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Abstract

Body axis elongation and segmentation are major morphogenetic events that
take place concomitantly during vertebrate embryonic development. Estab-
lishment of the final body plan requires tight coordination between these
two key processes. In this review, we detail the cellular and molecular as well
as the physical processes underlying body axis formation and patterning. We
discuss how formation of the anterior region of the body axis differs from
that of the posterior region. We describe the developmental mechanism of
segmentation and the regulation of body length and segment numbers. We
focus mainly on the chicken embryo as a model system. Its accessibility and
relatively flat structure allow high-quality time-lapse imaging experiments,
which makes it one of the reference models used to study morphogenesis.
Additionally, we illustrate conservation and divergence of specific develop-
mental mechanisms by discussing findings in other major embryonic model
systems, such as mice, frogs, and zebrafish.
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Primitive streak:
elongated ridge of cells
located at the midline
of the early developing
amniote embryo, from
which cells gastrulate
to form the endoderm
and the mesoderm; the
formation of the streak
is the first sign of both
gastrulation and
anteroposterior axis
formation; the streak
extends first and then
regresses at later
developmental stages

Hensen’s Node:
embryonic region
located at the tip of the
primitive streak that
forms the most axial
structures of the body
axis, such as the
prechordal plate
mesoderm and the
notochord; avian
homolog of the
Spemann organizer
located in the dorsal
lip of the blastopore in
amphibians, the Node
regresses posteriorly as
the embryo develops
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GASTRULATION AND FORMATION OF THE ANTERIOR PART
OF THE BODY AXIS

Primitive Streak Formation and Extension

Vertebrate embryos develop in a head-to-tail sequence; in other words, the production of the
anteriormost structures (e.g., the head) is followed by the progressive formation of more posterior
ones (the neck, trunk, and tail). The three embryonic layers (ectoderm, endoderm, and mesoderm)
are formed during the gastrulation process, which begins with the formation of the primitive
streak (the amniote equivalent of the blastopore). In the primitive streak, cells from the epiblast
undergo an epithelial-to-mesenchymal transition (EMT) and ingress to form the mesoderm and
the endoderm (Nakaya & Sheng 2008, Nakaya et al. 2008, Nieto 2011). During the early stages of
gastrulation, the presumptive territories of the endoderm, the heart, the prechordal plate, and the
notochord ingress at the level of the primitive streak, which expands anteriorly (Hatada & Stern
1994, Tam & Beddington 1992). At Hamburger-Hamilton stage 4 (4HH) (Hamburger 1992),
the primitive streak reaches its maximal extension (Spratt 1946). Although the anteroposterior
axis of the primitive streak correlates with the future anteroposterior axis of the body axis, after
stage 4HH the distribution of the presumptive territories in the primitive streak in fact reflects the
mediolateral organization of the mesoderm (Garcia-Martinez & Schoenwolf 1992, Psychoyos &
Stern 1996a). The tip of the primitive streak forms the Hensen’s Node, which corresponds to the
amniote organizer and which will form the mostaxial tissue, the notochord. The paraxial mesoderm
precursors, and then the intermediate mesoderm, the lateral plate, and the extraembryonic/blood
precursors, are found posterior to this territory. The anterior neural plate, which will form the
brain and the cranial neural crest, is found anterior to the Node at stage 4HH.

The cellular mechanisms involved in the formation of the primitive streak are still debated,
and different models have been proposed (Chuai & Weijer 2009). Primitive streak formation
starts at the posterior pole of the blastoderm next to the posterior margin of the area pellucida.
During this process, the epiblast tissue located laterally to the streak moves circularly in a coun-
terrotative motion, forming cell vortices on each side of the forming primitive streak (Figure 14).
These collective circular movements, which take place concomitantly with the anterior expansion
of the primitive streak, have been named polonaise movements (Cui et al. 2005, Griiper 1929,
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Cellular mechanism involved in axis extension during the formation of the anterior part of the body axis. Schematic representations of
chicken embryos at Hamburger-Hamilton (HH) stage 3, 5, and 8 (dorsal view). Blue arrows represent major tissue movements linked
to axis extension at a given stage. Details of the cell behaviors underlying these global movements are shown in the red squares. (2) At
stage 3HH, cells intercalate in the epiblast (EP). This behavior leads to the extension of the primitive streak (PS). (#) At stage SHH,
cells ingress from the EP to the mesoderm simultaneously with Node and streak regression. (c) Ingression and directed cell migration
lead to mesodermal reorganization at stage SHH. At this stage, there is a convergent movement of the paraxial mesoderm toward the
midline. Abbreviations: HN, Hensen’s Node; NC, notochord; NF, neural folds; NP, neural plate; N'T, neural tube; S, somites.

Wetzel 1929). The movement of cells when examined in time-lapse movies is composed of the
intrinsic (active) movement as well as a passive movement that results from tissue deformation.
This deformation can either be controlled intrinsically and result from the collective behavior of
cells or be imposed extrinsically, by external forces, for instance. Active and passive movements
have been investigated by determination of cells versus extracellular matrix (ECM) motion during
primitive streak extension (Zamir et al. 2008). This work, based on the tracking of fibronectin
fibers and cellular nuclei, shows that ECM movement is essentially the same as cell movement
during the polonaise movements of the epiblast cells. These results suggest that the movements
that define streak formation are not solely a result of the crawling or migration of the epiblast cells
on their matrix, which would otherwise result in a differential movement between the two entities.
They point to the importance of large-scale bulk tissue movements in morphogenetic processes,
a notion that has been underestimated in the field of morphogenesis.

Wei & Mikawa (2000) proposed that oriented cell division localized in the posterior part of
the streak drives the elongation of the structure. However, inhibiting cell proliferation did not
block streak extension, and analysis of mitosis by time-lapse imaging did not reveal any prominent
orientation, which thus questions the central role of cell division in driving the morphogene-
sis of the streak (Chuai et al. 2006, Voiculescu et al. 2007). Chemotactic attraction/repulsion-
based mechanisms have been proposed as another mechanism for streak morphogenesis (Chuai &
Weijer 2007). Here, directional cellular movements would be controlled by a chemoattractant
signal located at one extremity of the streak and a chemorepulsive signal at the other extremity.
This appealing hypothesis can explain both the streak and the epiblast motions and can be mod-
eled by mathematical simulation (Sandersius et al. 2011, Vasiev et al. 2010). Interestingly, recent
experiments suggest that nodal signaling could be implicated in driving polonaise movements in
the epiblast, and therefore in contributing to streak formation (Yanagawa et al. 2011).
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Convergence
extension: process by
which embryonic
tissue narrows in one
axis and extends in the
perpendicular
dimension

Somite: block of
mesodermal cells
located on both sides
of the neural tube; the
somites will give rise
to the dermis, skeletal
muscles, and vertebrae

The other main cellular behavior involved in streak morphogenesis is convergence extension
resulting from mediolateral cell intercalation. Lawson & Schoenwolf (2001) first observed the
existence of these movements in the chicken embryo by using Dil staining of the epiblast during
streak formation (Figure 14). These convergence-extension movements of the epiblast have been
subsequently analyzed using high-resolution time-lapse imaging. This technique, combined with
chick embryo culture ex ovo, allowed the detailed analysis of the epiblast convergent behavior at
cellular resolution (Voiculescu et al. 2007). Epiblast cells become polarized and move toward the
embryonic midline, where they intercalate; this intercalation behavior therefore leads to primitive
streak lengthening. Interestingly, Voiculescu et al. (2007) also showed that these movements
rely on Wnt/planar cell polarity (PCP) signaling, which is also involved in frog, fish, and mouse
convergence-extension and intercalation movements (Gray et al. 2011, Skoglund & Keller 2010),
suggesting a conserved role for this pathway.

The convergence-extension movements in the epiblast of chicken embryos take place much
earlier than the mediolateral intercalation of the mesoderm and the neural ectoderm in frogs and
fish. These movements, which are linked to a later phase of axis extension and are observed after cell
internalization during gastrulation, are discussed in the section on Hensen’s Node and Primitive
Streak Regression. Epithelial-cell intercalation has also been shown to drive germ-band extension
(axis elongation) in the Drosophila embryo (Bertet et al. 2004). This epithelial intercalation in
flies requires active reorganization of cell junctions involving myosin2-dependent contractions
of the cortical actin cytoskeleton and cadherin-mediated adhesion, and it also requires the PCP
pathway. Nishimura et al. (2012) recently reported that a similar mechanism is also active during
neural tube closure of vertebrates. Novel culture and imaging protocols developed for mammalian
embryos have recently begun to shed light on the conservation of the mechanisms involved in
primitive streak formation. In rabbit embryos, streak extension relies on oriented cell division and
specific planar movements (Halacheva et al. 2011). Imaging studies of murine streak formation
suggest that this process works differently than in chicken and does not require large-scale or
convergence-extension movements. The primitive streak arises in situ by progressive initiation
of EMT beginning in the posterior epiblast (Williams et al. 2012). Indeed, an obvious difference
between the two species lies in the number of cells at the beginning of gastrulation, which is
approximately 500 in the mouse compared with approximately 50,000 in the chicken embryo.
Therefore, whereas formation of a primitive streak marks the earliest stage of formation of the
embryonic axis in amniotes, there exists a significant plasticity in the cellular mechanisms deployed
in different species.

