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The sequential formation of somites along the anterior-posterior axis is under control of
multiple signaling gradients involving the Wnt, FGF, and retinoic acid (RA) pathways.
These pathways show graded distribution of signaling activity within the paraxial mesoderm
of vertebrate embryos. Although Wnt and FGF signaling show highest activity in the posterior,
unsegmented paraxial mesoderm (presomitic mesoderm [PSM]), RA signaling establishes
a countergradient with the highest activity in the somites. The generation of these graded
activities relies both on classical source-sink mechanisms (for RA signaling) and on an
RNA decay mechanism (for FGF signaling). Numerous studies reveal the tight interconnec-
tion among Wnt, FGF, and RA signaling in controlling paraxial mesoderm differentiation and
in defining the somite-forming unit. In particular, the relationship to a molecular oscillator
acting in somite precursors in the PSM—called the segmentation clock—has been recently
addressed. These studies indicate that high levels of Wnt and FGF signaling are required for
the segmentation clock activity. Furthermore, we discuss how these signaling gradients act in
a dose-dependent manner in the progenitors of the paraxial mesoderm, partly by regulating
cell movements during gastrulation. Finally, links between the process of axial specification
of vertebral segments and Hox gene expression are discussed.

Vertebrate embryonic development is charac-
terized by a head-to-tail progression of

differentiation. Anterior structures are develop-
mentally advanced and initiate developmental
programs first when compared to more pos-
terior regions in the embryo. This is well illus-
trated during somitogenesis, when somites
(the precursors of vertebrae) form periodically
in an obvious head-to-tail sequence. In the ver-
tebrate embryo, this arrangement of somites

represents the first overt sign of a segmented
body plan and plays a central role in sub-
sequent body patterning. For instance, the
metameric arrangement of somites determines
the pattern of motor axon outgrowth and
neural crest migration and therefore is respon-
sible for the metameric arrangement of the pe-
ripheral nervous system (Keynes and Stern 1984;
Rickmann et al. 1985; Bronner-Fraser 1986;
Teillet et al. 1987). Somites are located within
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the paraxial mesoderm, flanking both sides of
the neural tube. In the posterior part of the
embryo, the paraxial mesoderm is arranged as
mesenchymal, still unsegmented tissue called
the presomitic mesoderm (PSM). As new
somites bud off from the anterior PSM, new
cells enter the PSM posteriorly from a growth
zone—called the tail bud—thus replenishing
the PSM. Hence, in the anterior part of the
embryo, somites form and begin to differentiate
into various tissues (e.g., vertebrae, ribs, inter-
costal muscles, and dermis of the back and
tendons), whereas in the posterior embryo the
paraxial mesoderm remains unsegmented and
undifferentiated (Christ and Ordahl 1995).

Remarkably, as cells enter the PSM from the
tail bud, they retain their mesenchymal state
for some time (approximately one to two cell
divisions or 9–18 h in mouse and chicken
embryos) before they are incorporated into an
epithelial somite (Packard and Jacobson 1976;
Tam 1981; Stern et al. 1988). In addition,
cells located in the posterior PSM maintain
an undifferentiated and pluripotent state.
Accordingly, cells in the posterior (but not the
anterior) PSM contribute to tissues other than
somites, such as derivatives of the intermediate
mesoderm (e.g., mesonephric tubules) and
the lateral plate mesoderm (Stern et al. 1988).
In addition, in all vertebrate species studied,
oscillatory transcriptional activity of a subset
of genes (cyclic genes) is found within the
PSM. These oscillations are driven by a molec-
ular oscillator, called the segmentation clock,
which is thought to control the timing of
somite formation (Palmeirim et al. 1997).

A mechanism must, therefore, be in place
to maintain the undifferentiated state of cells
in the posterior PSM and to control initiation
of differentiation once cells reach the anterior
PSM. This mechanism is currently thought to
be based on a combinatorial gradient system
in the PSM that involves the activity of the
fibroblast growth factor (FGF), the Wnt/
b-catenin, and the retinoic acid (RA) signaling
pathways (Dubrulle and Pourquié 2004a). The
FGF (Dubrulle et al. 2001; Sawada et al. 2001;
Dubrulle and Pourquié 2004b) and Wnt/
b-catenin signaling pathways (Aulehla et al.

2003; Aulehla et al. 2008) form a posterior-
anterior gradient, whereas the RA signaling
pathway establishes an opposing gradient of
activity (Diez del Corral et al. 2003; Moreno
and Kintner 2004; Vermot and Pourquié
2005). Before we discuss how these gradients
control the differentiation of PSM cells, we
will describe what is known about how these
gradients of activity are established in the PSM.

MECHANISMS OF GRADIENT GENERATION
IN THE PSM

RA Signaling Activity Establishes an
Anterior-Posterior Gradient via the Localized
Expression of RA-Metabolizing Enzymes

Although RA cannot be visualized directly, its
activity can be detected, for instance, in trans-
genic reporter mice that carry an RA signaling
responsive element driving LacZ expression
(RARE-LacZ) (Rossant et al. 1991). This reporter
indicates that RA signaling activity is highest in
the somites and anterior PSM, whereas it is
absent in more posterior parts of the embryo,
including the tail bud. The expression patterns
of enzymes involved in RA metabolism provide
an explanation for this activity distribution
(Fig. 1). Raldh2, an RA-synthesizing enzyme,
shows strongest expression in somites and the
anterior PSM (Niederreither et al. 1997). In
contrast, Cyp26A1, a cytochrome p450 enzyme
involved in RA degradation (Fujii et al. 1997),
is expressed in the tail bud (Sakai et al. 2001).
Thus, it appears that RA activity, which has the
ability to diffuse over long distances (Eichele
and Thaller 1987), is spatially confined largely
by the expression of synthesizing and degrading
enzymes (Sakai et al. 2001; Niederreither
and Dolle 2008). The establishment of the RA
signaling gradient, therefore, conforms to the
classical definition of a diffusible morphogen
gradient and involves a source-sink mechanism
(Gurdon and Bourillot 2001).

