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FGF Signaling Controls Somite Boundary Position
and Regulates Segmentation Clock Control
of Spatiotemporal Hox Gene Activation

striped expression pattern of several genes in the ante-
rior region of the PSM. The establishment of these seg-
mental patterns of expression is thought to result from
an earlier specification event occurring more caudally
in the PSM in response to intrinsic cues (Keynes and

Julien Dubrulle, Michael J. McGrew,
and Olivier Pourquié1

Laboratoire de génétique et de physiologie
du développement (LGPD)

Developmental Biology Institute of Marseille (IBDM)
Stern, 1988). The precise mechanism by which PSMCNRS–INSERM–Université de la méditerranée–AP
cells become allocated to segments is currently un-de Marseille
known.Campus de Luminy, Case 907

Many attempts to alter the segmentation program of13288 Marseille Cedex 09
the PSM either by grafting it in various ectopic locationsFrance
or by ablating different regions of this tissue have been
reported. In all these experiments, the original segmen-
tation schedule of the PSM was not modified, sug-

Summary gesting that the timing of segment boundary formation
is an autonomous property of PSM cells (Aoyama and

Vertebrate segmentation requires a molecular oscilla- Asamoto, 1988; Deuchar and Burgess, 1967; Menkes
tor, the segmentation clock, acting in presomitic and Sandor, 1977; Packard, 1978; Palmeirim et al., 1998).
mesoderm (PSM) cells to set the pace at which seg- We refer to this committed state of PSM cells with re-
mental boundaries are laid down. However, the signals spect to their segmentation schedule as segmental de-
that position each boundary remain unclear. Here, we termination. Similarly, the axial identity of the paraxial
report that FGF8 which is expressed in the posterior mesoderm appears to be established very early in the
PSM, generates a moving wavefront at which level PSM. PSM from a given regional level transplanted to
both segment boundary position and axial identity a different level in a host embryo retains its original
become determined. Furthermore, by manipulating identity (Kieny et al., 1972). In operated embryos, the
boundary position in the chick embryo, we show that combinatorial expression of Hox genes characteristic of
Hox gene expression is maintained in the appropriately the original axial level of the transplant is not modified
numbered somite rather than at an absolute axial posi- in the grafted PSM (Nowicki and Burke, 2000). Therefore,
tion. These results implicate FGF8 in ensuring tight cells located in the PSM are usually considered to be
coordination of the segmentation process and spatio- pre-endowed with a determined segmentation schedule
temporal Hox gene activation. and a defined axial identity.

This intrinsic property of the PSM to segment formed
the basis of a series of models which proposed that the

Introduction periodicity of vertebrate segment formation is driven by
an internal oscillator or clock. These models include the

In a vertebrate embryo, the most overt metameric struc- “clock and wavefront” model, Meinhardt’s model, the
tures are the somites which give rise to the segmented “cell cycle” model, and the “clock and trail” model
structures of the body including the axial skeleton, the (Cooke and Zeeman, 1976; Kerszberg and Wolpert,
dermis of the back and all skeletal muscles (Hirsinger 2000; Meinhardt, 1986; Stern et al., 1988). Molecular
et al., 2000). These epithelial spheres of paraxial meso- evidence for the existence of a clock has been obtained
derm are formed by groups of cells that repeatedly bud on the basis of the periodic expression in the PSM of
off from the rostral end of the mesenchymal presomitic several genes related to Notch signaling (Pourquié,
mesoderm (PSM), on either side of the neural tube. New 2000). The segmentation clock is thought to play a role
mesenchymal cells enter the caudal PSM, as a conse- in the periodic activation of Notch signaling in the PSM
quence of continuing posterior gastrulation, maintaining which results in formation of the regular array of somitic
the length of this tissue during axis extension. The PSM boundaries. How the temporal periodicity of the clock
is not a homogeneous tissue. In the chick embryo, it oscillations is translated into the periodic array of seg-
can be subdivided into a posterior region about two- mental boundaries remains unknown.
thirds of its length in which cells are organized as a In this paper, we demonstrate that cells of the caudal
loose mesenchyme, and an anterior region in which the region of the PSM are labile with respect to their seg-
epithelialization process has begun (Duband et al., mentation schedule. Segmental determination occurs
1987). The expression domains of many genes ex- at the level of a determination front whose position along
pressed in the PSM are limited to either one or the other the anteroposterior axis in the PSM is controlled by