Hensen’s Node and Primitive Streak Regression

Stage 4HH marks the beginning of the regression of the Hensen’s Node and the primitive streak,
which progressively lays the embryonic body in its wake (Spratt 1947). The size of the body axis
increases during the early phases of primitive streak regression, although the total size of the em-
bryonic area does not change (Figure 15). This stage marks the transition between the ingression
of the head mesoderm, which forms the muscles of the head, and the beginning of the ingres-
sion of the somitic cells, which will contribute to the axial skeleton, the skeletal muscles of the
body, and the dermis of the back (Jouve et al. 2002). The first morphological somite forms soon
after at stage 7HH, and it lies at the level of the future otic vesicle (Hinsch & Hamilton 1956).
Gastrulation continues at the primitive streak level, the Node regresses, and the streak progres-
sively diminishes in length. Ingression of mesodermal precursors from the epiblast continues at
the level of the primitive streak, which produces streams of mesoderm that become progressively
patterned, leading to the formation of the body axis. After stages 13—14HH (19-22 somites), the
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primitive streak no longer exists and the posterior body is formed by the tail bud, which continues
to produce the embryonic tissues (Schoenwolf 1979a,b).

Fate-mapping studies using quail-chick chimeras or Dil staining have allowed identification
of the Node, streak, and epiblast derivatives (Hatada & Stern 1994, Nicolet 1971, Psychoyos &
Stern 1996a, Schoenwolf et al. 1992). The Hensen’s Node provides the precursors of the axial
mesoderm structures, the roof of the endoderm, and the floor plate of the neural tube (Catala
etal. 1996, Charrier et al. 1999, Kirby et al. 2003, Selleck & Stern 1991). Anterior primitive streak
cells located in the territory caudally and adjacent to the Node are of particular interest. This
specific region contains long-term progenitors endowed with self-renewal properties, which will
be retained in the streak as the Node regresses (Cambray & Wilson 2002, 2007; Iimura et al. 2007;
McGrew et al. 2008; Psychoyos & Stern 1996a; Selleck & Stern 1991). They will give rise to the
medial portion of the paraxial mesoderm (Ilimura et al. 2007, Selleck & Stern 1992). Posterior
to this region, the primitive streak and adjacent epiblast will give rise to the lateral part of the
paraxial mesoderm (Ilimura et al. 2007). The more posterior regions of the streak will give rise to
the intermediate mesoderm, the lateral plate, and the extraembryonic mesoderm (Garcia-Martinez
& Schoenwolf 1992, Psychoyos & Stern 1996a).

The exact mechanisms underlying the regression of the Hensen’s Node are poorly understood.
Early deletion of the Node in mouse and chicken does not block elongation of the embryo,
which suggests that Node regression is not intrinsically controlled (Charrier et al. 1999, Davidson
et al. 1999, Joubin & Stern 1999). Thus, this also suggests that the Node movements could be
controlled by extrinsic forces generated by adjacent tissues. The axial mesoderm (head process
and notochord), which derives from the regressing Hensen’s Node, elongates by accretion at
the posterior end of the embryo as well as by convergence and oriented cell division (Sausedo
& Schoenwolf 1993, 1994; Yamanaka et al. 2007). The axial mesoderm does not seem to play
a key role in axis extension, because embryos in which the notochord is absent still retain the
capacity to form an elongated body axis (Ang & Rossant 1994, Charrier et al. 1999, Davidson et al.
1999). The neuroectoderm undergoes massive morphogenetic events during Node regression.
The neural plate elongates and bends, and at the spinal cord level, it progressively closes in an
anteroposterior sequence to form the neural tube (Colas & Schoenwolf 2001, Nishimura et al.
2012). Convergence-extension movements and oriented cell divisions have been observed in the
neuroectoderm of elongating embryos in different species (Concha & Adams 1998; Elul et al.
1997; Keller et al. 1992; Nishimura et al. 2012; Schoenwolf & Alvarez 1989, 1992). As a result,
the neuroectoderm extends posteriorly and may push the Node, which is located at its caudal end
(Mathis et al. 2001). However, the influence of these movements on the global embryonic axis
extension still has to be determined.

The flux of mesodermal cells generated by gastrulation is necessary for axis extension
(Figure 1b). Inhibition of cell movements from the epiblast to the mesoderm through the primitive
streak leads to severe truncations of the embryonic body axis. For instance, inhibition of FGF and
Wht signaling pathways, which prevents gastrulation movements, blocks axis elongation. Mouse
mutants for the FGF ligands FGF4 or FGF8 or for the receptor FGFR1 show severe gastrulation
defects and axis truncation, because cells cannot leave the streak structure to form the mesoderm
(Boulet & Capecchi 2012, Deng et al. 1994, Naiche et al. 2011, Sun et al. 1999). Genetic deletion
of Wnt3 in mice leads to absence of the primitive streak and gastrulation defects (Liu et al. 1999),
whereas mutation of Wnt3a leads to axis-elongation defects (Greco etal. 1996, Takada etal. 1994).
Inactivation of the Wnt coreceptors Lrp5 and Lrp6, or of the Lefl and TCF1 effectors of the Wnt
pathway, gives a similar phenotype (Galceran et al. 1999, Hsich et al. 2003, Kelly et al. 2004). In
chicken embryos, blockage of FGF and noncanonical Wnt signaling also interferes with gastrula-
tion movements linked to streak formation and ingression (Chuai et al. 2006, Hardy et al. 2008).
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The movements of the newly ingressed mesoderm cells, which lead to their allocation in their
future mesodermal compartment (e.g., axial, paraxial, lateral), also play an important role in the
control of body axis extension. Directed migration guided by chemotaxis could play a role in this
process (Figure 1¢). Yang et al. (2002) proposed that migration of the mesoderm away from the
streak was mediated by chemorepulsion guided by FGF8. The same cells, once away from the
streak, converge back toward the medial part of the embryo in response to FGF4 chemoattraction
mediated by the notochord (Yang et al. 2002). Other signals, such as PDGF, PTEN, and WNT
signals, are also implicated in the movement of the ingressed mesoderm cells in chicken embryos
(Leslie et al. 2007, Sweetman et al. 2008, Yang et al. 2008, Yue et al. 2008).

A key mechanism involved in the control of elongation of the anterior portion of the body
axis is convergence extension. Convergence-extension movements were first documented in frog
embryo gastrulation (R. Keller et al. 2008, Solnica-Krezel & Sepich 2012, Tada & Heisenberg
2012). During the formation of the body axis in the frog, cells of the mesoderm and neural plate
converge toward the midline, where they intercalate, which leads to the elongation of the neural
tube, the notochord, and the paraxial mesoderm (Shih & Keller 1992a,b). These movements,
which play a key role in the elongation of the anterior portion of the body axis (head and neck) in
lower vertebrates, are mostly observed until blastopore closure. At the cellular level, converging
cells orient their axis perpendicular to the anteroposterior axis to slide in between each other.
These convergence movements, which are mediated by mediolateral intercalation and require
the PCP pathway, have been well documented in frog and fish embryos (Keller & Danilchik
1988; Shih & Keller 1992a,b; Trinkaus et al. 1992; Yin et al. 2008). Similar movements have
been reported in mouse and chicken embryos at these stages of development (Yang et al. 2002,
Yen et al. 2009), when ectoderm, endoderm, and mesoderm converge toward the midline and
elongate simultaneously during Node regression. Mediolateral intercalation in the neural tube
or epiblast of chicken embryos requires the function of the noncanonical Wnt PCP pathway
(Gray et al. 2011, R. Keller et al. 2008, Nishimura et al. 2012, Roszko et al. 2009, Voiculescu
et al. 2007). Besides its function in polarizing mesenchymal cells, the PCP signaling pathway is
involved in the deposition of the ECM, which is necessary for cell rearrangements (Dzamba et al.
2009, Skoglund & Keller 2010). Therefore, mesodermal cell rearrangements, and in particular
convergence-extension movements, play a crucial role for extension of the anterior body axis in
different species. These cellular rearrangements might have an active role in pushing the Node
posteriorly, leading to its regression. Interestingly, and contrary to the situation encountered
earlier during streak formation, avian mesoderm cells located close to the regressing Node migrate
with a high degree of independence compared with the ECM movements (Zamir et al. 2006). This
region could be a zone in which cells efficiently pull on the ECM and therefore actively contribute
to tissue deformation and axis elongation.

Recent advances in imaging techniques now allow high-accuracy tracking of the movement
in different embryonic layers (P.J. Keller et al. 2008, Olivier et al. 2010, Truong et al. 2011).
Combining these techniques with quantitative measurements will help to accurately describe the
tissue and cell motions associated with axis extension. However, owing to the complex interactions
between embryonic layers, it is very difficult to distinguish active and passive movements (Zamir
et al. 2008). The forces generated, as well as the tissue resistance to deformation, are an essential
element of morphogenetic processes. The study of physical properties, such as stiffness or adhe-
sion of the different layers and embryonic regions, is therefore a crucial step toward a profound
understanding of the physical basis of embryonic elongation. Recently, studies done in Xenopus,
but also in chicken, allowed researchers to access some biophysical properties of embryonic tis-
sues (Agero et al. 2010, Damon et al. 2008, Davidson 2011, von Dassow et al. 2010, Zhou et al.
2009). Interestingly, in frog embryo, the paraxial mesoderm was found to be twice as stiff as the
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notochord or the neural tube, consistent with a role for this tissue in the control of axis elongation
(Zhou et al. 2009). The analysis of the mechanical properties of the cells and tissues during axis
elongation constitutes a major challenge for the future.

