting time for gastrulation research: sig-
naling pathways and molecules can be linked to indi-
vidual gastrulation movements, to discrete gastrulation
cell behaviors or even to specific cell properties under-
lying these behaviors. However, a complete picture of
gastrulation is still lacking, and it is likely that many
novel cellular and molecular mechanisms will be dis-
covered. How similar the molecular mechanisms of
gastrulation are in different vertebrates remains to be
determined. It will be important to test whether mech-
anisms uncovered in one species, such as the
Stat3-Liv1-Snail pathway in zebrafish also operate in
other vertebrates [27,95]. It will also be essential to elu-
cidate further the pathways specifying cell fates and
how they relate to cell movements.

Despite the focus resting on molecules, a deeper
understanding at the cellular level is also required.
Indeed, what John Trinkaus wrote two decades ago in
his book ‘Cells into Organs: Forces that Shape the
Embryo’ [51] remains highly relevant to the gastrulation
field today: “It is well to be reminded that molecular

does not necessarily mean analytical nor, by contrast,
does cellular or histological necessarily imply descrip-
tive. Sound descriptive and analytical studies are obvi-
ously required at both (and all) levels of organization.
Snobbish references to certain morphological studies
as merely descriptive only serve to reveal naiveté of
the authors and, if insisted upon, could impede
advance of the field”.

Acknowledgements
| wish to dedicate this review to the memory of Dr. J.P.
Trinkaus, whose pioneering studies on gastrulation
cell behaviors in Fundulus heteroclitus and enthusi-
asm for gastrulation, continue to inspire our work.

| would like to thank current and former members
of my group for their enthusiasm and discussions
and Adi Inbal, Jason Jessen, Flo Marlow, Diane
Sepich, Chunyue Yin, Thomas Wilm and Terry Van
Raay for comments. | am grateful to Carl-Philipp
Heisenberg, Gary Schoenwolf, John Wallingford, and
Steve Wilson for their thoughts on drafts of this man-
uscript, and to Gary Schoenwolf, John Wallingford
and Richard Behringer for providing images of their
favorite embryos. | apologize to all colleagues that
due to broad scope of the review and space limita-
tions, not all relevant primary studies could be cited.
Work on gastrulation in my laboratory has been sup-
ported by grants from NIH, March of Dimes Birth
Defects Foundation and Pew Scholars Program in
Biomedical Sciences.

References

1. Spemann, H. (1938). Embryonic Development and Induction. (New
Haven, CT: Yale University Press).

2. De Robertis, E.M., Larrain, J., Oelgeschlager, M., and Wessely, O.
(2000). The establishment of Spemann’s organizer and patterning of
the vertebrate embryo. Nat. Rev. Genet. 7, 171-181.

3. Niehrs, C. (2004). Regionally specific induction by the Spemann-
Mangold organizer. Nat. Rev. Genet. 5, 425-434.

4. Harland, R., and Gerhart, J. (1997). Formation and function of
Spemann’s organizer. Annu. Rev. Cell Dev. Biol. 13, 611-667.

5. Newport, J., and Kirschner, M. (1982). A major developmental tran-
sition in early Xenopus embryos: Il. Control of the onset of tran-
scription. Cell 30, 687-696.

6. Kane, D.A., and Kimmel, C.B. (1993). The zebrafish midblastula tran-
sition. Development 119, 447-456.

7. Kochav, S., Ginsburg, M., and Eyal-Giladi, H. (1980). From cleavage
to primitive streak formation: a complementary normal table and a
new look at the first stages of the development of the chick. II.
Microscopic anatomy and cell population dynamics. Dev. Biol. 79,
296-308.

8. Keller, R., and Davidson, L.A. (2004). Cell Movements of Gastrula-
tion. In Gastrulation. From Cells to Embryo., C.D. Stern, ed. (Cold
Spring Harbor, New York: Cold Spring Harbor Laboratory Press),
pp. 291-304.

9. Kanka, J. (2003). Gene expression and chromatin structure in the
pre-implantation embryo. Theriogenology 59, 3-19.

10. Beddington, R.S.P., and Robertson, E.J. (1999). Axis development
and early asymmetry in Mammals. Cell 96, 195-209.

11. Schier, A.F. (2004). Nodal signaling during gastrulation. In Gastrula-
tion. From cells to embryo., C.D. Stern, ed. (Cold Spring Harbor:
Cold Spring Harbor Laboratory Press), pp. 491-504.

12. Jesuthasan, S., and Strahle, U. (1997). Dynamic microtubules and
specification of the zebrafish embryonic axis. Curr. Biol. 7, 31-42.

138. Elinson, R.P., and Rowning, B. (1988). A transient array of parallel
microtubules in frog eggs: Potential tracks for a cytoplasmic rota-
tion that specifies the dorso-ventral axis. Dev. Biol. 128, 185-197.