The FGF and Wnt Signaling Gradients Are
Established via an mRNA Decay Mechanism

In contrast to the source-sink mechanism
generating classical morphogen gradients, it
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has been shown that an Fgf8 protein gradient
across the PSM could emerge via a distinct
mechanism, based on mRNA decay (Dubrulle
and Pourquié 2004b). Accordingly, although
Fgf8 mRNA can be found in a posterior-
anterior gradient within the PSM, the site of
de novo Fgf8 transcription is actually confined
to the tail bud region (Fig. 2). As cells leave
the tail bud region and enter the PSM, Fgf8
mRNA production ceases and, thus, Fgf8
mRNA concentration will decay over time.
As a result, a posterior-anterior Fgf8 mRNA
gradient is established, which is then translated
into an Fgf8 protein gradient (Dubrulle and
Pourquié 2004b). On binding to Fgf receptor 1
(Fgfr1), which is the only Fgfr expressed in
the PSM (Wahl et al. 2007), FGF signaling is
mediated intracellularly by several distinct
downstream pathways that include the
mitogen-activated protein kinase (MAPK)/
extracellular signal-regulated kinase (Erk), and

the phosphatidylinositol 3-kinase (PI3K) path-
ways (Bottcher and Niehrs 2005). In mouse
embryos, the Fgf8 gradient correlates with a gra-
dient of activated Akt, the kinase downstream of
PI3K (Dubrulle and Pourquié 2004b), whereas
in chicken and zebrafish embryos, a graded
distribution of activated Erk protein is found
in the PSM (Sawada et al. 2001; Delfini et al.
2005). The graded activity of Erk or Akt in
chicken and mouse embryos, respectively, is
thought to ultimately result in the graded acti-
vation of downstream targets—such as Dusp4
(Niwa et al. 2007), Dusp6 (Dequéant et al.
2006; Li et al. 2007), snail1 (Dale et al. 2006),
or Pea3 (Roehl and Nüsslein-Volhard 2001)—
all of which show the highest expression level
in the posterior PSM.

This distinct mode of gradient formation
was independently suggested to underlie the
generation of a Wnt signaling gradient in
the PSM (Aulehla et al. 2003). Here, Wnt3a
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Figure 1. Scheme of signaling gradient system in the presomitic mesoderm (PSM) of mouse embryos. If not
stated otherwise, illustrations reflect mRNA expression patterns in the PSM of mouse embryos. Additional
sites of expression (e.g., somites, neural tube) are not shown. For Akt and Erk, the distribution of the
activated, phosphorylated protein is shown (p-Akt, p-Erk). For Erk, these data derive from chicken (c) and
zebrafish (z) embryos. For Axin2, Dusp6, and Dusp4, the graded expression is periodically down-regulated in
the posterior PSM, as indicated by the oscillation symbol (�).
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mRNA—encoding a key ligand that activates
the canonical Wnt/b-catenin signaling path-
way in the PSM (Takada et al. 1994; Greco
et al. 1996; Yoshikawa et al. 1997; Yamaguchi
et al. 1999; Aulehla et al. 2003; Nakaya et al.
2005; Dunty et al. 2008)—shows a confined
expression in the most posterior PSM and tail
bud (Fig. 3A). Logically, this prompted the

proposal that as cells leave the tail bud region,
Wnt3a de novo protein production ceases.
Thus, comparable to the situation for Fgf8, it
has been suggested that as cells leave the tail
bud, Wnt3a protein levels will decrease and
thereby establish a gradient of Wnt3a ligand
availability (Aulehla et al. 2003; Aulehla and
Herrmann 2004). However, because Wnt3a
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Figure 2. An RNA decay mechanism establishes the Fgf8 gradient within the PSM. (A) In situ hybridization
(ISH) for Fgf8 pre-mRNA using an intronic probe in a mouse embryo indicates that de novo transcription is
localized to the tail bud region. (S1) last formed somite, (PSM) presomitic mesoderm. (B) ISH for mature
Fgf8 mRNA shows a graded distribution within the PSM. (C) Immunofluorescent detection of Fgf8 shows a
posterior-anterior protein gradient. (D) Scheme of gradient formation using an RNA decay mechanism. In
the temporal series a–c, a constant group of cells (orange square) and its Fgf8 RNA expression characteristics
are shown. In a, this group of cells is located in the posterior-most PSM and tail bud and hence shows de
novo Fgf8 transcription. For simplicity, only de novo synthesized RNA is shown in a. At a later time point
(b), the same group of cells is now located in the posterior one-third of PSM because of the posterior
addition of cells during axis elongation. Fgf8 transcription in the PSM ceased, and as a consequence, Fgf8
mRNA decayed in comparison to the levels in the tail bud. At an even later time point (c), this group of cells
is located in the middle PSM, and again Fgf8 mRNA levels are further decreased. In consequence, Fgf8
mRNA levels are graded in the PSM. This mRNA gradient is translated into a posterior-anterior Fgf8 ligand
gradient (d).
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has not been quantified or visualized in the
PSM, only indirect evidence based on the
expression patterns of downstream Wnt3a
targets could be used to support this proposal.
Intracellularly, a Wnt3a ligand gradient could
consequently cause a graded stabilization of
b-catenin, the key mediator of canonical Wnt

signaling (Seidensticker and Behrens 2000;
Nusse 2005). The mRNA of b-catenin shows a
rather uniform expression in the PSM of
mouse embryos (Fig. 3B) and, indeed, b-
catenin is ubiquitously present as a component
of the cadherin/catenin complex at the cell
membrane in this tissue (Linask et al. 1998).