AXIS EXTENSION AND FORMATION OF THE POSTERIOR BODY

As described above, formation and elongation of the most anterior part of the axis are largely the
result of a massive convergence of embryonic tissue toward the embryonic midline. In birds and
mammals, the primitive streak has essentially fully regressed at the time of posterior neuropore
closure at the 16- to 22-somite stage (Schoenwolf 1979b). After this stage, axis growth becomes
restricted mostly to the tail bud in the posterior part of the embryonic body, a process often
referred to as secondary body formation (Catala et al. 1995, Holmdahl 1925, Pasteels 1937).
Gastrulation and neurulation continue to provide new mesodermic and neuroectodermic cellular
material, but the converging movement of these newly formed tissues becomes progressively less
prominent (Gont et al. 1993). A good illustration of this phenomenon is reflected in the shape
of the presomitic mesoderm (PSM) in the chicken embryo, which essentially keeps the same
width after closure of the posterior neuropore (Figure 2). This suggests that the formation of
the trunk and the caudal region of the body relies on morphogenetic mechanisms other than
convergence. The streak and Node structures persist until they are progressively transformed into
the tail bud (Schoenwolf 1979a). Gastrulation movements continue in the tail bud, which appears
as a mass of undifferentiated cells and gives rise to the three embryonic derivatives (Catala et al.
1995, Davis & Kirschner 2000, Holmdahl 1925, Kanki & Ho 1997, Knezevic et al. 1998, Pasteels
1937, Schoenwolf 1977, Schoenwolf et al. 1985). It also forms the secondary body axis, from the
lumbosacral region to the tip of the tail (Catala et al. 1995). Formation of the secondary body axis
is characterized by a different mode of neurulation called secondary neurulation, which occurs by
cavitation (Catala et al. 1995, Schoenwolf 1979a).

Ingression and Proliferation During Tail Bud Regression

During the first phase of axis elongation, the primitive streak continuously shrinks, and when
the tail fold starts to form (during the formation of the hindgut), it eventually becomes located
ventrally to become the ventral ectodermal ridge (VER) (Ohta et al. 2007) (Figure 2). Whereas
mesoderm ingression still continues at the level of the VER up to stage 16HH (approximately 25
somites), ingression has stopped at stage 20HH (approximately 40 somites) (Ohta etal. 2007). The
fate of the cells ingressing at the level of the VER has, however, not been established by precise
fate mapping (Knezevic et al. 1998, Liu et al. 2004, Ohta et al. 2007, Schoenwolf 1979b). The
derivatives of the most anterior part of the streak and the Hensen’s Node become incorporated into
aregion called the chordoneural hinge (CNH), which contains progenitors able to give rise to axial
and paraxial mesoderm and neuroectoderm (Cambray & Wilson 2002, Catala et al. 1995, Davis
& Kirschner 2000, McGrew et al. 2008, Wilson et al. 2009). The CNH produces the precursors
of the notochord and the floor plate, and its posterior wall produces paraxial mesoderm in the
caudal part of the embryo (Cambray & Wilson 2007, Catala etal. 1995, Gontetal. 1993, McGrew
et al. 2008). Retrospective lineage analysis and serial transplants in mouse and chicken embryos
suggest that cells that reside in this region can produce progenitors that self-renew and produce
progeny over long distances along the trunk and tail (Cambray & Wilson 2002, Eloy-Trinquet
& Nicolas 2002, McGrew et al. 2008). The bulk of the paraxial mesoderm produced by the tail
bud derives from the CNH and from the so-called posterior tail bud mesenchyme, which lies
posterior to the CNH. Whether the VER contributes to these mesodermal precursors through
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Figure 2

Cellular mechanisms involved in axis extension during the formation of the posterior part of the body axis. Scheme of chicken embryos
at Hamburger-Hamilton (HH) stages 11 and 15 (dorsal view). Blue arrows represent major tissue movements linked to axis extension at
a given stage. Details of the cell behaviors underlying these global movements are shown in the red squares. At stage 11HH, cells
proliferate and ingress in the caudal zone before entering the presomitic mesoderm (PSM). While in the PSM, they undergo a gradient
of nondirectional movement that leads to the caudal expansion of the tissue. These cellular behaviors continue at stage 15HH and until
the end of axis extension. A schematic representation of a tail bud sagittal section at stage 15HH is presented (red square). Abbreviations:
A, anterior; CNH, chordoneural hinge; D, dorsal; H, heart; HN, Hensen’s Node; NC, notochord; N'T, neural tube; P, posterior; PS,
primitive streak; S, somites; TBM, tail bud mesoderm; V, ventral; VER, ventral ectodermal ridge.

ingression is unclear. Mutations in the FGF or the Wnt pathway lead to posterior-axis truncations
and formation of ectopic neural-tube tissue at the expense of mesoderm (Kondoh & Takemoto
2012). Fate-mapping studies demonstrated the existence of a pool of bipotential cells able to
generate the paraxial mesoderm and neural tube (Lawson & Pedersen 1992, Tzouanacou et al.
2009). However, the precise location and identification of these cells remains to be established.
In frog, formation of the tail bud results from interaction of different territories of the posterior
neural plate and mesoderm (Tucker & Slack 1995), and it has been shown to require Notch and
BMP4 signaling (Beck & Slack 1998, 1999; Beck et al. 2001). In fish, formation of the posterior
body involves a tail organizer that controls activation of BMIP, nodal, and Wnt signaling pathways
(Agathon et al. 2003, Szeto & Kimelman 2006). In mouse and fish, mutants for WN'T pathway
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genes or for the T-box family Brachyury (T) transcription factor (or its fish ortholog, Notail)
exhibit specific truncations of the posterior part of the embryonic body axis (Amacher et al.
2002, Galceran et al. 1999, Herrmann et al. 1990, Takada et al. 1994). Brachyury is important for
gastrulation movements because cells mutant for this gene cannot leave the streak (Rashbass et al.
1991; Wilson & Beddington 1997; Wilson et al. 1993, 1995). In zebrafish, the autoregulatory loop
between Brachyury and Wnt3a is involved in the maintenance of the axial progenitors (Martin
& Kimelman 2010), and MsgnI has recently been implicated in positively regulating the cellular
movements from the tail bud to the PSM (Fior et al. 2012). Mouse mutants for Cdx genes, which
are targets of Wnt and FGF signaling, exhibit posterior truncation of the axis (Chawengsaksophak
etal. 2004, Young et al. 2009). These defects are rescued by Wnt overactivation (Yamaguchi et al.
1999, Young et al. 2009). Elongation is also highly sensitive to retinoic acid (RA), a signaling
pathway active in the anterior PSM (Diez del Corral et al. 2003, Kessel & Gruss 1991, Rossant
et al. 1991). Cyp26, an enzyme that can degrade RA, is expressed in the tail bud downstream of
FGF signaling. Interestingly, Cyp26-null mutant mice exhibit truncations of the axis (Abu-Abed
etal. 2001, Fujii et al. 1997, Sakai et al. 2001). Treatment of embryos with RA leads to inhibition
of Wnt signaling and arrest of elongation, resulting in truncation (Tulianella et al. 1999, Kessel
1992, Shum et al. 1999). Thus, FGF and Wnt signaling are required for body axis elongation, and
their effect is antagonized by RA.

In amniotes, Hox genes are a family of 39 transcription factors that are organized in four clusters
that arose by serial duplication of an ancestral cluster (Duboule 2007). Hox genes are organized in
a collinear fashion on the chromosome, meaning that the distribution of Hox expression domains
along the anteroposterior axis of the body reflects their position along the cluster (Duboule &
Dollé 1989, Graham et al. 1989). Hox genes control the anatomical identity of the different regions
of the body axis. Hox genes were implicated recently in the control of axis extension (Mallo et al.
2010, Young et al. 2009). Inactivation of the HoxBI13 gene leads to a small increase in segment
number, whereas overexpression of posterior genes, such as HoxC13, leads to premature axis
truncation (Economides et al. 2003, Young et al. 2009). These truncations can be rescued by
overexpressing central Hox genes, such as HoxB8 or HoxAS, in these mutants, which suggests that
these genes play an important role in the control of elongation in the trunk region (Young et al.
2009). Hox genes were also involved in the control of ingression of the mesodermal precursors
from the epiblast to the primitive streak (limura & Pourquié 2006). HoxB genes are expressed in a
collinear sequence in the epiblast adjacent to and overlying the anterior primitive streak prior to
the ingression of the cells in the mesoderm. Overexpression of Hox genes in the epiblast showed
that posterior Hox genes can delay epiblast cell ingression. Furthermore, the posteriormost Hox
genes can suppress the function of more anterior ones, a property that has been termed posterior
prevalence (Duboule & Morata 1994). The progressive collinear activation of HoxB genes in the
epiblast cells thus regulates the flux of gastrulating cells and ensures the correct positioning of
the future Hox-expressing domain, and hence the anatomical domains along the AP axis (limura
et al. 2009). How the control of cell ingression downstream of Hox genes relates to elongation
remains to be investigated. The addition of new cellular material and tissue movement away from
the tail bud progenitor zone are important aspects of body axis elongation. Lawton et al. (2013)
recently used 3D time-lapse imaging to describe that, within the zebrafish tail bud, different tissue
fluidities coexist during axis elongation. Based on mathematical modeling data, they propose that
tissue coherence and flow rate are key parameters of axis elongation.