14. Schneider, S., Steinbesser, H., Warga, R.M., and Hausen, P. (1996).
B-catenin translocation into nuclei demarcates the dorsalizing
centers in frog and fish embryos. Mech. Dev. 57, 191-198.

15. Heasman, J., Crawfor, A., Goldstone, K., Garner-Hamrick, P.,
Gumbiner, B., McCrea, P., Kintner, C., Noro, C.Y., and Wylie, C.



Review
R226

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

(1994). Overexpression of cadherins and underexpression of B-
catenin inhibit dorsal mesoderm induction in early Xenopus
embryos. Cell 79, 791-803.

Heasman, J., Kofron, M., and Wylie, C. (2000). Beta-catenin signal-
ing activity dissected in the early Xenopus embryo: a novel anti-
sense approach. Dev. Biol. 222, 124-134.

Kelly, C., Chin, A.J., Leatherman, J.L., Kozlowski, D.J., and Wein-
berg, E.S. (2000). Maternally controlled (beta)-catenin-mediated sig-
naling is required for organizer formation in the zebrafish.
Development 127, 3899-3911.

Harland, R.M. (2004). Dorsoventral patterning of the mesoderm. In
Gastrulation: From Cells to Embryo, C.D. Stern, ed. (New York: Cold
Spring Harbor Laboratory Press), pp. 373-388.

Laurent, M.N., Blitz, I.L., Hashimoto, C., Rothbacher, U., and Cho,
K.W. (1997). The Xenopus homeobox gene twin mediates Wnt
induction of goosecoid in establishment of Spemann’s organizer.
Development 124, 4905-4916.

Gritsman, K., Talbot, W.S., and Schier, A.F. (2000). Nodal signaling
patterns the organizer. Development 127, 921-932.

Agius, E., Oelgeschlager, M., Wessely, O., Kemp, C., and De Rober-
tis, E.M. (2000). Endodermal Nodal-related signals and mesoderm
induction in Xenopus. Development 127, 1173-1183.
Solnica-Krezel, L., and Driever, W. (2001). The role of the home-
odomain protein Bozozok in zebrafish axis formation. Int. J. Dev.
Biol. 45, 299-310.

Kodjabachian, L., and Lemaire, P. (2004). The role of Siamois before
and during gastrulation. In Gastrulation. From Cells to Embryo., C.D.
Stern, ed. (Cold Spring Harbor, New York: Cold Spring Harbor Lab-
oratory Press), pp. 609-617.

Furthauer, M., Van Celst, J., Thisse, C., and Thisse, B. (2004). Fgf
signalling controls the dorsoventral patterning of the zebrafish
embryo. Development 1317, 2853-2864.

Tsang, M., and Dawid, I.B. (2004). Promotion and attenuation of
FGF signaling through the Ras-MAPK pathway. Sci STKE 2004,
pel7.

Hammerschmidt, M., and Mullins, M.C. (2002). Dorsoventral pat-
terning in the zebrafish: bone morphogenetic proteins and beyond.
Results Probl. Cell Differ. 40, 72-95.

Yamashita, S., Miyagi, C., Carmany-Rampey, A., Shimizu, T., Fujii,
R., Schier, A.F., and Hirano, T. (2002). Stat3 Controls Cell Move-
ments during Zebrafish Gastrulation. Dev. Cell 2, 363-375.
Thomas, P., and Beddington, R. (1996). Anterior primitive endoderm
may be responsible for patterning the anterior neural plate in the
mouse embryo. Curr. Biol. 6, 1487-1496.

Lawson, K.A., Meneses, J.J., and Pedersen, R.A. (1991). Clonal
analysis of epiblast fate during germ layer formation in the mouse
embryo. Development 7113, 891-911.

Dale, L., and Slack, J.M.W. (1987). Fate map for the 32-cell stage of
Xenopus laevis. Development 99, 527-551.

Tam, P.P., and Quinlan, G.A. (1996). Mapping vertebrate embryos.
Curr. Biol. 6, 104-106.

Lane, M.C., and Sheets, M.D. (2002). Rethinking axial patterning in
amphibians. Dev. Dyn. 225, 434-447.

Gerhart, J. (2002). Changing the axis changes the perspective. Dev.
Dyn. 225, 380-383.

Behringer, R.R., Wakamiya, M., Tsang, T.E., and Tam, P.P. (2000). A
flattened mouse embryo: leveling the playing field. Genesis 28,
23-30.

Warga, R.M., and Kimmel, C.B. (1990). Cell movements during
epiboly and gastrulation in zebrafish. Development 108, 569-580.
Mathis, L., and Nicolas, J.F. (2000). Different clonal dispersion in the
rostral and caudal mouse central nervous system. Development
127, 1277-1290.