A B C

D E

Figure 3. A b-catenin protein gradient controls PSM differentiation and somite formation. (A) ISH for Wnt3a
mRNA in 9.5 days postcoitum (dpc) mouse embryo shows site of localized ligand production in the posterior
PSM/tail bud. (B) ISH for b-catenin mRNA shows ubiquitous expression in the PSM of mouse embryos. (C) In
contrast, b-catenin immunofluorescent detection (green) reveals a posterior-anterior nuclear protein gradient
within the PSM. DAPI staining is shown in blue. (D) Scanning electron microscopy image of a control 9.0 dpc
mouse embryo showing the periodic arrangement of formed somites. (E) Scanning electron microscopy image
of mutant embryo in which a stabilized isoform of b-catenin has been conditionally expressed in mesodermal
cells. Note that disruption of the b-catenin protein gradient leads to an expanded, undifferentiated PSM and an
absence of somite formation. In D and E, the ectoderm was removed, which allows a direct view of the
mesodermal layer.
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In contrast, a striking posterior-anterior nuclear
b-catenin protein gradient is observed in the
PSM (Fig. 3C), providing direct evidence for a
Wnt/b-catenin signaling gradient in mouse
embryos (Aulehla et al. 2008). As a result, the
Wnt targets Brachyury (Yamaguchi et al.
1999), Mesogenin1 (Wittler et al. 2007), Tbx6
(White et al. 2005), and Axin2 (Jho et al. 2002;
Lustig et al. 2002; Aulehla et al. 2003), to
mention just a few, all show a posterior-anterior
gradient of mRNA expression (Fig. 1).

In summary, graded FGF and Wnt signaling
activities are thought to be generated via a dis-
tinct decay mechanism and thus can be con-
sidered gradients by inheritance. The key
requirement for this mode of gradient forma-
tion is that cells must leave the zone in which
the ligand (either mRNA and/or protein) is
exclusively produced—in this case, the tail
bud. Once cells undergo this step, ligand
concentration can only decrease over time and
thus ligand concentration reflects the time
since cells left the zone of production. This
mode of gradient formation has been formal-
ized in a “cell lineage transport” model and
has been shown to occur also at the level of
Hoxd13 expression during limb patterning
(Ibanes et al. 2006). It is interesting to note
that limb proximal-distal development involves
the same pathways and apparently similar
mechanisms as described in PSM patterning
and axis elongation: FGF and Wnt signaling
promote distal outgrowth, whereas RA signal-
ing constitutes an opposing, proximal signal
(Tabin and Wolpert 2007).

GRADIENT INTERPRETATION AND
FUNCTION

PSM Maturation

Defining the Determination Front

As new cells enter the posterior PSM from the
tail bud, they become endowed with informa-
tion specifying their relative position within
the PSM. This manifests itself through the
peculiar finding that the directionality of
somite formation, and thus of differentiation,

is already determined even in the most posterior
PSM (Menkes and Sandor 1969; Christ et al.
1974; Palmeirim et al. 1998). The differentiation
status appears to be controlled by the system of
signaling gradients. In this view, high levels
of Wnt and FGF signaling maintain cells in an
undifferentiated, posterior PSM fate, whereas
the exposure to high levels of RA signaling
(and concomitant low levels of Wnt and FGF
signaling) is responsible for initiating differen-
tiation. An important transition in differen-
tiation status occurs in the anterior one-third
of the PSM (Stern et al. 1988; Dubrulle et al.
2001), at a level called the determination front
(Dubrulle et al. 2001). Here, it is thought that
the somite-forming unit becomes specified
(Dubrulle et al. 2001). This developmental
switch is accompanied by several important
changes on a molecular and morphological
level. On a molecular level, once cells pass the
determination front, several transcriptional
changes occur. First, mesoderm posterior 2
(Mesp2) expression is activated in a somite-
wide expression domain in response to a peri-
odic signal thought to be provided by the seg-
mentation clock (Saga et al. 1997). Mesp2 is
an essential factor in establishing the initial seg-
mental prepattern by defining the future somite
boundary position (Saga et al. 1997; Morimoto
et al. 2005; Morimoto et al. 2006; Morimoto
et al. 2007; Saga 2007). Furthermore, several
posterior PSM markers (e.g., Msgn1 and
Tbx6) are concomitantly down-regulated in
these cells. Another important change concerns
the segmentation clock activity, because tran-
scriptional oscillations of the cyclic genes are
arrested as cells pass the determination front.
Thus, the molecular changes that characterize
the determination front level are now known
in some detail, allowing analysis of how the
gradient systems control this developmental
switch.