FGF8. Overexpressing FGF8 in the paraxial mesodermof these two regions such as paraxis and pax3 for the
by in ovo electroporation blocks segment formation byanterior region and FGF8 and Brachyury for the posterior
maintaining the caudal PSM identity of cells in regionsregion (Burgess et al., 1995; Crossley and Martin, 1995;
which should normally form somites. Displacing the po-Goulding et al., 1994; Knezevic et al., 1997).
sition of the determination front by altering FGF signalingThe first overt sign of segmentation is seen in the
leads to a shift of the position of somitic boundaries
indicating that their positioning is controlled by FGF8.

1 Correspondence: pourquie@ibdm.univ-mrs.fr Finally, we show that by slowing the posterior progres-
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sion of the wavefront, FGF8 treatment can increase the at the interface of the caudal undetermined and the
rostral determined region (Figures 1E–1H). Of the fournumber of clock oscillations experienced by PSM cells

without altering their absolute axial position in this tis- receptors for this molecule, only FGFR1 is expressed in
the PSM, and it exhibits a peak of expression encom-sue. Cells which experience an extra oscillation become

incorporated into a differently numbered somite and passing the determination front (Figure 1I; Patstone et
al., 1993). Given their strong gastrulation phenotype re-exhibit Hox expression indicative of a more posterior

fate when compared with contralateral control cells. sulting in an almost complete absence of paraxial meso-
derm, neither FGF8 nor FGFR1 null mutants in the mouseTherefore, Hox expression remains appropriate to the

somitic number rather than to the original axial level of are informative with respect to the segmentation pro-
cess (Sun et al., 1999; Yamaguchi et al., 1994). However,the somitic cells. Thus, our data indicate a coupling

between the segmentation clock and the Hox-depen- a small proportion of FGFR1 mutants form paraxial
mesoderm which does not segment into somites sug-dent axial patterning system.
gesting that this receptor is implicated in somitogenesis
(Yamaguchi et al., 1992). Therefore, FGF8 and FGFR1Results and Discussion
are attractive candidates for playing a role in the control
of segmental determination of the caudal PSM cells.Caudal PSM Cells Are Labile with Respect to Their

To test whether FGF8 plays a role in the control ofSegmentation Program
segmental determination of PSM cells, we developedWe undertook a precise analysis of when the segmenta-
an in ovo electroporation technique to misexpress DNAtion boundaries of PSM cells become determined. To
constructs in the PSM of 10- to 20-somite stage chickdo this, we performed anteroposterior (AP) inversions
embryos. Primitive streak stage embryos were coelec-of somite-length regions of the PSM, in 12- to 16-somite
troporated with an FGF8 and a GFP expression vectorstage chick embryos (Figure 1A). The effect of the ma-
while control embryos were electroporated with GFPnipulation on segmental organization was evaluated
alone. Overexpressing chick FGF8b strongly perturbedafter a reincubation of 3 to 24 hr by examining the formed
somitogenesis as seen by the formation of smallersomite boundaries. Since establishment of the segmen-
somites or the complete absence of somites in GFPtal pattern is tightly associated with the formation of the
expressing regions (n � 50/62) (Figures 2A–2F). Para-prospective anterior and posterior somitic compart-
sagittal sections of such electroporated embryos dem-ments, we also examined the expression of the Notch
onstrate that cells that should have normally formedligand delta1, whose expression is restricted to the cau-
repeated epithelial somites retained a uniform mesen-dal somite half.
chymal aspect (Figures 2G and 2H). Expression ofIn the rostral PSM, the forming caudal boundary of
Brachyury, which is normally restricted to the caudalsomite 0 and somite �I is morphologically visible so
PSM, was strongly upregulated and the expression do-that the precise delimitation of the region to be inverted
main was expanded anteriorly (n � 6/6, Figures 2I–2L).is possible. When the orientation of somite 0 or somite �I
In contrast, pax3, which is expressed rostral to the de-was reversed, a somite exhibiting boundaries properly
termination front, was downregulated in the domain ofpositioned and a perfectly reversed polarity formed (n �
FGF8 overexpression (n � 4/4, Figures 2M and 2N).8/8; Figure 1B). Thus, this region is fully determined
We also examined the expression of MyoD, which isin regard to segmentation. Inversion of somite-length
expressed in a segmental fashion in myotomal deriva-fragments in the region from somites �II to �IV resulted
tives. MyoD was not detected in the region of FGF8in the formation of ectopic boundaries and in an abnor-
overexpression, suggesting that differentiation of par-mal anteroposterior subdivision in the graft (n � 18/
axial mesoderm derivatives was also prevented in the27; Figure 1C). Therefore, this region is not labile with
PSM (n � 6/7, Figures 2O and 2P). In contrast, GFPrespect to its segmentation program. In contrast, inver-
overexpression alone had no effect on somitogenesission of somite-length fragments in the region from so-
or on expression of these different marker genes (n �mite �V to somite �XII led to a normal segmentation
35/39, Figures 2C, 2D, 2G, 2I, and 2J). Altogether, thesepattern, demonstrating a lack of determination for the
results indicate that FGF8 is sufficient to maintain thecaudal two-thirds of the PSM (Figure 1D; n � 19/20). This
caudal identity of PSM cells and suggest that downregu-data demonstrate that segmental determination takes
lation of FGF signaling at the level of the determinationplace in the PSM around the level of somite �IV. Be-
front is required for PSM cells to proceed further withcause this position is not fixed, but regresses along the
their segmentation program.AP axis as somitogenesis proceeds, we term this PSM