Cho, K.W.Y., Blumberg, B., Steinbeisser, H., and DeRobertis, E.M.
(1991). Molecular nature of Spemann’s organizer: the role of the
Xenopus homeobox gene goosecoid. Cell 67, 1111-1120.

De Robertis, E.M., Fainsod, A., Gont, L.K., and Steinbeisser, H.
(1994). The evolution of vertebrate gastrulation. Development Suppl.
1994 117-124.

Talbot, W.S., Trevarrow, W., Halpern, M.E., Melby, A.E., Farr, G.,
Postlethwait, J.H., Jowett, T., Kimmel, C.B., and Kimelman, D.
(1995). A homeobox gene essential for zebrafish notochord devel-
opment. Nature 378, 150-157.

von Dassow, G., Schmidt, J.E., and Kimelman, D. (1993). Induction
of the xenopus organizer: expression and regulation of Xnot, a
novel FGF and activin-regulated homeo box gene. Genes Dev. 7,
355-366.

Stein, S., and Kessel, M. (1995). A homeobox gene involved in node,
notochord and neural plate formation of chick embryos. Mech. Dev.
49, 37-48.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Keller, R.E. (1980). The cellular basis of epiboly: an SEM study of
deep-cell rearrangement during gastrulation in Xenopus laevis. J.
Embryol. Exp. Morphol. 60, 201-234.

Wilson, E.T., Cretekos, C.J., and Helde, K.A. (1995). Cell mixing
during early epiboly in the zebrafish embryo. Dev. Genet. 17, 6-15.
Lin, F., Sepich, D.S., Topczewski, J., Chen, S., Solnica-Krezel, L.,
and Hamm, H. Essential roles of Galpha12/13 signaling in distinct
cell behaviors driving convergence and extension gastarulation
movements. Submitted.

Marsden, M., and DeSimone, D.W. (2001). Regulation of cell polar-
ity, radial intercalation and epiboly in Xenopus: novel roles for inte-
grin and fibronectin. Development 128, 3635-3647.

Babb, S.G., Barnett, J., Doedens, A.L., Cobb, N., Liu, Q., Sorkin,
B.C., Yelick, P.C., Raymond, P.A., and Marrs, J.A. (2001). Zebrafish
E-cadherin: expression during early embryogenesis and regulation
during brain development. Dev. Dyn. 221, 231-237.

Choi, Y.S., and Gumbiner, B. (1989). Expression of cell adhesion
molecule E-cadherin in Xenopus embryos begins at gastrulation
and predominates in the ectoderm. J. Cell Biol. 108, 2449-2458.
Kane, D.A., McFarland, K.N., and Warga, R.M. (2005). Muations in
E-cadherin block cell behaviors that are necessary for teleost
epiboly. Development, in press.

Babb, S.G., and Marrs, J.A. (2004). E-cadherin regulates cell move-
ments and tissue formation in early zebrafish embryos. Dev. Dyn.
230, 263-277.

Shih, J.A., and Keller, R. (1994). Gastrulation in Xenopus laevis:
involution - a current view. Seminars in Developmental Biology 5,
85-90.

Trinkaus, J. (1984). Cells into Organs, the Forces that Shape the
Embryo, 2 Edition (Englewood Cliffs, N.J.: Prentice-Hall).

Trinkaus, J.P. (1996). Ingression during early gastrulation of fundu-
lus. Dev. Biol. 177, 356-370.

Kane, D., and Adams, R. (2002). Life at the edge: epiboly and invo-
lution in the zebrafish. Results Probl. Cell Differ. 40, 117-135.
D'Amico, L.A., and Cooper, M.S. (2001). Morphogenetic domains in
the yolk syncytial layer of axiating zebrafish embryos. Dev. Dyn.
222, 611-624.

Adams, R.J., and Kimmel, C.B. (2004). Morphogenetic Cellular
Flows during Zebrafish Gastrulation. In Gastrulation. From Cells to
embryo, C.D. Stern, ed. (New York: Cold Spring Harbor Laboratory
Press), pp. 305-316.

Schmitz, B., and Campos-Ortega, J.A. (1994). Dorso-ventral polar-
ity of the zebrafish embryo is distinguishable prior to the onset of
gastrulation. Roux. Arch. Devel. Biol. 203, 374-380.

Vakaet, L. (1970). Cinephotomicrographic investigations of gastru-
lation in the chick blastoderm. Arch. Biol. (Liege) 87, 387-426.
Schoenwolf, G.C., Garcia-Martinez, V., and Dias, M.S. (1992). Meso-
derm movement and fate during avian gastrulation and neurulation.
Dev. Dyn. 193, 235-248.

Warga, R.M., and Nusslein-Volhard, C. (1999). Origin and develop-
ment of the zebrafish endoderm. Development 126, 827-838.
Lawson, A., and Schoenwolf, G.C. (2003). Epiblast and primitive-
streak origins of the endoderm in the gastrulating chick embryo.
Development 730, 3491-3501.