Morphologically, the posterior PSM is a
loose mesenchyme, whereas cells located
anterior to the determination front become
progressively epithelialized. This transition
is accompanied also by a slowing down of
PSM cell movements (Delfini et al. 2005).
The mesenchymal-epithelial transition occurs
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concomitantly with the segmental patterning
of the anterior PSM, correlating with a down-
regulation of the Snai genes, which in the
PSM and tail bud are regulated by FGF signaling
(Ciruna and Rossant 2001; Dale et al. 2006).
Members of the Snai superfamily have been
implicated in the control of epithelial-
mesenchymal transitions in several different
contexts (for review, see Barrallo-Gimeno and
Nieto 2005)—for instance, during gastrulation
(Carver et al. 2001; Ciruna and Rossant 2001).
In the PSM, down-regulation of Snai genes at
the determination front level correlates with
the expression of several adhesion molecules
(e.g., integrins or cadherins), which progres-
sively increase in the anterior PSM as cells
become epithelial (Duband et al. 1987; Linask
et al. 1998; Horikawa et al. 1999). This tran-
sition is also accompanied by the deposition
of a basal lamina that surrounds the anterior
PSM (Duband et al. 1987; Rifes et al. 2007).

The major spatial control of this develop-
mental switch has been shown to be exerted
by the activity of Wnt, FGF, and RA signaling
gradients, as supported by functional exper-
iments in fish, Xenopus, chicken, and mouse
embryos (Dubrulle et al. 2001; Sawada et al.
2001; Diez del Corral et al. 2003; Moreno
and Kintner 2004; Vermot et al. 2005). These
studies indicated that a local increase in FGF sig-
naling or a decrease in RA signaling resulted in a
delayed or absent differentiation of PSM cells,
as judged by the molecular and morpholog-
ical criteria mentioned above. Likewise, recent
genetic evidence supports a central role for the
Wnt/b-catenin gradient in controlling the
differentiation of PSM cells and the positioning
of the determination front (Aulehla et al. 2008;
Dunty et al. 2008). When theb-catenin gradient
was abolished by introducing a stabilized form
of b-catenin in the PSM of mutant mouse
embryos (and thus b-catenin levels were ele-
vated), the differentiation of PSM was inhib-
ited, paraxial mesoderm cells maintained
expression of all markers for posterior PSM
identity, and somites did not form (Fig. 3D,E).

Thus, the concept of a gradient system that
controls PSM differentiation has received solid
experimental support. However, the gradient

readout has been investigated only qualitatively,
and a quantitative understanding of how this
complex gradient system is interpreted on a
molecular level is still lacking. In addition, the
fact that numerous and complex interactions
between the graded signaling systems exist
requires that experiments be designed to
perturb several pathways simultaneously to
gain insight into the epistatic relationship
among these multiple signaling pathways in
the PSM. In particular, how multiple, graded
pathway activities are integrated to result
in sharp thresholds (at which a cohort of
competent cells undergoes simultaneously a
developmental transition) is not understood.
Mathematical modeling indicates that the
mutual inhibition of FGF and RA signaling
can define a bistability domain along the PSM
in which such a switch behavior can be observed
(Goldbeter et al. 2007) (Fig. 4). Remarkably, a
bistable behavior working together with an
autonomous clock is systematically observed
in in silico simulations of segmentation con-
trolled by a moving gradient as in the clock
and wave front model (Francois et al. 2007).

How Does the Gradient Interact with the
Segmentation Clock?

A peculiar characteristic of somite formation is
the oscillatory transcriptional activity in PSM
cells (reviewed in Dequéant and Pourquié
2008), thought to reflect a molecular clock
mechanism that controls the timing of somite
formation.

Interestingly, two of the signaling path-
ways that show a graded activity in the
PSM—namely, the Wnt and FGF signaling
pathways—have been shown to be involved in
this molecular clock and show periodic pulses
of activity in the posterior PSM in mouse
embryos (Aulehla et al. 2003; Dale et al. 2006;
Dequéant et al. 2006; Niwa et al. 2007). The
mechanism generating concomitantly graded
as well as oscillatory pathway activity is not
understood. It is commonly thought that the
graded activity of Wnt and FGF signaling is
periodically halted via a negative-feedback
mechanism. In addition, it appears that
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oscillatory transcription is limited to only a
subset of target genes. Again, the underlying
mechanism is yet unknown. A third pathway,
the Notch signaling pathway, shows periodic
signaling activity in all vertebrate species
studied, including zebrafish (Holley et al.
2000; Jiang et al. 2000; Sawada et al. 2000;
Oates and Ho 2002), Xenopus (Li et al. 2003;
Moreno and Kintner 2004), snake (Gomez
et al. 2008), lizard (Gomez et al. 2008), and
chicken and mouse embryos (reviewed in
Dequéant and Pourquié 2008).

The discovery of this molecular clock and of
graded FGF and Wnt signaling in the PSM pro-
vided the long-awaited experimental support
for several theoretical models. Among them,

the clock and wave front model and the
Meinhardt model postulated the existence of a
molecular oscillator in the PSM and a second
component—namely a gradient of differen-
tiation that traversed the embryos along the
body axis in an anterior-posterior direction
(called the morphogen gradient [Meinhardt
1982] or the wave front [Cooke and Zeeman
1976]). In these models, somite formation
results from the simultaneous action of this
molecular oscillator controlling the timing of
somite formation and the action of the gradient
system controlling which cells will undergo
differentiation. This concept was experimen-
tally supported in several vertebrate species
(Dubrulle et al. 2001; Sawada et al. 2001;

SII

Anterior
Bistability
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S-IISI S-IS0