level the determination front. The determination front
corresponds approximately to the zone of sensitivity to Grafting FGF8 Beads Leads to Smaller
heat shock (Stern et al., 1988). Somite Formation

To further address the role of FGF8 in segmentation,
we grafted a heparin-acrylic bead soaked in FGF8b be-FGF8 Maintains the Caudal Identity of the PSM

We examined the expression patterns of potential candi- tween the PSM and the lateral mesoderm of 10- to 20-
somite stage embryos (Figure 3A). We reasoned thatdate genes which might play a role in segmental determi-

nation in the PSM. One candidate, FGF8, is a well-char- while the gradient of endogenous FGF8 becomes pro-
gressively displaced caudally during tail-bud extension,acterized signaling molecule whose mRNA is expressed

in the caudal PSM (Crossley and Martin, 1995). It is the bead will remain at a constant axial level, and thus
the operation will locally alter the putative FGF8 concen-expressed in a graded fashion extending from the primi-

tive streak/tail bud to the level of the determination front, tration gradient in the adjacent PSM. The effect of FGF8
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Figure 1. The Caudal PSM Region Is Undetermined with Respect to Segmentation and Expresses FGF8 in a Graded Fashion

Results of inversions of PSM fragments of one somite in length from the level of S0 to S�XII as illustrated in (A). Formation of morphological
somitic boundaries and anteroposterior patterning of the somitic compartments in the inverted tissue were evaluated after in situ hybridization
with the c-delta1 probe. The inverted PSM fragment is delimited by red arrows. (B) HH stage 12 embryo operated at the level of S0 hybridized
with c-delta1. (C) HH stage 12 embryo operated at the level of S�III hybridized with c-delta1. (D) HH stage 13 embryo operated at the level
of S�VI hybridized with c-delta1. (E-H) A 19-somite stage embryo hybridized with FGF8 and photographed after 15 (E), 35 (F), 60 (G), and
180 min (H) of staining reaction to demonstrate the graded expression of this mRNA in the caudal PSM. (I) In situ hybridization with the FGFR1
probe of a 14-somite stage embryo. (B–I) Dorsal view. Rostral is to the top. Red arrows delimit the extent of the inversion.

beads on segmentation was examined after 18–24 hr of in a stronger effect similar to that seen in electroporated
embryos. In this case the operation led to an absenceincubation, when the region adjacent to the bead had

formed somites. In embryos grafted with beads soaked of somitic boundary formation immediately rostral to the
bead over a distance of up to three somites whereasin FGF8, somites appeared smaller on the operated side,

becoming offset from those on the control side over a up to three smaller somites form rostral to this zone (not
shown).region which could extend up to 6–7 somites rostral to

the bead (n � 27/33, Figures 3B, 4A, and 4B). Thus, the When the bead was placed midway between the cau-
dal-most PSM and S-IV, only the part of the PSM whichbead acts on cells located close to the level of the

determination front at the time of bead implantation was located between the bead and the somite �IV was
affected (Figures 3C and 3D, n � 6/7). Cells located(Figure 3A) where the peak of FGFR1 expression is seen