Tam, P.P., and Gad, J.M. (2004). Gastrulation in the Mouse Embryo.
In Gastrulation. From Cells to Embryo., C.D. Stern, ed. (Cold Spring
Harbor, New York: Cold Spring Harbor Laboratory Press), pp.
233-222.

Weijer, C.J. (2004). Chemotaxis in Coordinating Cell Movements in
the Chick. In Gastrulation. From Cells to Embryo., C.D. Stern, ed.
(Cold Spring Harbor, New York: Cold Spring Harbor Laboratory
Press), pp. 329-340.

Kimmel, C.B., Warga, R.M., and Schilling, T.F. (1990). Origin and
organization of the zebrafish fate map. Development 708, 581-594.
Myers, D., Sepich, D.S., and Solnica-Krezel, L. (2002). BMP activity
gradient regulates convergent extension during zebrafish gastrula-
tion. Dev. Biol. 243, 81-98.

Lawson, A., and Schoenwolf, G.C. (2001). Cell populations and mor-
phogenetic movements underlying formation of the avian primitive
streak and organizer. Genesis 29, 188-195.

Psychoyos, D., and Stern, C.D. (1996). Fates and migratory routes
of primitive streak cells in the chick embryo. Development 7122,
1523-1534.

Feldman, B., Gates, M.A,, Egan, E.S., Dougan, S.T., Rennebeck, G.,
Sirotkin, H.l., Schier, A.F., and Talbot, W.S. (1998). Zebrafish orga-
nizer development and germ-layer formation require nodal-related
signals. Nature 395, 181-185.

Gritsman, K., Zhang, J., Cheng, S., Heckscher, E., Talbot, W.S., and
Schier, A.F. (1999). The EGF-CFC protein one-eyed pinhead is
essential for Nodal signaling. Cell 97, 121-132.



Current Biology
R227

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

Conlon, F.L., Barth, K.S., and Robertson, E.J. (1991). A novel retro-
virally induced embryonic lethal mutation in the mouse: assessment
of the developmental fate of embryonic stem cells hemozygous for
the 413.d proviral integration. Development 777, 969-981.

Conlon, F.L., Lyons, K.M., Takaesu, N., Barth, K.S., Kispert, A., Her-
rmann, B., and Robertson, E.J. (1994). A primary requirement for
nodal in the formation and maintenance of the primitive streak in
the mouse. Development 720, 1919-1928.

Zhou, X., Sasaki, H., Lowe, L., Hogan, B.L.M., and Kuehn, M.R.
(1993). Nodal is a novel TGF-B-like gene expressed in the mouse
node during gastrulation. Nature 367, 543-547.

lannaccone, P.M., Zhou, X., Khokha, M., Boucher, D., and Kuehn,
M.R. (1992). Insertional mutation of a gene involved in growth reg-
ulation of the early mouse embryo. Dev. Dyn. 194, 198-208.

Feldman, B., Dougan, S.T., Schier, A.F., and Talbot, W.S. (2000).
Nodal-related signals establish mesendodermal fate and trunk
neural identity in zebrafish. Curr. Biol. 70, 531-534.

Carmany-Rampey, A., and Schier, A.F. (2001). Single-cell internal-
ization during zebrafish gastrulation. Curr. Biol. 17, 1261-1265.

David, N.B., and Rosa, F.M. (2001). Cell autonomous commitment
to an endodermal fate and behaviour by activation of Nodal sig-
nalling. Development 728, 3937-3947.

Perea-Gomez, A., Vella, F.D., Shawlot, W., Oulad-Abdelghani, M.,
Chazaud, C., Meno, C., Pfister, V., Chen, L., Robertson, E., Hamada,
H., et al. (2002). Nodal antagonists in the anterior visceral endoderm
prevent the formation of multiple primitive streaks. Dev. Cell 3,
745-756.

Bertocchini, F., and Stern, C.D. (2002). The hypoblast of the chick
embryo positions the primitive streak by antagonizing nodal signal-
ing. Dev. Cell 3, 735-744.

Meno, C., Gritsman, K., Ohishi, S., Ohfuji, Y., Heckscher, E.,
Mochida, K., Shimono, A., Kondoh, H., Talbot, W.S., Robertson,
E.J., et al. (1999). Mouse Lefty2 and zebrafish antivin are feedback
inhibitors of nodal signaling during vertebrate gastrulation. Mol. Cell
4, 287-298.

Chen, Y., and Schier, A.F. (2002). Lefty proteins are long-range
inhibitors of squint-mediated nodal signaling. Curr. Biol. 712,
2124-2128.