RA dominates

SIII S-I S-IISII S0SI

FGF/Wnt dominates

RA dominates

SII S-IISI S-IS0

FGF/Wnt dominates

SIII

Figure 4. Model for segment determination using opposing gradients to create a bistability domain. Two steady
states are proposed to coexist in the PSM. In the posterior part, cells adopt a fibroblast growth factor (FGF)/
Wnt-dominated state (purple), whereas in the anterior PSM the opposing retinoic acid (RA) state dominates
(green). Within a window of bistability (dashed rectangle), cells can be triggered to abruptly switch between
either of the two steady states. This trigger is proposed to be provided by the periodic signal delivered by the
segmentation clock. As a result, a cohort of cells in the bistability domain will be exposed simultaneously to
higher levels of RA signaling and, thereby, the segment-forming unit becomes defined (orange). Owing to
the posterior extension of the axis and the decay of the FGF and Wnt mRNA and ligands in the PSM, the
bistability window constantly moves posteriorly. The next cohort of cells to be simultaneously determined is
shown in blue. Note that the bistability window is proposed to be larger than the segment-forming unit,
because it comprises also the segment that was defined during the previous cycle and therefore had already
responded to the clock signal. In this model, the posterior edge of the bistability window (bifurcation point)
corresponds to the determination front.
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Aulehla et al. 2003; Diez del Corral et al. 2003).
These models also predicted that the gradient
system would directly (Meinhardt 1982) or
indirectly (Cooke and Zeeman 1976) control
where the segmentation clock is active.
Indeed, experimental evidence indicates that
the activity of the molecular clock crucially
depends on intact Wnt and FGF signaling in
the PSM (Aulehla et al. 2003; Nakaya et al.
2005; Niwa 2007; Wahl et al. 2007). In addition,
when the level of Wnt/b-catenin signaling
in the PSM is experimentally increased in
mutant mouse embryos, not only are cells in
the PSM prevented from undergoing differen-
tiation, but these cells also show ongoing,
ectopic oscillatory activity (Aulehla et al. 2008;
Dunty et al. 2008). By using a novel approach
based on real-time imaging of segmentation
clock activity in mutant mouse embryos, it is
possible to directly show that cells continue
to undergo segmentation clock oscillations
(Aulehla et al. 2008). Together with previous
results, these gain-of-function experiments
further characterize the relationship between
the gradient system and the segmentation
clock. In this view, the gradients of Wnt and
FGF signaling carry a permissive function that
enables oscillations to occur in the posterior
PSM, and because of their graded nature, they
critically define at which anterior PSM level
the segmentation clock activity ceases.

Once cells reach the anterior PSM, the oscil-
latory activity is translated into a periodic
change of cell fate, thus grouping a cohort of
cells that will eventually form a somite.
Therefore, it is essential to understand how
the segmentation clock influences the temporal
control of differentiation (e.g., Mesp2 activa-
tion). In this respect, much has been learned
from the work that has addressed the relation-
ship between Mesp2 activation, the expression
of (graded) Tbx6, and the (oscillatory) activity
of Notch signaling (Oginuma et al. 2008). Tbx6
controls where Mesp2 is activated and defines
its anterior boundary of expression, whereas
Mesp2 activation requires additional input
from Notch signaling (Takahashi et al. 2000;
Moreno and Kintner 2004; Yasuhiko et al.
2006; Oginuma et al. 2008). Because the latter

occurs in an oscillatory fashion in the PSM,
this could account for the periodic activation
of Mesp2. In addition, high levels of FGF
(Dubrulle et al. 2001; Delfini et al. 2005) and
Wnt signaling (Aulehla et al. 2008; Dunty
et al. 2008) repress Mesp2 activation in the pos-
terior PSM. Recent studies, however, indicate
that the control of Mesp2 expression, and
therefore the definition of the somite-forming
unit, is more complex, because constitutive
activation of Notch signaling in the PSM of
mouse embryos does not disrupt the segmental
expression of Mesp2 and subsequent segmenta-
tion as one might have expected (Feller et al.
2008).

Gradient Interpretation and Axial
Specification

In addition to the important function of con-
trolling differentiation and defining the somite-
forming unit, the gradient system of Wnt, FGF,
and RA signaling also appears to be involved in
the process that specifies the axial identity of
future somites. Although somites appear to be
similar at the time of formation along the
body axis, they subsequently will develop into
very distinct structures depending on their
axial position—cervical, thoracic, lumbar, and
sacral vertebrae have distinct morphological
features and unique functions. Interestingly,
classical experimental embryology studies indi-
cate that the determination of axial identity
takes place in mesodermal cells before these
cells are actually incorporated into a somite
(Kieny et al. 1972; Jacob et al. 1975). Thus, the
heterotopic transplantation of unsegmented
paraxial mesoderm from the prospective tho-
racic region into the cervical or lumbosacral
region of a host embryo results in the formation
of ectopic ribs (Kieny et al. 1972; Jacob et al.
1975). Molecularly, the determination of the
axial identity has been shown to be tightly
linked to the action of Hox genes (Kmita and
Duboule 2003; Wellik 2007), which encode
homeobox-containing transcription factors
(Graham et al. 1989; Krumlauf 1994). As men-
tioned above, axial identity of vertebrae seems
to be determined while cells reside in the
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PSM. Accordingly, it has been shown that
modulation of Hox gene expression in the
PSM can drastically alter the resulting axial
identity of future vertebrae (Carapuco et al.
2005).

What is the connection between axial iden-
tity, Hox genes, and the system of graded RA,
Wnt, and FGF signaling? It is important to
first distinguish between the initiation of Hox
gene expression during gastrulation and the
subsequent repositioning of expression bound-
aries within the PSM and somites (Deschamps
and van Nes 2005). During the initiation
phase, Hox genes become activated in a striking
temporal collinearity within the primitive
streak region. This precise sequential activation
serves a critical function in contributing to the
final spatial collinearity along the body axis
(Forlani et al. 2003; Juan and Ruddle 2003;
Wacker et al. 2004; Iimura and Pourquié
2006), which ultimately determines axial iden-
tity. Importantly, however, this initial blueprint
does not entirely match the definitive Hox gene
expression (Forlani et al. 2003). Thus, the
definitive Hox gene identity does not strictly
result from the collinear initiation phase alone,
but also from extensive modification of Hox
gene expression occurring after cells exit the
primitive streak and before they are incor-
porated into a somite (i.e., while located in
the PSM).