The Posterior Presomitic Mesoderm Controls Axis Elongation

Ingression and proliferation in the tail bud are required to produce the cellular material necessary
for axis extension. However, the posterior movement of the tail bud necessitates force generation
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and cell reorganization to produce the elongation movements involved in shaping the body axis.
Which tissues are mechanically active in posterior-axis extension? Bénazéraf etal. (2010) addressed
this question in the chicken embryo by deleting caudal structures and completing time-lapse
imaging analysis to identify the regions controlling axis elongation. Morphogenetic movements
of axis extension are not impaired, at least for a short period of time, when axial structures are
ablated. As reported in younger embryos, the organizer region can regenerate after deletion to
continue to give rise to trunk progenitors (Joubin & Stern 1999, Psychoyos & Stern 1996b). The
fact that elongation does not stop after the microsurgery suggests that morphogenetic mechanisms
driving extension are taking place in other tissues (Schoenwolf 1978). Ablation of the neural tube,
including in the most caudal part of the embryo, does not prevent elongation of the embryo,
which indicates that it does not act as the motor of axis elongation (Rong et al. 1992). In contrast,
deletion of the caudal part of the paraxial mesoderm leads to an abrupt slowing down of axis
extension, which suggests that this tissue plays a key role in axis extension. In line with these
observations, time-lapse imaging shows extensive movements of cells in the caudal part of the
PSM (Bénazéraf et al. 2010, Delfini et al. 2005, Kulesa & Fraser 2002). Analysis of these cellular
movements in comparison with the posterior tissue movement (i.e., the ECM movement) showed
that the posteriorly oriented movement of the cells of the PSM is essentially a result of the posterior
deformation of the tissue and that the local movement of the cells is essentially random (Bénazéraf
et al. 2010). Accordingly, cells in the caudal PSM do not show any preferential polarity with
respect to the embryonic axis (Figure 2). The PSM is rich in ECM proteins such as fibronectin
or fibrillin 2 (Czirok et al. 2004, Duband et al. 1987, Martins et al. 2009, Rifes et al. 2007,
Rifes & Thorsteinsdéttir 2012). Thus, cells in the posterior PSM can crawl on the matrix fiber
network to generate the forces necessary for tissue expansion. This hypothesis is reinforced by
the fact that mouse embryos mutant for fibronectin or its receptor integrin «5 display posterior
truncations (George et al. 1993; Georges-Labouesse et al. 1996; Yang et al. 1993,1999). Mouse
embryos in which the binding site of fibronectin to integrin, the motif RGD, has been mutated
show truncation as well as PSM patterning and migration defects (Girés et al. 2011). These results
suggest that the forces generated by the nondirectional cellular movements within the PSM rely
on the interaction between cells and their ECM. High cellular density in the anterior part of
the PSM and in neighboring tissues also participates in the control of elongation by creating the
necessary tissue resistances and thus biasing the tissue movement posteriorly. Gain- and loss-of-
function experiments showed that the gradient of random cellular movement in the posterior
PSM is driven by the gradient of FGF signaling in this tissue. The global posterior movement of
PSM cells that drive elongation is thus an emergent property of the gradient of random motility
imposed on individual cells (Figure 2) (Bénazéraf et al. 2010). Limited convergent movements
are nevertheless observed in the rostral PSM, but they likely result from the elongation taking
place at the posterior end. The behavior of the PSM cells is conceptually similar to what is
observed for diffusion in physics: Molecules exhibiting random motion controlled by a gradient
of temperature will move in the direction of the gradient. Such a mechanism is likely taking part
in other morphogenetic processes involving the formation of an outgrowth. In the limb bud, for
instance, FGF signaling also regulates the random movement of mesenchymal cells, which could
drive the proximo-distal elongation of the bud (Gros et al. 2010).

Recent progress in the analysis of collective cell migration allowed the direct measurement
of force distribution in a group of cells through traction microscopy techniques. It showed that
forces in a migrating tissue are transmitted through several cell diameters and that these forces
are distributed among several directions, even though the tissue is moving in one direction (Serra-
Picamal et al. 2012, Trepat & Fredberg 2011, Trepat et al. 2009). These studies are informative
of the physical constraints that define the mechanics of a dense cellular environment and might be
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generalized to embryonic tissue mechanics as well. However, these studies have mainly been carried
out on epithelial cells, and how they will translate to mesenchymal cells, such as the posterior
PSM, remains to be established. In several embryonic locations, such as the PSM, cell migration is
not directional at the individual level, whereas the tissue appears to be collectively flowing in one
direction. This is also the case in neural crest migration, where individual movements are driven by
a contact inhibition mechanism, whereas collective motion is unidirectional (Carmona-Fontaine
et al. 2008). In the future, direct force measurement in the embryo will be key to understanding
how individual cell movements can be integrated to produce deformation on the tissue scale. The
growth of posterior structures likely relies on a variety of different cellular strategies. Integrative
studies based on live imaging and biophysical modeling will help to define the mechanics of
posterior-axis extension.

REGULATION OF SEGMENT NUMBER AND AXIS LENGTH

The vertebrate embryonic body is segmented along its anteroposterior axis. Segmentation takes
place by progressively subdividing the PSM into somites during axis formation. Somitogenesis
progresses in a rostro-caudal manner in concert with axis elongation. Somites are epithelial struc-
tures that contain precursors of vertebrae, ribs, skeletal muscles, and the dermis of the back (Chal
& Pourquié 2009). Somites form rhythmically in a synchronous fashion, as pairs, by pinching
off from the anterior tip of the PSM on each side of the neural tube. The period of this pro-
cess is species dependent: 120 minutes in mouse embryos, 90 minutes in chicken embryos, and
~30 minutes in zebrafish embryos. As PSM cells are incorporated into newly formed somites ante-
riorly, new tissue is constantly supplied caudally by gastrulation and cell division occurring within
the PSM tissue itself. In the chicken, segmentation starts during the phase of Node regression at
stage 7HH. Axis extension and somitogenesis terminate at stage 26HH. The number of somites
can vary tremendously between vertebrate species but is usually invariant between individuals of
one given species. The coordination of somitogenesis and axis extension defines segment numbers
and body length (Gomez & Pourquié 2009).

Mechanisms of Segment Formation

Somitogenesis relies on a molecular oscillator, which controls the rhythmic activation of the Wnt,
FGF, and Notch signaling pathways in the PSM (Figure 34,b) (Pourquié 2011). Existence of such
an oscillator had been predicted in a theoretical model called the clock and wavefront model, which
posited that segmentation results from the displacement of an oscillator in space (Cooke & Zeeman
1976). Such an oscillator has been identified and called the segmentation clock (Palmeirim et al.
1997). It delivers periodic signaling pulses that are involved in the definition of the segmental
prepattern in the PSM. These signaling pulses manifest as bilateral traveling waves of mRNA
expression of targets of these pathways that sweep across the PSM each time a new somite forms
(Figure 34) (Aulehla et al. 2008, Dequeant et al. 2006, Palmeirim et al. 1997). A cross-species
analysis of the segmentation clock mechanism using a microarray approach in fish, chicken, and
mouse PSM demonstrated that, although the same three pathways are activated periodically, the
individual cyclic genes differ between species (Krol etal. 2011). These differences suggest a certain
degree of evolutionary flexibility, at least at the molecular level, in the segmentation mechanism.
Evidence for a similar oscillator associated to periodic segment production was also recently
described in short-germ-band insects, in which elongation of the body axis follows a mode similar
to that of vertebrates (Sarrazin et al. 2012). This supports the idea that the use of an oscillator
to pattern embryonic segments might represent an ancestral strategy in bilateria. Furthermore,
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(90 min). The cyclic gene is expressed in the caudal part of the PSM, then in the intermediate part, and finally in a more restricted area
of the anterior PSM; this cyclic pattern of expression is then repeated. As the embryo elongates, the wavefront or determination front
[set up by gradients of FGE/WN'T and retinoic acid (RA) signaling] regresses (dashed black lines). The position of the future somite is set
up once the clock genes are expressed in the window of competence delimited by the determination front. (b)) The different cyclic genes
oscillate with different phase patterns. Genes belonging to Notch/FGF cyclic genes oscillate in antiphase with the cluster of cyclic
genes from Wnt signaling. Abbreviations: N'T, neural tube; PS, primitive streak; S, somites.

in Arabidopsis, Moreno-Risueno et al. (2010) also proposed an oscillator to control the periodic
formation of the rootlets. Thus, this provides an interesting example of convergent evolution and

suggests that the displacement of an oscillator in space might represent a basic strategy for periodic

pattern generation in eukaryotes.

The relative and apparent simplicity of the zebrafish clock led to several models aiming to
explain the mechanisms driving the transcriptional oscillation. Central to these models is a delayed
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negative feedback loop that regulates expression of the Her family of transcription repressors
(Henry et al. 2002, Lewis 2003, Morelli et al. 2009, Oates & Ho 2002, Schroter et al. 2012). In
amniotes, however, we do not yet fully understand the interplay between the different cyclic gene
products and their role in the segmentation clock. Particularly, whether the cyclic genes act as
the pacemaker of the oscillator remains controversial. It has recently been demonstrated in mice
that removing two introns of the Hes7 gene leads to more rapid oscillations. This confirms that
Hes genes are a central element in setting up the tempo of the segmentation clock (Harima et al.
2013). However, the mouse and chick segmentation clocks seem to include far more players than
members of Hes family genes. Several modeling efforts have been made to understand how these
different players could regulate the clock (Dequeant et al. 2006; Goldbeter & Pourquié 2008;
Krol et al. 2011; Niwa et al. 2007, 2011). Most of the cyclic genes code for negative-feedback
inhibitors of the Notch, Wnt, and FGF signaling pathways, which suggests a possible mechanism
for their periodic control. In this hypothesis, the pathways that are constitutively activated in the
PSM trigger the activation of these negative-feedback inhibitors, which in turn shut down their
expression. The inhibitors then become degraded, and activation of the pathways resumes once
the inhibitors have disappeared. Such a mechanism could explain the control of the oscillations
of the clock and can be modeled mathematically (Dequeant et al. 2006, Dequeant & Pourquié
2008, Goldbeter & Pourquié 2008). However, such a model is hard to reconcile with the results of
experiments in which the Notch or the Wnt pathways were constitutively activated in mouse and
in which oscillations were still observed (Aulehla et al. 2008, Dunty et al. 2008, Feller et al. 2008,
Ozbudak & Pourquié 2008). Such genetic experiments in mouse seem to suggest that the clock
pacemaker cannot be explained only by feedback-loop mechanisms of the three major signaling
pathways. If this is true, it will be very interesting to identify the signals that can trigger the clock
signal. The possibility of another oscillator entraining the cyclic gene network cannot be excluded
at this point.