Branford, W.W., and Yost, H.J. (2002). Lefty-dependent inhibition of
nodal- and wnt-responsive organizer gene expression is essential
for normal gastrulation. Curr. Biol. 12, 2136-2141.

Feldman, B., Concha, M.L., Saude, L., Parsons, M.J., Adams, R.J.,
Wilson, S.W., and Stemple, D.L. (2002). Lefty antagonism of squint
is essential for normal gastrulation. Curr. Biol. 12, 2129-2135.
Amaya, E., Musci, T.J., and Kirschner, M.W. (1991). Expression of a
dominant negative mutant of the FGF receptor disrupts mesoderm
formation in Xenopus embryos. Cell 66, 257-270.

Yamaguchi, T.P., Harpal, K., Henkemeyer, M., and Rossant, J.
(1994). fgfr-1 is required for embryonic growth and mesodermal pat-
terning during mouse gastrulation. Genes Dev. 8, 3032-3044.

Sun, X., Meyers, E.N., Lewandoski, M., and Martin, G.R. (1999). Tar-
geted disruption of Fgf8 causes failure of cell migration in the gas-
trulating mouse embryo. Genes Dev. 13, 1834-1846.

Ciruna, B.G., Schwartz, L., Harpal, K., Yamaguchi, T.P., and
Rossant, J. (1997). Chimeric analysis of fibroblast growth factor
receptor-1 (Fgfr1) function: a role for FGFR1 in morphogenetic
movement through the primitive streak. Development 17124,
2829-2841.

Ciruna, B., and Rossant, J. (2001). FGF signaling regulates meso-
derm cell fate specfication and morphogenetic movements at the.
Dev. Cell 1, 37-49.

Carver, E.A., Jiang, R., Lan, Y., Oram, K.F., and Gridley, T. (2001).
The mouse snail gene encodes a key regulator of the epithelial-
mesenchymal transition. Mol. Cell. Biol. 271, 8184-8188.

Ip, Y.T., and Gridley, T. (2002). Cell movements during gastrulation:
snail dependent and independent pathways. Curr. Opin. Genet.
Dev. 12, 423-429.

Nieto, M.A. (2002). The snail superfamily of zinc-finger transcription
factors. Nat. Rev. Mol. Cell Biol. 3, 155-166.

Ulrich, F., Concha, M.L., Heid, P.J., Voss, E., Witzel, S., Roehl, H.,
Tada, M., Wilson, S.W., Adams, R.J., Soll, D.R., et al. (2003).
SIb/Wnt11 controls hypoblast cell migration and morphogenesis at
the onset of zebrafish gastrulation. Development 130, 5375-5384.
Lawson, A., and Schoenwolf, G.C. (2001). New insights into critical
events of avian gastrulation. Anat. Rec. 262, 238-252.

Winklbauer, R., and Selchow, A. (1992). Motile behavior and protru-
sive activity of migratory mesoderm cells from the Xenopus gas-
trula. Dev. Biol. 150, 335-351.

Winklbauer, R., and Nagel, M. (1991). Directional mesoderm cell
migration in the Xenopus gastrula. Dev. Biol. 148, 573-589.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111,

112,

113.

114,

115.

116.

117.

118.

Davidson, L.A., Hoffstrom, B.G., Keller, R., and DeSimone, D.W.
(2002). Mesendoderm extension and mantle closure in Xenopus
laevis gastrulation: combined roles for integrin alpha(5)beta(1),
fibronectin, and tissue geometry. Dev. Biol. 242, 109-129.
Yamashita, S., Miyagi, C., Fukada, T., Kagara, N., Che, Y.S., and
Hirano, T. (2004). Zinc transporter LIVl controls epithelial-mes-
enchymal transition in zebrafish gastrula organizer. Nature 429,
298-302.

Montero, J.A., Carvalho, L., Wilsch-Brauninger, M., Kilian, B.,
Mustafa, C., and Heisenberg, C.-P. (2005). Shield formation at the
onset of zebrafish gastrulation. Development, in press.

Winklbauer, R., Medina, A., Swain, R.K., and Steinbeisser, H. (2001).
Frizzled-7 signalling controls tissue separation during Xenopus gas-
trulation. Nature 413, 856-860.

Winklbauer, R., and Keller, R.E. (1996). Fibronectin, mesoderm
migration, and gastrulation in Xenopus. Dev. Biol. 177, 413-426.

Georges-Labouesse, E.N., George, E.L., Rayburn, H., and Hynes,
R.O. (1996). Mesodermal development in mouse embryos mutant
for fibronectin. Dev. Dyn. 207, 145-156.

Symes, K., and Mercola, M. (1996). Embryonic mesoderm cells
spread in response to platelet-derived growth factor and signaling
by phosphatidylinositol 3-kinase. Proc. Natl. Acad. Sci. USA 93,
9641-9644.