PSM Gradients, Segmentation Clock, and
Hox Gene Expression

It is during the phase of Hox gene expression
in PSM cells that a first connection between
the system of graded signaling activity and
Hox genes was discovered: A local perturbation
of the Fgf8 gradient led to the formation
of smaller somites and this phenotype was
accompanied by a change in Hox gene ex-
pression (Dubrulle et al. 2001). Thus, cells ex-
pressed Hox genes that matched the respective
somite number to which they were allocated,
although this somite was located at a slightly
more anterior axial position than in control
embryos. In other words, Hox gene expression
matched respective somite numbers, not the

absolute axial position (Dubrulle et al. 2001).
Additional evidence indicates that Notch sig-
naling, which shows oscillating activity in the
PSM across several vertebrate species
(Dequéant and Pourquié 2008), also is involved
in controlling Hox gene expression in the PSM
(Zakany et al. 2001; Cordes et al. 2004). Because,
in turn, these oscillations of Notch signaling are
critically dependent on Wnt (Aulehla et al.
2003; Nakaya et al. 2005; Satoh et al. 2006;
Aulehla et al. 2008; Dunty et al. 2008) and
FGF signaling gradients (Niwa et al. 2007;
Wahl et al. 2007), these findings suggest that
the acquisition of a definitive Hox gene
expression is connected to the system of PSM
gradients.

Homeotic Transformations Linked to
RA, Wnt, and FGF Signaling

A different set of arguments is based on the
findings that the perturbation of RA, Wnt,
and FGF signaling causes a change in vertebral
axial identity (homeotic transformations) and
in Hox gene expression in mouse embryos.
For instance, increasing RA signaling levels in
developing mouse embryos causes homeotic
transformations that, depending on the time
of treatment, cause vertebrae to acquire either
more anterior or more posterior identities
(Kessel and Gruss 1991). This important func-
tion of RA signaling in specifying vertebral
axial identity and the control of Hox genes
was later confirmed through genetic deletion
of RA signaling components (Lohnes et al.
1994). Likewise, functional experiments target-
ing FGF signaling resulted in homeotic
transformations and a change in Hox gene
expression, again linking axial specification
and the gradient of FGF signaling (Partanen
et al. 1998). Finally, Wnt signaling has also
been connected directly to the process of axial
specification. In Wnt3a mutant embryos
(Ikeya and Takada 2001) or in Wnt3a hypo-
morphic embryos vestigial tail (vt), homeotic
transformations and corresponding changes in
Hox gene expression are likewise observed
(Greco et al. 1996). These functional studies
emphasize the importance of Wnt, FGF, and
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RA signaling in the process of axial specification
and control of Hox genes. However, it remains
unclear whether this function is exerted at the
level of Hox gene initiation during primitive
streak formation or Hox gene repositioning
in the PSM (or both). This is complicated
because Wnt and FGF signaling carry essen-
tial functions both during primitive streak
formation/gastrulation, as well as during the
segmentation process within the PSM. Never-
theless, an interesting molecular link between
RA, Wnt, and FGF signaling and Hox gene
expression (and thus axial identity) exists at
the level of caudal-like homeobox genes (Cdx).
Cdx1, -2, and -4 can directly activate Hox gene
expression (reviewed in Lohnes 2003) and
are targets of Wnt (Lickert et al. 2000; Ikeya
and Takada 2001; Prinos et al. 2001; Lickert
and Kemler 2002; Pilon et al. 2006), FGF (in
Xenopus, Pownall et al. 1996; Keenan et al.
2006), and RA signaling (Houle et al. 2000;
Lickert and Kemler 2002). Functionally, Cdx
gene products have been shown to control ante-
roposterior (AP) axis development through
their actions on Hox genes (van den Akker
et al. 2002; Chawengsaksophak et al. 2004; van
Nes et al. 2006). Furthermore, the role of the
caudal and caudal-related genes appears to be
largely evolutionarily conserved (Copf et al.
2004); thus potentially suggesting a key role in
patterning the AP axis of Bilateria.

Control of Gastrulation Movements by Wnt
and FGF Signaling—The Case of Temporal
Gradients?

In respect to their function during gastrulation
and axis development, it has been suggested that
Wnt and FGF signaling are required in a dose-
dependent manner. In allelic series experiments
in mouse embryos mutant for Wnt3a (Greco
et al. 1996), Brachyury (T ) (Stott et al. 1993),
and Fgfr1 (Partanen et al. 1998), axis truncation
occurred at more anterior levels as gene
activity was progressively decreased. Elegant
chimera experiments involving both gain- and
loss-of-function experiments provide clear
support for a dose-dependent function of
Brachyury (Wilson et al. 1995; Wilson and

Beddington 1997), a target of Wnt3a
(Yamaguchi et al. 1999; Arnold et al. 2000),
in controlling morphogenetic gastrulation
movements (e.g., cell exit from the primitive
streak). A similar defect in morphogenetic cell
movement in mesoderm progenitor cells has
been described in Fgfr1 mutants (Ciruna et al.
1997).