The use of real-time reporters in vivo helped to decipher many aspects of the dynamics of
segmentation (Aulehla et al. 2008, Masamizu et al. 2006). Time-lapse imaging of a clock reporter
for the cyclic gene Lunatic fringe in mice allowed researchers to monitor oscillation properties
and their link to signaling gradients in the PSM. For example, graded WNT/f-catenin signals
regulate the size of the oscillatory domain of the cyclic genes within the PSM (Aulehla et al. 2008).
Within this oscillatory domain, a gradual shift in Lunatic fringe oscillation phases (phase gradient)
exists between cells. Using time-lapse imaging in PSM explanted tissue, Lauschke et al. (2013)
recently observed that this phase gradient varies in tissue-size dependence—a mechanism that
explains how somite size scales with embryonic size.

The recent advances in understanding cell movements in the PSM, which implicate conver-
gence at early stages and graded random movements at later stages, raised the question of the
coordination of such movements with the highly coordinated clock oscillations that take place in
this tissue. Based on theoretical grounds, Uriu et al. (2010) proposed that random movements
participate in the regulation of clock oscillation by improving the synchronization of the oscilla-
tions among cells. Until now, most of the dynamic analysis of the clock signal in vivo has been
done at the tissue level. In a recent report, Delaune et al. (2012) used the zebrafish embryo as
a model to study the segmentation clock at the single-cell level using time-lapse imaging. They
provide direct evidence that Notch signaling is crucial to synchronize the clock phases between
PSM cells. By tracking individual cells, they were also able to demonstrate that PSM cells divide
preferentially in a certain clock phase.

A second system (the wavefront) is required to translate the rhythmic signal delivered by the
clock into the periodic series of somites. This system involves traveling posterior gradients of the
Wntand FGF signaling pathways. These gradients define a particular threshold of signaling along
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the PSM, called the determination front, at which cells first become competent to respond to the
clock signal (Aulehla et al. 2003, Dubrulle et al. 2001, Sawada et al. 2001). Thus, when the clock
signal reaches the cells that have passed the determination front during the previous cycle, seg-
mentation genes (such as the transcription factor Mesp2) are activated in these cells, thus forming
a striped domain that prefigures the future segment (Figure 34) (Saga 2007, Saga et al. 1997). A
dynamic analysis using an FGF and a Delta/Notch bioluminescent cyclic reporter allowed Niwa
et al. (2011) to propose a new model in which the wavefront window would be defined by the
dynamics of FGF oscillations instead of being a linear readout of graded signaling. The Mesp2
expression regulation is a key element integrating both the cyclic and the determination front sig-
nals (Morimoto et al. 2007; Oginuma et al. 2008, 2010). Mesp2 subsequently triggers a molecular
cascade that leads to the specification of segment boundaries (Saga 2012). An opposing gradient
of RA activity coming from the formed somites and the anterior PSM was also implicated in po-
sitioning the determination front by counteracting the posterior gradients (Diez del Corral et al.
2003, Goldbeter et al. 2007, Moreno & Kintner 2004). The rapid gene activation in the segmental
stripe seen at the determination-front level may result from a bistable transition controlled by the
system of mutually opposing gradients of FGF and RA (Goldbeter et al. 2007).

Another challenge in the field of segmentation is to understand the dynamics of signaling
gradients in the PSM. The FGF gradient is established by regulation of the Fgf§ mRNA decay
(Dubrulle & Pourquié 2004). Transcription of the Fgf§ mRNA is restricted to the paraxial meso-
derm precursors in the tail bud, and it stops when their descendants enter the posterior PSM.
Thus, the Fgf8 gradient observed in the posterior PSM simply reflects the progressive decay of
the mRNA. Such a mechanism also likely controls the establishment of dynamic gradients of
other Fgfs and Wnt ligands in the posterior PSM. Remarkably, the FGF gradient controls both
the random motility gradient involved in axis elongation and the segmentation process, which
ensures a tight coordination between these two fundamental patterning processes.

Mutations in genes involved in the mechanism of segment formation, and particularly genes
involved in the segmentation clock, are linked to vertebral malformations, such as congenital
scoliosis in humans (Pourquié 2011). Therefore, basic discoveries in the field of segmentation can
have a tremendous impact on our understanding of vertebral malformations, currently a poorly
studied area of medicine. Studies in mouse embryos show that the combination of heterozygote
mutations in genes involved in the control of segmentation, coupled to an environmental injury
such as hypoxia, can lead to segmental malformations reminiscent of congenital scoliosis (Sparrow
et al. 2012). This study shows that the effect of oxygen level on the mechanism of segmentation
involves a downregulation of the FGF pathway. These results illustrate the importance of both
the genetic and the epigenetic environment in the etiology of such pathologies.

Regulation of the Segment Number

The total number of somites varies tremendously between species: There are 32 in zebrafish, 55
in chicken, 65 in mice, and up to 344 in snakes. But within a given species, the number of segments
is remarkably constant. The ratio between the speed of axis elongation and of somitogenesis was
proposed to play a critical role in controlling the size of the PSM and thus in defining the number
of body segments (Figure 44) (Gomez et al. 2008, Gomez & Pourquié 2009). The number of
cell generations required to generate the embryonic axis was calculated for fish (2.8), chicken
(13), mouse (15), and snake (21) embryos. This suggests that posterior growth continues for a
longer time in snakes. Interestingly, in contrast to the several posterior Hox genes expressed in the
lizard tail, only two posterior Hox genes (HoxC12 and C13) are expressed in the snake embryo tail
region (Di-Pof et al. 2010). It has been hypothesized that posterior Hox genes participate in the
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Mechanisms that are potentially involved in the regulation of axis extension termination. (#) The termination
of the axis and the regulation of species-specific somite number can be viewed as a balance between the rate
of axis elongation and the rate of somitogenesis. The rate of somitogenesis is relatively constant throughout
development for a given species, and the diminution of the elongation rate is a key factor in regulating axis
length and therefore segment number. (5) Schematic representation of the posterior part of the axis at the
end of elongation (Hamburger-Hamilton stage 24, side view). In the anterior presomitic mesoderm (PSM),
somitogenesis still occurs. Extension of the axis is sustained by nondirectional migration in the caudal PSM
and proliferation and ingression from the tail bud. Diminution of ingression, specification, migration,
proliferation, or apoptosis can lead to the slowing down of elongation. Signals from the anterior PSM and/or
from the tail bud may cause the cessation of axis growth.

cessation of axis elongation (Young et al. 2009). Therefore, the reduced number of posterior Hox
genes in snake might explain the extended period of posterior growth. These differences cannot,
however, explain the differences in somite numbers observed between these species. Analysis of
the segmentation clock in snake showed that, relative to the speed of development, the snake clock
ticks much faster than does the chicken or the mouse clock. The analysis of cyclic gene-expression
patterns further supports a specific increase in the clock pace in snakes (Gomez et al. 2008). As a
result, snakes generate more segments for a similar amount of axis growth compared with other
species. These results argue that both the number of cell generations required to form the body axis
and the clock pace control the number of segments for each species. This model is now supported
by genetic evidence in zebrafish. Analysis of the clock period in bes6 fish mutants indicates that
the clock period is slowed compared with that in wild-type animals (Schroter & Oates 2010).
Mutant embryos have a reduced segment number, whereas elongation rate and body length are
unaltered. Interestingly, the relative anteroposterior patterning of the axis remains unchanged,
which suggests that it scales with the body length and not with the segment number. Harima et al.
(2013) conducted the complementary experiment in mouse embryos by reducing the number of
introns in the Hes7 gene. They observed that when the tempo of oscillations is accelerated, there
is an increase in the numbers of somites and vertebrae. Although experimental alterations in clock
speed clearly result in changes of segment number, the molecular basis of such regulation among
different species remains to be determined.
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Termination of Body-Axis Elongation

The chicken embryonic axis stops elongating around stage 24-25HH, when the tail bud progres-
sively stops its posterior movement (Sanders et al. 1986, Tenin et al. 2010). The causes of the
arrest of elongation have been much debated, and several models have been proposed. Prolifera-
tion and cell rearrangement are key drivers of axis elongation, and altering their regulation would
be a logical solution to end embryonic axis growth (Figure 4b). Another possibility would be to
stop elongation by depleting stem cells or progenitors from the tail bud. The fact that a burst of
apoptosis indeed arises in the tail bud at the end of elongation supports this hypothesis (Sanders
et al. 1986). Depletion of cells from the tail bud owing to their precipitated ingression, or by
blockage of their ingression into the mesoderm, might also be a way to terminate axis extension.
Interestingly, major signaling pathways involved in gastrulation are downregulated in the tail bud
at the end of the elongation process (Cambray & Wilson 2007, Tenin et al. 2010). For example,
transcription of Wnt and FGF ligands is reduced in late tail bud compared with earlier stages.
As these pathways are also implicated in cell proliferation, their reduced activity at late—tail bud
stage may be linked to a reduced proliferation of tail bud progenitor cells. Whereas elongation
slows down at the end of axis extension, the pace of somitogenesis is relatively constant, except
for the very last somites, which are formed at a slower pace (T'am 1981, Tenin et al. 2010). This
situation leads to the progressive shrinking of the PSM, which brings the tail bud in close prox-
imity to the last segmented somites. The somites produce RA, which induces axis truncation, and
at these late stages, the expression of Cyp26, which catabolizes RA, is downregulated (Iulianella
etal. 1999, Kessel & Gruss 1991, Tenin et al. 2010). Furthermore, Raldh2, an enzyme involved
in RA synthesis and expressed in the somites, is expressed in the chick tail bud at late stages of
development (Tenin et al. 2010). In line with this observation is the finding that exposure of
cultured tail bud to RA leads to an increase in apoptosis (Shum et al. 1999, Tenin et al. 2010).
Thus, RA signaling likely participates in the signaling that terminates axis elongation. In a recent
study, Olivera-Martinez et al. (2012) integrated several aspects of the studies mentioned in this
paragraph. Their experimental evidence suggests that the rise of RA signaling in the late tail bud
not only induces cell death but also promotes the decline of FGF signaling, which leads to a loss of
mesoderm identity. This suggests that both loss of specification and induced cell death participate
in the cessation of axis extension.