Montero, J.A., Kilian, B., Chan, J., Bayliss, P.E., and Heisenberg,
C.P. (2003). Phosphoinositide 3-kinase is required for process out-
growth and cell polarization of gastrulating mesendodermal cells.
Curr. Biol. 13, 1279-1289.

Keller, R. (2002). Shaping the vertebrate body plan by polarized
embryonic cell movements. Science 298, 1950-1954.

Keller, R., Davidson, L., Edlund, A., Elul, T., Ezin, M., Shook, D., and
Skoglund, P. (2000). Mechanisms of convergence and extension by
cell intercalation. Philos. Trans. R. Soc. Lond. B Biol. Sci. 355,
897-922.

Myers, D.C., Sepich, D.S., and Solnica-Krezel, L. (2002). Conver-
gence and extension in vertebrate gastrulae: cell movements
according to or in search of identity? Trends Genet. 18, 447-455.

Shih, J., and Keller, R. (1992). Cell motility driving mediolateral inter-
calation in explants of Xenopus laevis. Development 1716, 901-914.
Keller, R., Davidson, L.A., and Shook, D.R. (2003). How we are
shaped: The biomechanics of gastrulation. Differentiation 77,
171-205.

Elul, T., and Keller, R. (2000). Monopolar protrusive activity: a new
morphogenic cell behavior in the neural plate dependent on vertical
interactions with the mesoderm in Xenopus. Dev. Biol. 224, 3-19.

Elul, T., Koehl, M.A., and Keller, R. (1997). Cellular mechanism
underlying neural convergent extension in Xenopus laevis embryos.
Dev. Biol. 191, 243-258.

Gong, Y., Mo, C., and Fraser, S.E. (2004). Planar cell polarity sig-
nalling controls cell division orientation during zebrafish gastrula-
tion. Nature 430, 689-693.

Sausedo, R.A., Smith, J.L., and Schoenwolf, G.C. (1997). Role of
nonrandomly oriented cell division in shaping and bending of the
neural plate. J. Comp. Neurol. 387, 473-488.

Trinkaus, J.P., Trinkaus, M., and Fink, R.D. (1992). On the conver-
gent cell movements of gastrulation in Fundulus. J. Exp. Zool. 261,
40-61.

Trinkaus, J.P. (1998). Gradient in convergent cell movement during
Fundulus gastrulation. J. Exp. Zool. 281, 328-335.

Glickman, N.S., Kimmel, C.B., Jones, M.A., and Adams, R.J. (2003).
Shaping the zebrafish notochord. Development 730, 873-887.
Jessen, J.R., Topczewski, J., Bingham, S., Sepich, D.S., Marlow, F.,
Chandrasekhar, A., and Solnica-Krezel, L. (2002). Zebrafish trilobite
identifies new roles for Strabismus in gastrulation and neuronal
movements. Nat. Cell Biol. 4, 610-615.

Sepich, D.S., Myers, D.C., Short, R., Topczewski, J., Marlow, F., and
Solnica-Krezel, L. (2000). Role of the zebrafish trilobite locus in gas-
trulation movements of convergence and extension. Genesis 27,
159-173.

Trinkaus, J.P., Trinkaus, M., and Fink, R.D. (1991). In vivo analysis
of convergent cell movements in the germ ring of Fundulus. In Gas-
trulation. Movements, patterns and molecules., R. Keller, W.H.J.
Clark and F. Griffin, eds. (New York and London: Plenum Press), pp.
121-134.

Yang, X., Dormann, D., Munsterberg, A.E., and Weijer, C.J. (2002).
Cell movement patterns during gastrulation in the chick are con-
trolled by positive and negative chemotaxis mediated by FGF4 and
FGF8. Dev. Cell 3, 425-437.

Wallingford, J.B., Rowning, B.A., Vogeli, K.M., Rothbacher, U.,
Fraser, S.E., and Harland, R.M. (2000). Dishevelled controls cell
polarity during Xenopus gastrulation. Nature 405, 81-85.



Review
R228

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Topczewski, J., Sepich, D.S., Myers, D.C., Walker, C., Amores, A.,
Lele, Z., Hammerschmidt, M., Postlethwait, J., and Solnica-Krezel,
L. (2001). The zebrafish glypican knypek controls cell polarity during
gastrulation movements of convergent extension. Dev. Cell 1,
251-264.

Tada, M., and Smith, J.C. (2000). Xwnt11 is a target of Xenopus
Brachyury: regulation of gastrulation movements via Dishevelled,
but not through the canonical Wnt pathway. Development 127,
2227-2238.

Heisenberg, C.P., Tada, M., Rauch, G.J., Saude, L., Concha, M.L.,
Geisler, R., Stemple, D.L., Smith, J.C., and Wilson, S.W. (2000). Sil-
berblick/Wnt11 mediates convergent extension movements during
zebrafish gastrulation. Nature 405, 76-81.