(Figure 1I). Caudally to the grafted bead, a larger somite caudal to the bead never form small somites even
though they are competent to do so if FGF8 were pro-formed and thereafter a normal segmental pattern was

observed (Figure 3B). In this manner, the total number vided to them from a caudal source. No effect on seg-
mentation was ever detected in cells which were rostralof somites was the same in the operated and control

sides. Implantation of the beads within the PSM resulted to the somite �IV at the time of surgery, even when
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Figure 2. Overexpression of FGF8 Abolishes Somitogenesis and Maintains the Caudal Identity of PSM Cells

(A and B) Embryo coelectroporated with FGF8 and GFP expression vectors. (A) GFP expression (in yellow). (B) Whole-mount in situ hybridization
of the embryo with FGF8 reveals ectopic FGF8 expression domains corresponding to the GFP-positive areas in the somitic region and in the
lateral plate.
(C and D) 19-somite embryo electroporated with a GFP expression plasmid alone. (C) Bright-field showing normal somitogenesis. (D) GFP
expression.
(E and F) Coelectroporation of GFP with an FGF8 expression vector leads to an absence of somites. Embryo shown in (E) and (F) was incubated
for the same time period as that shown in (C) and (D). The rostral region exhibits developmental features such as an almost closed otic vesicle
(OV) characteristic of a 19-somite embryo. (E) Bright-field showing that somitogenesis is interrupted at the level of somite 10 (S10). (F) GFP
expression. Red arrow indicates the rostral extent of the GFP domain. White double arrows mark the position of the sections shown in (G)
and (H). S12: somite 12.
(G) Parasagittal section of the designated region of control embryo in (D) (white arrow) reveals the presence of GFP-positive cells in epithelial
somites.
(H) Parasagittal section of the embryo in (E) (white arrow) demonstrates the loss of epithelial somites in the region overexpressing FGF8.
(I and J) Control embryo electroporated with GFP alone. (I) GFP expression. (J) Whole-mount in situ hybridization with Brachyury. (K–P)
Embryos coelectroporated with GFP and FGF8. (K) GFP expression. (L) Whole-mount in situ hybridization with Brachyury.
(M) GFP expression. (N) Whole-mount in situ hybridization with pax3.
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Figure 3. Anisotropic Effect of FGF8 on So-
mite Formation

(A, C, and E) Schematic representation of the
graft of the FGF8 bead illustrating the level
of the bead graft in the PSM corresponding
to the embryos shown in (B), (D), and (F), re-
spectively. (B, D, and F) Whole-mount in situ
hybridization with c-delta1 of grafted HH
stage 17 embryos. (A and B) An FGF8 bead
was grafted in the caudal-most region of the
PSM. (C and D) Graft of an FGF8 bead at the
position indicated in (C). (E and F) Graft of an
FGF8 bead in the rostral region of the PSM.
(G and H) Whole-mount in situ hybridization
of HH stage 17 embryos with c-delta1 after
implantation of a FGF4 bead (G) or with par-
axis after implantation of a BMP4 bead (H),
as shown in (A). Asterisks mark the position
of the bead and red double arrows in (G) and
(H) show the extent of the effect. Dorsal
views, anterior to the top.

beads were directly grafted adjacent to this region of a cell’s response to FGF signaling changes once it
passes the determination front at somite �IV. Thus, onlythe PSM (Figures 3E and 3F, n � 18/20). The fact that

rostral PSM exposed to FGF bead grafts does not form the cells of the caudal PSM located between the bead
and the determination front respond to FGF8, indicatingsmaller somites can seem paradoxical because this re-

gion continues to strongly express FGFR1 (Figure 1I). an anisotropic effect of this factor on the PSM.
Such an anisotropic effect would be expected in aThis can however be explained if one hypothesizes that