Interesting recent findings in chicken
embryos indicate that these morphogenetic
movements of mesoderm progenitors are con-
trolled by the temporal sequence of Hox gene
expression (Iimura and Pourquié 2006). Thus,
because both the Wnt3a target Brachyury and
the FGF signaling on one side and Hox genes
on the other side are implicated in the control
of continuing gastrulation movements during
axis elongation, the possibility has been raised
that even during the early initiation phase
of Hox gene expression, a tight interaction
may exist. Although the causal relationship
between these observations remains to be
firmly established, we discuss two, nonexclusive
mechanisms of how this interaction might
occur (Fig. 5).

In the first scenario (gradient-over-time),
the level of Wnt and FGF signaling activity
increases during the course of development in
paraxial progenitors located in the primitive
streak and tail bud. This increase would be
essential to ensure ongoing gastrulation move-
ments and hence to replenish the paraxial
mesoderm. Furthermore, this function could
be exerted via sequential activation of Hox
genes. In this view, Wnt and FGF signaling
would act in a dose-dependent manner on the
activation of Hox genes in paraxial progenitors.
Indeed, overactivation of FGF signaling has
been shown to lead to ectopic activation of
50 Hox genes during Xenopus gastrulation
(Pownall et al. 1996) and, conversely, FGF
signaling is required for the initiation of
Hox gene expression (Pownall et al. 1998).
The gradient-over-time model, therefore,
could explain the findings that functional per-
turbation of Wnt and FGF signaling leads to
axis truncation in a dose-dependent manner
(via its function on morphogenetic movements
of paraxial progenitors) and, concomitantly,
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leads to homeotic transformations (via its
action on Hox genes). A challenge to this
model could be the expectation that an increase
in Wnt and FGF signaling in mesodermal pro-
genitors would also result in a change of the
PSM gradient (e.g., a change in the position
of the determination front) during the course
of development. In fact, although the determi-
nation front position within the PSM is kept
relatively constant during the course of develop-
ment (Gomez et al. 2008), its AP position does
change dramatically in absolute terms, and
PSM gradients and size change continuously

as well (Tam 1981). Thus, additional factors,
such as mRNA and protein turnover rates in
the PSM, must be taken into account and can
explain that the relative position of the determi-
nation front remains constant, although the
starting value in the posterior embryo might
increase.

The second mechanism (gradient-in-time)
takes into account the finding of a pool of
long-term progenitors that contribute de-
scendants to the entire body axis. These long-
term progenitors have been identified in the
primitive streak and tail bud (Nicolas et al.

9.5 dpc

LTP

Control of gastrulation cell movements

Hox

Axial specification

Cdx

Exposure time

10.5 dpc 11.0 dpc

Wnt/FGF signaling activity

Figure 5. Model of temporal gradients in paraxial mesoderm precursors. The posterior region of three mouse
embryos at day 9.5 dpc, 10.5 dpc, and 11.0 dpc are shown schematically and the zone of paraxial progenitors
(long-term progenitors [LTP]) is highlighted (black box). Within this LTP, Wnt and FGF signaling might
increase over time (plotted in orange), for instance, because of progressive accumulation of the ligands. Also,
the exposure time of LTP to Wnt and FGF signals might increase over time (plotted in green). In this model,
these gradients are proposed to control cell movements during gastrulation (e.g., the timing of how cells exit
the primitive streak) and hence control replenishment of the PSM. Together with Hox genes and possibly via
Cdx genes, these potential gradients could contribute to axial specification of vertebrae identity. This results
in vertebrae with unique features along the AP axis, as shown in a mouse embryo at day 14.5 dpc.

A. Aulehla and O. Pourquié
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1996; Eloy-Trinquet et al. 2000; Cambray and
Wilson 2002; Eloy-Trinquet and Nicolas
2002a; Eloy-Trinquet and Nicolas 2002b;
Iimura and Pourquié 2006; Cambray and
Wilson 2007; McGrew et al. 2008). Based on
these findings, one can assume that these pro-
genitors will naturally be exposed for an increas-
ing amount of time to signals of the Wnt and
FGF pathways while residing in the primitive
streak and the tail bud. In this view, the increase
in exposure time rather than an increase in
dosage would specify a more posterior fate. It
has been proposed that such a mechanism func-
tions during limb AP patterning (Yang et al.
1997; Harfe et al. 2004; Dessaud et al. 2007;
Scherz et al. 2007), in which digits 3 to 5 are
specified according to the time cells are
exposed to sonic hedgehog (shh) signaling. In
contrast to these limb patterning studies, no
experimental evidence is currently available
supporting a gradient-in-time mechanism dur-
ing axial specification and, therefore, this re-
mains to be tested.

CONCLUSION

Similar to the situation in the anterior PSM and
the control of PSM differentiation, a quantita-
tive understanding of how RA, Wnt, and FGF
signaling in the primitive streak and the tail
bud affects the control of vertebral axial iden-
tity is still lacking and represents an exciting
future goal. Specifically, it will be important to
obtain a comprehensive view of how PSM gradi-
ents, temporal gradients in the tail bud, and the
segmentation clock interact to control these
various aspects of embryonic development.
Part of this challenge is the high degree of inter-
action and mutual regulation of all involved
signaling machineries, which, in addition, is
highly context-dependent. For instance, al-
though an antagonistic relationship between
RA signaling and FGF/Wnt signaling appears
to exist during PSM differentiation, all three
pathways are considered to have a posteriorizing
effect on axial development and thus appear to
work synergistically in this context (reviewed in
Stern et al. 2006). The complexity and dynamic
nature of these phenomena is also underscored

by the findings that, for instance, activation of
RA signaling can cause both anterior and pos-
terior homeotic transformations, depending
on the time point of activation (Kessel and
Gruss 1991; Kessel 1992). Finally, it has also
been suggested that the tight interaction of mul-
tiple gradients (e.g., the antagonism between
RA and FGF signaling) underlies the termina-
tion of axial elongation (Gomez et al. 2008).