Djiane, A., Riou, J., Umbhauer, M., Boucaut, J., and Shi, D. (2000).
Role of frizzled 7 in the regulation of convergent extension move-
ments during gastrulation in Xenopus laevis. Development 127,
3091-3100.

Milodzik, M. (1999). Planar polarity in the Drosophila eye: a multi-
faceted view of signaling specificity and cross-talk. EMBO J. 18,
6873-6879.

Winter, C.G., Wang, B., Ballew, A., Royou, A., Karess, R., Axelrod,
J.D., and Luo, L. (2001). Drosophila Rho-associated kinase (Drok)
links Frizzled-mediated planar cell polarity signaling to the actin
cytoskeleton. Cell 105, 81-91.

Rauch, G.J., Hammerschmidt, M., Blader, P., Schauerte, H.E.,
Strahle, U., Ingham, P.W., McMahon, A.P., and Haffter, P. (1997).
Wnt5 is required for tail formation in the zebrafish embryo. Cold
Spring Harb. Symp. Quant. Biol. 62, 227-234.

Marlow, F., Topczewski, J., Sepich, D., and Solnica-Krezel, L.
(2002). Zebrafish Rho kinase 2 acts downstream of Wnt11 to
mediate cell polarity and effective convergence and extension
movements. Curr. Biol. 12, 876-884.

Park, M., and Moon, R.T. (2002). The planar cell-polarity gene stbm
regulates cell behaviour and cell fate in vertebrate embryos. Nat.
Cell Biol. 4, 20-25.

Darken, R.S., Scola, A.M., Rakeman, A.S., Das, G., Mlodzik, M., and
Wilson, P.A. (2002). The planar polarity gene strabismus regulates
convergent extension movements in Xenopus. EMBO J. 217,
976-985.

Goto, T., and Keller, R. (2002). The planar cell polarity gene strabis-
mus regulates convergence and extension and neural fold closure
in Xenopus. Dev. Biol. 247, 165-181.

Carreira-Barbosa, F., Concha, M.L., Takeuchi, M., Ueno, N., Wilson,
S.W., and Tada, M. (2003). Prickle 1 regulates cell movements
during gastrulation and neuronal migration in zebrafish. Develop-
ment 130, 4037-4046.

Veeman, M.T., Slusarski, D.C., Kaykas, A., Louie, S.H., and Moon,
R.T. (2003). Zebrafish prickle, a modulator of noncanonical wnt/fz
signaling, regulates gastrulation movements. Curr. Biol. 13,
680-685.

Habas, R., Kato, Y., and He, X. (2001). Wnt/Frizzled activation of
Rho regulates vertebrate gastrulation and requires a novel Formin
homology protein Daam1. Cell 7107, 843-854.

Habas, R., Dawid, I.B., and He, X. (2003). Coactivation of Rac and
Rho by Wnt/Frizzled signaling is required for vertebrate gastrula-
tion. Genes Dev. 17, 295-309.

Etienne-Manneville, S., and Hall, A. (2002). Rho GTPases in cell
biology. Nature 420, 629-635.

Tahinci, E., and Symes, K. (2003). Distinct functions of Rho and Rac
are required for convergent extension during Xenopus gastrulation.
Dev. Biol. 259, 318-335.

Ungar, A.R., Kelly, G.M., and Moon, R.T. (1995). Wnt4 affects mor-
phogenesis when misexpressed in the zebrafish embryo. Mech.
Dev. 52, 153-154.

Bakkers, J., Kramer, C., Pothof, J., Quaedvlieg, N.E., Spaink, H.P.,
and Hammerschmidt, M. (2004). Has2 is required upstream of Rac1
to govern dorsal migration of lateral cells during zebrafish gastrula-
tion. Development 1317, 525-537.

Sheng, G., dos Reis, M., and Stern, C.D. (2003). Churchill, a zinc
finger transcriptional activator, regulates the transition between
gastrulation and neurulation. Cell 715, 603-613.

Graff, J.M., Thies, R.S., Song, J.J., Celeste, A.J., and Melton, D.A.
(1994). Studies with a Xenopus BMP receptor suggest that ventral
mesoderm-inducing signals override dorsal signal in vivo. Cell 79,
169-179.

Ninomiya, H., Elinson, R.P., and Winklbauer, R. (2004). Antero-pos-
terior tissue polarity links mesoderm convergent extension to axial
patterning. Nature 430, 364-367.

Chen, Y., and Schier, A.F. (2001). The zebrafish Nodal signal Squint
functions as a morphogen. Nature 411, 607-610.

Thisse, B., Wright, C.V., and Thisse, C. (2000). Activin- and Nodal-
related factors control antero-posterior patterning of the zebrafish
embryo. Nature 403, 425-428.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

158.

154.

155.

156.