CONCLUSION

Our understanding of the morphogenetic and patterning events that control vertebrate axis forma-
tion has greatly improved over the past decade. In particular, technological advances in microscopy
have allowed us to observe the details of the cellular behaviors that underlie axis formation and
segmentation over different stages of development and within different animal models. In parallel,
functional experiments, such as genetic approaches, have favored the identification of most of the
molecular players involved in these cellular behaviors. However, several questions remain open
and will probably give rise to exciting research in the future. Concerning posterior axis extension,
the studies conducted until now have been focused mainly on one particular tissue, the paraxial
mesoderm, and its role during elongation. Different layers and tissues interact in the extending
embryo, and the comprehension of how tissues move compared with each other and how they
mechanically interact will be important to establish the physical principles underlying axis for-
mation. We still know little about the forces that shape the embryo, the viscoelastic properties of
the tissues, and the mechanically active and passive embryonic regions. The design of sensors that
allow us to measure forces in vivo will be a necessary step toward integrating physics into the field
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of morphogenesis. Finally, a quantitative analysis of somitogenesis will be required to understand
the exact mechanism that underlies the robust oscillatory pattern that takes place during somite
formation.

SUMMARY POINTS

B Axis extension during the early phases of development (formation of the anterior part of
the body) implies oriented cell behaviors, such as intercalation and directed cell migration;
it also involves convergence-extension movements at the tissue level.

B Axis extension during the late phases of development (formation of the posterior part of
the body) requires a gradient of nondirectional migration to take place in the PSM.

B Segmentation (the formation of somites) relies on the coordination of dynamic pattern-
ing signals that take place in the PSM, including the segmentation clock (a molecular
oscillator) and the wavefront (a spatial determination window that is defined by signaling
gradients).

B Axis extension and somitogenesis rates and speed are tightly regulated and coordinated
to produce the species-specific number of segments and axis length.

B The cessation of axis extension can be controlled by a combination of several cellular
behaviors, including apoptosis, loss of specification, proliferation, ingression, and cellular
migration.
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Abstract

During development, the vertebrate embryo undergoes significant morphological changes which lead to its future body form
and functioning organs. One of these noticeable changes is the extension of the body shape along the antero-posterior (A—P)
axis. This A-P extension, while taking place in multiple embryonic tissues of the vertebrate body, involves the same basic
cellular behaviors: cell proliferation, cell migration (of new progenitors from a posterior stem zone), and cell rearrange-
ments. However, the nature and the relative contribution of these different cellular behaviors to A—P extension appear to
vary depending upon the tissue in which they take place and on the stage of embryonic development. By focusing on what
is known in the neural and mesodermal tissues of the bird embryo, I review the influences of cellular behaviors in posterior
tissue extension. In this context, I discuss how changes in distinct cell behaviors can be coordinated at the tissue level (and
between tissues) to synergize, build, and elongate the posterior part of the embryonic body. This multi-tissue framework

does not only concern axis elongation, as it could also be generalized to morphogenesis of any developing organs.

Keywords Live imaging - Bird embryo - Axis elongation - Proliferation - PSM - Multi-tissue - Tissue deformations -

Morphogenesis

Introduction

Vertebrate embryos develop according to an anterior—pos-
terior (A—P) sequence of events. The most anterior struc-
tures, i.e., the head region, are formed first, followed by the
successive formation of more posterior structures: cervical,
thoracic, trunk, and tail regions. This sequence of events
takes place concomitantly with the A-P extension of the
different tissues (i.e., the neural tube, the paraxial meso-
derm, and the notochord) of the embryonic body. Distinct
cellular behaviors such as cell proliferation, cell migration,
and cell rearrangements are known to be involved in tissue
elongation. Early in development, the vertebrate embryo
transforms from a rounded shape (either spherical or dis-
coidal) into an oblong shape. It is generally considered that
this shape change is due to convergent extension of the dif-
ferent tissues of the embryo. During convergent extension,
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Centre de Biologie du Développement (CBD), Centre de
Biologie Intégrative (CBI), Université de Toulouse, CNRS,
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embryonic tissue converges (or narrows) along one axis and
extends (or elongates) along a perpendicular axis by cellular
movement. One of these rearrangements is called medio-
lateral intercalation, a process in which cells orient their
main axis perpendicular to the AP axis of the embryo and
intercalate with one another. Convergent extension by cellu-
lar intercalation has been described in detail in frog embryos
[1, 2] and is conserved in different embryonic territories
among vertebrate embryos (for review [3]). The early phase
of vertebrate embryo axial extension is thought to be mainly
driven by convergence. The following phase, which gives
rise to the posterior part of the body (i.e., posterior elonga-
tion), requires the addition of cells from a posterior growth
zone. Therefore, the elongation of the posterior tissues of
the vertebrate embryo depends mainly on growth and also
on precursor’s migration/rearrangements.

During posterior axis elongation, the spatial organiza-
tion of embryonic tissues is stereotypical among vertebrate
embryos and can be schematized as a general framework
(Fig. 1). The neural tube and the notochord are located axi-
ally. The paraxial mesoderm is located on each side of the
neural tube and the lateral mesoderm located even more
laterally. These tissues are sandwiched in between two

@ Springer
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Fig. 1 Schema of posterior tissue morphologies and organization dur-
ing posterior elongation. Dorsal view (top) and transverse sections
(bottom) of the posterior part of higher vertebrate embryo during dif-
ferent times of axis elongation (from left to right: equivalent to stage
9HH, 11HH, and 15HH in chicken embryo). Paraxial mesoderm is
in purple, neural tissue in green, notochord in red, lateral mesoderm
in pink, ectoderm in blue, and endoderm in dark green, progenitor

epithelial tissues: the ectoderm dorsally and the endoderm
ventrally. In its most posterior part, the embryonic body is
terminated by a group of posterior progenitors, a stem zone
that becomes the tail bud during the latest phases of axis
extension [4, 5]. Signaling pathways active in the most pos-
terior part of the embryo, such as Wnt and FGF, have been
identified to maintain the posterior progenitors in an undif-
ferentiated state [6-9]. While leaving the posterior region,
neural and paraxial mesoderm cells that are progressively
moving away from the influence of these signaling pathways
acquire a positional identity and differentiate. Notably, neu-
ronal diversity will be generated in the neural tube, and the
paraxial mesoderm will become periodically segmented into
somites (the metameric units that will pattern the spine) (for
reviews [10, 11]). Therefore, posterior axial morphogenesis
is highly coordinated with tissue patterning, specification,
and differentiation to ensure the laying down of precursors
that will form the future functioning organs.

What do we know about the cellular behavior allow-
ing for the elongation of the different tissues composing
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Tail bud

domain in purple and green. Ectoderm is not represented on the dor-
sal views. Note that tissues have a higher width posteriorly than ante-
riorly in the early phase (black arrows), whereas they are becoming
more straight during later phases. General tissue organization remains
conserved throughout the stages (transverse section); A anterior, P
Posterior

the posterior part of the embryo? What are their dynam-
ics? What is the nature of the mechanical forces implicated
in tissue deformation and elongation? How are elongation
and growth coordinated between different tissues? While
lineage analysis has provided some clues in the past, the
recent development of live imaging techniques, transgenic
animals, and genetic experiments has allowed researchers
to re-explore these questions in more depth. Here, I will
review the current knowledge concerning the dynamics and
the mechanisms of posterior tissue elongation. I will mainly
focus on examples taken from bird embryo development.
This embryonic model, due to its accessibility, flat shape,
and progressive maturation along the A—P axis, has been
a key system to study posterior axis extension. First, I will
consider each posterior embryonic region (posterior pro-
genitor domain, notochord, neural tube, and paraxial meso-
derm) by describing their formation. For each region, I will
review the main cellular behaviors contributing to posterior
axial elongation that have been analyzed by live imaging.
Then, I will elaborate on a blueprint of how these different
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embryonic regions could interact to ensure the formation of
the posterior part of the body axis.