Resolving the complex and apparently
dynamic network associated with gradient for-
mation and interpretation during the process
of somite formation and axis development
offers the exciting opportunity to gain a more
general insight into the mechanisms underly-
ing the head-to-tail progression, or timing, of
embryonic development.
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signaling acts upstream of the NOTCH and WNT signal-
ing pathways to control segmentation clock oscillations
in mouse somitogenesis. Development 134: 4033–4041.

Wellik DM. 2007. Hox patterning of the vertebrate axial
skeleton. Dev Dyn 236: 2454–2463.

White PH, Farkas DR, Chapman DL. 2005. Regulation of
Tbx6 expression by Notch signaling. Genesis 42: 61–70.

Wilson V, Beddington R. 1997. Expression of T protein in
the primitive streak is necessary and sufficient for pos-
terior mesoderm movement and somite differentiation.
Dev Biol 192: 45–58.

Wilson V, Manson L, Skarnes WC, Beddington RS. 1995.
The T gene is necessary for normal mesodermal morpho-
genetic cell movements during gastrulation. Development
121: 877–886.

Wittler L, Shin EH, Grote P, Kispert A, Beckers A, Gossler A,
Werber M, Herrmann BG. 2007. Expression of Msgn1 in
the presomitic mesoderm is controlled by synergism of
WNT signalling and Tbx6. EMBO Rep 8: 784–789.

Yamaguchi TP, Takada S, Yoshikawa Y, Wu N, McMahon AP.
1999. T (Brachyury) is a direct target of Wnt3a during
paraxial mesoderm specification. Genes Dev 13:
3185–3190.

Yang Y, Drossopoulou G, Chuang PT, Duprez D, Marti E,
Bumcrot D, Vargesson N, Clarke J, Niswander L,
McMahon A, et al. 1997. Relationship between dose, dis-
tance and time in Sonic Hedgehog-mediated regulation of
anteroposterior polarity in the chick limb. Development
124: 4393–4404.

Yasuhiko Y, Haraguchi S, Kitajima S, Takahashi Y, Kanno J,
Saga Y. 2006. Tbx6-mediated Notch signaling controls
somite-specific Mesp2 expression. Proc Natl Acad Sci
103: 3651–3656.

Yoshikawa Y, Fujimori T, McMahon AP, Takada S. 1997.
Evidence that absence of Wnt-3a signaling promotes
neuralization instead of paraxial mesoderm development
in the mouse. Dev Biol 183: 234–242.

Zakany J, Kmita M, Alarcon P, de la Pompa JL, Duboule D.
2001. Localized and transient transcription of Hox genes
suggests a link between patterning and the segmentation
clock. Cell 106: 207–217.

Signaling Gradients

Cite this article as Cold Spring Harb Perspect Biol 2010;2:a000869 17

 on June 24, 2017 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


22, 2009
2010; doi: 10.1101/cshperspect.a000869 originally published online JulyCold Spring Harb Perspect Biol 

 
Alexander Aulehla and Olivier Pourquié
 
Signaling Gradients during Paraxial Mesoderm Development

Subject Collection  Generation and Interpretation of Morphogen Gradients

Gradients
Regulation of Organ Growth by Morphogen

Gerald Schwank and Konrad Basler
Homeostasis
Gradients in Planarian Regeneration and

Teresa Adell, Francesc Cebrià and Emili Saló

Development
Signaling Gradients during Paraxial Mesoderm

Alexander Aulehla and Olivier Pourquié

Shaping Morphogen Gradients by Proteoglycans
Dong Yan and Xinhua Lin

Morphogen Gradient Formation

González-Gaitán
Ortrud Wartlick, Anna Kicheva and Marcos

and Sorting Out
Morphogen Gradients: Scattered Differentiation 
Forming Patterns in Development without

Robert R. Kay and Christopher R.L. Thompson
Nodal Morphogens

Alexander F. Schier Gradients
Robust Generation and Decoding of Morphogen

Naama Barkai and Ben-Zion Shilo

in the Insect Cuticle
Gradients and the Specification of Planar Polarity

David Strutt
Gradients
Models for the Generation and Interpretation of

Hans Meinhardt

4-Dimensional Patterning System
Classical Morphogen Gradients to an Integrated 
Vertebrate Limb Development: Moving from

Jean-Denis Bénazet and Rolf Zeller

 EmbryoDrosophilathe 
Graded Dorsal and Differential Gene Regulation in

Gregory T. Reeves and Angelike Stathopoulos

Tube Patterning: The Role of Negative Feedback
Hedgehog Signaling during Vertebrate Neural 
Establishing and Interpreting Graded Sonic

Vanessa Ribes and James Briscoe

Chemical Gradients and Chemotropism in Yeast
Robert A. Arkowitz

 GastrulaXenopusMorphogenetic Gradient of the 
Systems Biology of the Self-regulating

Jean-Louis Plouhinec and E. M. De Robertis Cerebral Cortex
Development of Form and Function in the 
Gradients in the Brain: The Control of the

Stephen N. Sansom and Frederick J. Livesey

http://cshperspectives.cshlp.org/cgi/collection/ For additional articles in this collection, see 

Copyright © 2010 Cold Spring Harbor Laboratory Press; all rights reserved

 on June 24, 2017 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/cgi/collection/
http://cshperspectives.cshlp.org/cgi/collection/
http://cshperspectives.cshlp.org/