157.

158.

159.

160.

Erter, C.E., Wilm, T.P., Basler, N., Wright, C.V.E., and Solnica-Krezel,
L. (2001). Wnt8 is required in lateral mesendodermal precursors for
neural posteriorization in vivo. Development 728, 3571-3583.
Agathon, A., Thisse, C., and Thisse, B. (2003). The molecular nature
of the zebrafish tail organizer. Nature 424, 448-452.

Nutt, S.L., Dingwell, K.S., Holt, C.E., and Amaya, E. (2001). Xenopus
Sprouty?2 inhibits FGF-mediated gastrulation movements but does
not affect mesoderm induction and patterning. Genes Dev. 15,
1152-1166.

Griffin, K., Patient, R., and Holder, N. (1995). Analysis of FGF func-
tion in normal and no tail zebrafish embryos reveals separate mech-
anisms for formation of the trunk and the tail. Development 7217,
2983-2994.

Halpern, M.E., Ho, R.K., Walker, C., and Kimmel, C.B. (1993). Induc-
tion of muscle pioneers and floor plate is distinguished by the
zebrafish no tail mutation. Cell 75, 99-111.

Wilson, V., Manson, L., Skarnes, W.C., and Beddington, R.S. (1995).
The T gene is necessary for normal mesodermal morphogenetic cell
movements during gastrulation. Development 1217, 877-886.
Kimmel, C.B., Kane, D.A., Walker, C., Warga, R.M., and Rothman,
M.B. (1989). A mutation that changes cell movement and cell fate in
the zebrafish embryo. Nature 337, 358-362.

Ho, R.K.,, and Kane, D.A. (1990). Cell-autonomous action of
zebrafish spt-1 mutation in specific mesodermal precursors. Nature
348, 728-730.

Yeo, S.Y., Little, M.H., Yamada, T., Miyashita, T., Halloran, M.C.,
Kuwada, J.Y., Huh, T.L., and Okamoto, H. (2001). Overexpression of
a slit homologue impairs convergent extension of the mesoderm
and causes cyclopia in embryonic zebrafish. Dev. Biol. 230, 1-17.
Mawdsley, D.J., Cooper, H.M., Hogan, B.M., Cody, S.H., Lieschke,
G.J., and Heath, J.K. (2004). The Netrin receptor Neogenin is
required for neural tube formation and somitogenesis in zebrafish.
Dev. Biol. 269, 302-315.

McFarland, K.N., Warga, R.M., and Kane, D.A. (2005). The genetic
locus half baked is necessary for morphogenesis of the ectoderm.
Dev. Dyn., in press.

Hammerschmidt, M., Pelegri, F., Mullins, M.C., Kane, D.A., Brand,
M., van Eden, F.J.M., Furutani-Seiki, M., Kelsh, R.N., Odenthal, J.,
Warga, R.M., et al. (1996). Mutations affecting morphogenesis
during gastrulation and tail formation in the zebrafish, Danio rerio.
Development 723, 143-151.

Kilian, B., Mansukoski, H., Barbosa, F.C., Ulrich, F., Tada, M., and
Heisenberg, C.P. (2003). The role of Ppt/Wnt5 in regulating cell
shape and movement during zebrafish gastrulation. Mech. Dev.
120, 467-476.

Solnica-Krezel, L., Stemple, D.L., Mountcastle-Shah, E., Rangini, Z.,
Neuhauss, S.C.F., Malicki, J., Schier, A., Stainier, D.Y.R., Zwartkruis,
F., Abdelilah, S., et al. (1996). Mutations affecting cell fates and cel-
lular rearrangements during gastrulation in zebrafish. Development
123,117-128.

Ohkawara, B., Yamamoto, T.S., Tada, M., and Ueno, N. (2003). Role
of glypican 4 in the regulation of convergent extension movements
during gastrulation in Xenopus laevis. Development 130,
2129-2138.

Yamamoto, A., Amacher, S.L., Kim, S.H., Geissert, D., Kimmel, C.B.,
and De Robertis, E.M. (1998). Zebrafish paraxial protocadherin is a
downstream target of spadetail involved in morphogenesis of gas-
trula mesoderm. Development 725, 3389-3397.

Kim, S.H., Yamamoto, A., Bouwmeester, T., Agius, E., and Robertis,
E.M. (1998). The role of paraxial protocadherin in selective adhesion
and cell movements of the mesoderm during Xenopus gastrulation.
Development 125, 4681-4690.

Daggett, D.F., Boyd, C.A., Gautier, P., Bryson-Richardson, R.J.,
Thisse, C., Thisse, B., Amacher, S.L., and Currie, P.D. (2004). Devel-
opmentally restricted actin-regulatory molecules control morpho-
genetic cell movements in the zebrafish gastrula. Curr. Biol. 14,
1632-1638.