Origins of axial and paraxial tissues:
the progenitor region and tail bud

During the beginning of posterior axis elongation, the pro-
genitor region giving rise to axial and paraxial tissues spans
an area located around Hensen’s node called the sinus rhom-
boidalis at stage HH 8-9 in chicken (Fig. 1) [12]. The fate of
cells from this area (and its equivalent in younger stages) has
been mapped extensively. Hensen’s node is a group of cells
located at the most anterior part of the primitive streak that
move posteriorly during axis elongation. During its caudal
movement, Hensen’s node lays down precursors of axial tis-
sues: the notochord, the dorsal endoderm, and, according
to some lineage studies, the floor plate of the neural tube
[13—15]. The dorsal cells located proximal to Hensen’s node,
posteriorly (neural/streak border) and laterally stay posi-
tioned dorsally during axis elongation and give rise to the
neural tissue [16, 17]. Cells located posteriorly to Hensen’s
node in the primitive streak undergo gastrulation movements
to form mesodermal tissues. The precursors located in the
more anterior streak are migrating in the paraxial mesoderm,
while the precursors located more posteriorly will migrate
into the lateral mesoderm [15, 18, 19]. Their antero-poste-
rior position in the streak will, therefore, be translated into
medio-lateral position in the maturating tissues. During axis
extension, some progenitors remain residents of the sinus
rhomboidalis, as they will be integrated into a structure
called the tail bud during later phases of axis elongation
[20]. The tail bud forms a mass of apparently undifferenti-
ated mesenchymal cells and is located at the posterior tip of
the embryo. Based on their origin, location, and potential,
different regions of the tail bud have been distinguished.
The Chordo-Neural Hinge (CNH), which derives from the
primitive streak and Hensen’s node, is located in the internal
region of the tail bud. This region gives rise to notochord,
neural tube, and paraxial mesoderm cells [20-22]. Cells
from more dorsal regions of the tail bud give rise to neural
tube, whereas cells from the lateral wall of the tail bud par-
ticipate in the production of the paraxial mesoderm [22]. It
has been shown that gastrulating-like movements continue in
the tail bud until stage HH13 with cells migrating from the
posterior axial region to form the paraxial mesoderm [23].
Because of its location at the caudal end of the embry-
onic body, the progenitor region has been at the center of
attention in the field of posterior axis extension. Live imag-
ing combined with ex ovo culture and electroporation tech-
niques enable direct observation of cell movements within
the posterior structures of the bird embryo [24-26]. These
techniques allow the monitoring of both the caudal-ward

movements of resident axial progenitor cells and the exit
of progenitors to the paraxial mesoderm or the neural tube.
Furthermore, they have allowed for deciphering different
molecular mechanisms regulating the migration of cells
out of the progenitor region. For instance, FGF8 signaling,
active in the most posterior region of the embryo [7, 9], is
implicated in the migration of mesoderm progenitor cells
away from the streak [27]. FGF signaling has an opposite
effect on neural precursors, where its activity is needed to
maintain neural precursors in the regressing tail bud [28].
Wnt3a and Wnt5a are also involved in the migration and
segregation of mesoderm progenitors into paraxial and lat-
eral plate mesoderm tissues of the chicken embryo [29].
Genetic experiments in mice confirm the implication of FGF
and WNT signaling pathways in the ingression and migra-
tion of mesodermal precursors [6, 30]. Finally, the decision
for a precursor cell to leave the primitive streak for the par-
axial mesoderm in the chicken embryo has been shown to
depend on the activity of Hox genes, whose expression is
progressively activated in the posterior region of the embryo
in a collinear manner [31, 32]. Indeed, premature expression
of “posterior” Hox genes delays gastrulation movements and
shifts mesodermal cell final location posteriorly. Interest-
ingly, a similar mechanism-linking Hox gene ant cell loca-
tion along the A/P axis has been proposed to be at work
during Xenopus axis elongation, suggesting a conservation
of this process among vertebrates [33]. These experiments
provide a general mechanism to explain how the timing of
Hox genes expression could be translated into cell positional
information along the AP axis. Interestingly, it also opens up
the possibility that Hox functions on morphogenesis could
be accompanying their more deeply explored functions on
axial patterning (for review on this field [34, 35]).
Recently, many efforts have been made to better under-
stand the mechanisms that maintain a progenitor pool in
the tail bud to produce tissue for the entire length of the
body axis. The territory surrounding the anterior part of
the primitive streak and, later on, the CNH (or equivalent
regions in other vertebrate) has been shown to contain cells
capable of giving rise to both the paraxial mesoderm and
the neuro-ectoderm cells [36-38]. These cells, because they
can self-renew and give progeny, seem particularly relevant
to the process of tissue production during posterior elonga-
tion [22, 38]. Retrospective lineage tracing in mouse embryo
has shown that a single progenitor in the tail bud can give
rise to both neural and mesoderm cells demonstrating the
existence of a neuro-mesodermal progenitor (NMP) line-
age [39]. These data suggest that the regulation of the NMP
specification can influence axial extension via differential
production of paraxial mesoderm and neural tissues. NMPs
co-express the transcription factors Sox2 (pan-neural factor)
and T/brachyury (an essential gene in mesodermal devel-
opment), revealing a molecular signature suggestive of a
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mixed identity [40-43]. Gene regulatory networks involv-
ing Sox2 and T/brachyury, Cdx, OCT4, as well as signaling
and metabolic pathways have been proposed to regulate the
balance of self-renewal and specification of NMPs [44-49].
The relative contribution of NMPs vs. other neural only
and mesoderm only progenitors in the building of the axis
remains, however, to be precisely quantified. NMPs seem
to integrate signaling pathways which influence both their
specification and migration. For instance, the FGF pathway
promotes specification of NMPS toward mesoderm while
maintaining neural precursors in the stem zone [28, 42, 50,
51]. Understanding how these progenitors respond differen-
tially to signaling pathways might be particularly meaningful
in understanding how specification and morphogenesis can
be regulated and coordinated within the tail bud to produce
the different tissues of the body.

Axial progenitors located within the most posterior
region of the embryo are at the “forefront” of posterior axis
elongation by their potential to produce progeny in differ-
ent tissues. However, the mechanical causes of their caudal
movements are still poorly understood. These progenitors,
which are epithelial or densely packed mesenchymal cells,
do not show active signs of cell migration themselves (such
as oriented lamellipodia); instead, their movements seem
intimately linked with the production and the movements of
cells belonging to neighboring elongating tissues.

Axial tissues and axial elongation

The notochord is a rod-like structure composed of axial
mesodermal cells that extend during antero-posterior body
axis elongation. In fish and frogs, the notochord is known to
undergo convergence extension at an early phase of develop-
ment and to later vacuolize, building up the pressure inside
the tissue and elongating the structure [52-55]. In contrast,
the process of notochord elongation in bird and mouse is
proposed to be the result of several cell behaviors: cell rear-
rangement (i.e., intercalation), cell division (proliferation),
and addition of new cells at the posterior end of the noto-
chord by the Hensen’s node and later by the CNH [56-58].
The relative importance of each of these cell behaviors
in the elongation of the A—P axis remains to be precisely
determined.

Located dorsal to the notochord lies another axial struc-
ture from ectodermal origin: the neural tissue. The neural
tube is a pseudo-stratified epithelium composed of prolif-
erating neural precursors. The anterior part of the central
nervous system is formed by bending of the neural plate
into the neural tube. This phenomenon, called primary neu-
rulation, is occurring during the early phase of posterior
axis elongation (for review [59]). Subsequent neurulation
that will form the most posterior part of the central nervous
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system is called secondary neurulation. In this process, a
group of mesenchymal cells located internally in the tail bud
progressively undergoes epithelialization and organizes into
a neuro-epithelium by cavitation [60, 61]. Interestingly, there
is no sudden switch between primary and secondary neuru-
lations. During a transition period called junctional neurula-
tion and corresponding to the formation of the thoracic level
in chicken or human embryo, neural tissue is formed by a
mixed process of elevation and folding of the neural folds
with local ingression and accretion [62].

During primary neurulation, the elongation of the neu-
ral plate occurs in parallel to its bending and is, therefore,
accompanied by a drastic change in tissue shape. These
shape changes involve convergent extension of the tissue
and cell intercalation [63]. Convergent extension has been
documented by time-lapse imaging in the chick embryo. As
demonstrated in the mouse embryo, it involves the Wnt/PCP
pathway [64, 65]. Time-lapse imaging of avian neural tube
closure during the transition phase of elongation has shown
the persistence of convergence extension movements at the
tissue level but with only few cell intercalations following
cell division [66]. Another mechanism that is involved in the
lengthening of the tissue is the orientation of cell division.
When they divide, neural cells tend to orient their axis paral-
lel to the A—P axis. Therefore, divisions directly contribute
to the lengthening of the tissue [67, 68]. Finally, during the
late phase of axis extension, convergent movements of the
neural tissue are becoming less important, whereas lineage
analysis and imaging of neural progenitors have shown that
cells from the posterior neural stem zone (later the tail bud)
are leaving the stem zone to be integrated into the neural
tube [28, 66, 69, 70]. Altogether, these data suggest that
elongation of the neural tube relies preferentially on conver-
gence during early development and on growth and accretion
of neural precursors from the neural stem zone during late
stages of axial extension.

Paraxial tissue elongation

The paraxial mesoderm consists of two columns of tissue
located on both sides of the neural tube. In its caudal part,
the paraxial mesoderm is unsegmented and called the pre-
somitic mesoderm (PSM). During axis elongation, the PSM
elongates posteriorly, while its anterior region sub-divides
periodically into somites (the metameric units that will pat-
tern the spine) (for review [11, 71]).

PSM cell rearrangements are known to trigger tissue
elongation. During the beginning of posterior axial elonga-
tion, cells migrate from the progenitor region into the poste-
rior part of the PSM with a medio-lateral movement. Simul-
taneously, cells located more anteriorly in the PSM tissue
converge toward the midline. These two different movements
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correlate with the global shape of the PSM at these stages,
large posteriorly and thin anteriorly (Fig. 1). Two types of
FGF signaling drive these movements. FGF8, secreted at
the level of the primitive streak, acts as a chemo-repulsive
signal, whereas FGF4, secreted by the notochord, attracts
PSM cells toward the midline anteriorly [27]. Convergence
in the anterior PSM is a conserved mechanism among ver-
tebrates that have been observed in zebrafish and mouse
embryos [72, 73]. After stage HH10-11, while convergence
is progressively diminishing, other types of cellular move-
ments have been observed in the caudal PSM of the chicken
embryo. In particular, within the expanding caudal PSM tis-
sue, cells migrate extensively with no apparent directional-
ity, exchanging neighbors frequently [74—76] and, therefore,
explaining the spreading of PSM cells previously observed
by single-cell lineage analysis (Fig. 2) [77]. Tracking of
these movements and comparing them to the deformation
of the tissue highlighted the existence of a gradient of non-
directional motility within the PSM tissue [74]. Cells in the
caudal PSM spread more than cells located anteriorly. This
posterior graded “diffusion” is under the influence of FGF8
signaling coming from the tail bud. By itself, this gradient

of motion can explain how PSM cells re-arrange to elongate
the PSM tissue without extreme variations in tissue width.
An equivalent gradient of non-directional movements has
been observed in zebrafish embryos, although the zone of
high non-directional cellular motility seems to be located
more axially, where it could also play a role in segregating
cells on both sides of the embryo [78, 79]. However, cell
movements cannot alone explain PSM tissue elongation, as
the tissue volume is expanding with constant cell density
and few convergence movements. Over short time scales,
cell rearrangements appear to induce tissue elongation more
than the addition of new cells [74]. However, over longer
time scales (several hours), increased numbers of paraxial
mesoderm cells are becoming a critical part of tissue elonga-
tion [80]. This increase in cell number is the result of two
different mechanisms: the PSM is actively proliferating, and
new cells from the progenitor zone are added in the posterior
end of the PSM. As seen previously, the gradient of non-
directional migration induces a posterior bias in the direc-
tion of cell spreading within the PSM tissue. Because this
mode of elongation comprises a significant increase in the
number of total cells, it does not involve a drastic diminution

Local cellular mouvements Relative tissue mouvements
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& | %
A A
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Directional migration

45 Intercalation

A Non-directional migration

Fig.2 Schema of the main cell and tissue movements during poste-
rior elongation. Dorsal view of a schematized vertebrate embryo dur-
ing posterior axial elongation. Local cellular movements on the left
schema, relative tissue movements on the right schema. Note that
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e |
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— Neural tube
— Notochord

tissue movements are shown relative to the last formed somite. Note
that for a matter of simplicity, the elongation phase represented is a
transition phase in which early and late phase movements are both
present (equivalent of stage 10-11HH in chicken embryo)
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of the width of the tissue to achieve elongation (as observed
in convergence extension movements). Therefore, graded
non-directional migration and an increase in cell number
might prevent convergence while creating the cellular rear-
rangements and physical forces which are both necessary to
elongate the tissue. These data suggest an increasing role of
growth and non-directional cellular motion vs. convergence
movements during PSM tissue elongation over the course
of development.

Embryo axis elongation as a multi-tissue
system

Most tissue morphogenesis analyses focus only on cellular
behaviors taking place within one tissue, paying little atten-
tion to interactions with neighboring tissues. Axial elonga-
tion in vertebrates is an excellent paradigm to assess how
different tissues can interact to promote a global morphoge-
netic behavior. Indeed, during this process tissues that share
some common lineage in the tail bud, deform simultane-
ously while being in close physical proximity. Therefore,
even though all posterior tissues display cellular behaviors
that could by themselves account for tissue elongation, it is
likely that some tissues influence or regulate behaviors and
deformations of their neighboring tissues. When considering
axial elongation as a multi-tissue problem, it is interesting
to note that posterior tissues are elongating at different rates
and sliding past each other, a characteristic that is visible in
different species [52, 81, 82]. Time-lapse imaging of trans-
genic quail embryos, in which all nuclei are fluorescent [83],
permits these differential tissue movements along the A-P
axis to be visualized and quantitated. At the level of the
last formed somite, the neural tube and the notochord move
posteriorly faster than the paraxial mesoderm. In the most
posterior region of the embryo, tissue sliding diminishes
until all tissues move together (Fig. 2) [80]. The mechanisms
leading to the complexity of these tissue dynamics are not
well understood. In zebrafish, it has been proposed that regu-
lation of cell adhesion and coherence in cellular movements
is driving the choreography of corresponding tissue flows
[78]. Another non-exclusive possibility is that some tissues
might be more active than others in controlling multi-tissue
kinetics and axis extension.

Deletion experiments, although being very invasive and
susceptible to misinterpretations due to regulative proper-
ties of the embryo, point out differences in the importance
of certain embryonic regions in elongation. For instance,
experiments of deletion of the anterior part of the node in
chick embryos lead to elongated embryos without a noto-
chord, suggesting a non-essential role of these structures
in axis extension [84—87]. On the contrary, experiments of
deletion of the region at the interface between the posterior
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node and anterior primitive streak (that contain PSM pro-
genitors) have been shown to result in axis truncation [87].
Furthermore, analyses of time-lapse movies have shown
that deletion of caudal paraxial mesoderm more drastically
affects axis elongation than deletion of adjacent tissues [74,
88]. Data coming from mouse genetics also highlight a cru-
cial role of the paraxial mesoderm in posterior body axial
elongation as numerous mouse mutants for mesoderm speci-
fication and migration factors display posterior axial trunca-
tion [47, 89-91]. The importance of the paraxial mesoderm
in embryonic axis extension correlates with the fact that this
tissue expands and proliferates faster than other posterior
tissues in bird embryos [80]. Paraxial mesoderm growth/
posterior expansion is, therefore, a good candidate for hav-
ing a global influence on the movement and deformations of
surrounding tissues including the regression of the tail bud
itself. From this point of view, the tail bud can be seen as a
stem zone that is displaced caudally by the forces produced
from its daughter’s cells (PSM), which are actively amplified
by proliferation and rearranging.

How many forces applied by neighboring tissues on one
another also affect axis elongation? Posterior tissues are sep-
arated by extracellular matrix (ECM) including fibronectin
and fibrillin [92]. ECM is organized in a highly dynamic
network embedding tissues and undergoing the same global
deformations [74, 93-95]. Interestingly, cellular move-
ments are locally decoupled from the ECM movements
in some embryonic regions suggesting that cell migration
can drive tissue deformations and ECM Kkinetics [74, 93].
Data obtained in several vertebrate species suggest that the
ECM network is an integral part in the coordination of both
the kinetics between tissues and the whole axial elongation
process. Mouse mutants for integrin and fibronectin display
axis truncation among other posterior phenotypes [96-98].
A study in zebrafish shows that disruption between cells and
fibronectin at the notochord paraxial mesoderm interface
leads to an extension defect and undulation of the notochord
tissues. These results suggest that ECM is responsible for an
inter-tissue mechanical link during zebrafish axis elongation
[99]. Collectively, these data suggest that inter-tissue forces
could be an active player during axial elongation. The ECM
that separates tissues could, in that context, play a crucial
role in the regulation of these forces.

Concluding remarks and open questions

Axial elongation is an essential process in vertebrate embry-
onic development. This morphogenetic process can be
deconstructed in space and time, as it takes place in different
tissues and at distinct developmental stages. The elongation
of the different tissues of the vertebrate posterior embry-
onic body relies on the same basic cellular mechanisms: cell
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rearrangements, cell proliferation, and influx of cells from
neighboring tissues (i.e., tail bud). However, the relative
weight of these variables in generating tissue elongation is
not always known and, when known, appears to differ from
tissue to tissue. In the future, quantification of the effect of
these variables on the elongation of the different tissues will
be crucial for a deeper understanding of axis elongation.
Neuro-mesodermal and other types of precursors located in
the posterior stem zone are essential in fueling the growth of
tissues that compose the body axis. Testing the relationships
between their fate decisions and cellular behavior (migration
and proliferation) will allow for a better understanding of
their role in tissue elongation. It will require the combina-
tion of functional experiments disrupting their specification
and behavior and time-lapse experiments to analyze conse-
quences in these cells and their progeny.

Some tissues, such as the caudal PSM, seem to play a
prominent role over other tissues in vertebrate posterior
axis elongation. Measuring forces and biophysical proper-
ties of this tissue compared to other tissues are necessary
next steps to understanding how tissues can trigger their own
elongation and influence the elongation of others. Recent
development of techniques allowing measuring forces and
biophysical tissue properties during axis elongation are,
therefore, particularly relevant to understand how intra- and
inter-tissue mechanics elicit axial elongation in vertebrates
[100-102].

Several mechanisms that contribute to axial elonga-
tion seem conserved between different phyla of vertebrate
embryos. For instance, convergence extension in the early
phase of elongation or the existence of neuro-mesodermal
precursors participating in the formation of the posterior
structures of the embryo might be conserved between fish,
birds, and mammals. Interestingly, the dynamics of these
processes can differ between vertebrate embryos. For
instance, while growth is playing a central role in the for-
mation of the posterior body in mouse or fishes having a
long body type (i.e., dogfish), it is not the case for zebrafish
embryos (which have a shorter body) [82]. These data
highlight the fact that the regulation of cellular behavior
dynamics can be a key mechanism in generating body-type
diversity among vertebrate embryos. In the future, imag-
ing of different species and inter-species comparison will
be crucial in understanding how regulation of axis elonga-
tion mechanism can lead to body shape diversity across
evolution.

During the revision process of this review a research arti-
cle has been published that is very relevant to understand the
physical forces driving axis elongation [103]. In this article
the authors measure mechanical properties of the zebrafish
paraxial mesoderm and identify a fluid-to-solid jamming
transition in this tissue. They propose that rigidification
of the anterior presomitic mesoderm physically supports

posterior tissue remodeling to drive body axis elongation
posteriorly.
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