(O) GFP expression. (P) Whole-mount in situ hybridization with MyoD. The red hatched line marks the lateral extent of the paraxial mesoderm
on the electroporated side in (N) and (P).
Dorsal views. Anterior is to the top. In (G) and (H), anterior is to the left.
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Figure 4. Implantation of an FGF8 Bead Reduces the Number of Cells Allocated to Somites

(A and B) 22-somite stage embryos fixed 12 hr after implantation of a PBS (A) or an FGF8 (B) bead (asterisk) in the caudal PSM. The red bar
marks the region which forms smaller somites.
(C and D) FGF8 bead treated embryos fixed after 9 hr and processed by TUNEL to visualize apoptotic nuclei (in blue) (C) or by immunohistochem-
istry using the antibody against anti-phosphorylated histone H3 which labels the nuclei of dividing cells (in brown) (D). Apoptotic nuclei and
proliferating cells were counted in the region between the bead and the forming somites when smaller somites start to form (red bar).
(E) Whereas the number of cells per somite is not significatively different between somites on the grafted (gray column) and control side
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ligand diffusion model in which one would predict more cell number ranging from 17% to 33% was observed
severe abnormalities anterior to the bead (where the when compared to the normal contralateral control so-
FGF8 gradient is steeper than normal) as opposed to mites (n � 3). No differences in cell counts were ob-
posterior to the bead (where the gradient is less steep served in somites of control embryos grafted with a
than normal). Another possiblity to account for this an- bead soaked in PBS (Figures 4A and 4E, n � 2).
isotropic effect is that given that FGF8 acts at the level This difference in cell number might be accounted for
of the determination front, an effect on territories located by an increase in cell death induced by FGF8 in the
caudal to the bead could only occur when the bead is region rostral to the bead. However, when apoptotic
located in the rostral PSM. Because of the formation of cells were counted in this region, in embryos harvested
a basal lamina containing laminin and fibronectin start- after less than 9 hr reincubation time, no significant
ing at the level of the determination front, the rostral increase in cell death was observed as compared with
PSM extracellular environment is very different from that the contralateral side (Figures 4C and 4F, n � 3). A
of the caudal PSM (Duband et al., 1987). FGF8 which second possible cause for the observed reduction in cell
strongly binds heparan-sulfate, an important constit- number could be reduced cell proliferation. We assayed
uent of the extracellular matrix (Szebenyi and Fallon, cell proliferation with an antibody against phosphory-
1999), might thus be limited in its diffusion in the rostral lated histone H3 to visualize dividing cells in embryos
PSM and be unable to reach the level of the determina- grafted with an FGF8 bead (Figures 4D and 4F; n � 3).
tion front. A comparison of the number of labeled cells in the con-

Because FGF8 and FGF4 elicit similar biological re- trol and experimental regions rostral to the bead in em-
sponses in most assays examined thus far, we tested bryos reincubated for up to 9 hr revealed no significant
the specificity of the effect of FGF8 on segmentation by differences in cell proliferation. Similar counts per-
grafting FGF4 beads lateral to the caudal PSM. FGF4 formed in embryos grafted with control beads showed
beads caused a symmetric short-range disruption in no differences in the number of proliferating (n � 2) and
the rostro-caudal organization of the somites located apoptotic (n � 2) cells between the two sides (Figure 4F).
immediately adjacent to the bead (Figure 3G; n � 5/8). We examined whether FGF8 would diminish the num-
This suggests that either FGF8 differs greatly from FGF4

ber of cells in the region rostral to the bead by inducing
in its diffusion properties, or that a different relay mecha-

a caudal migration of PSM cells out of this area. To test
nism is at work. We also compared the effect of FGF8

this hypothesis, we labeled groups of mesodermal cells
to that of the TGF� family factor BMP4 in similar experi-

located in the most caudal part of the PSM with DiI atmental conditions. Grafting a bead soaked in BMP4 re-
the same axial level on both sides of the embryo (Figurevealed that it acts over a distance similar to that seen
4G). An FGF8 bead was then implanted caudal to onewith FGF8 beads by downregulating paraxis. However,
of these labeled groups and the embryo was incubatedunlike FGF8, this effect is seen over the same distance
until the labeled cells were incorporated into somites.anterior and posterior to the bead.
In all cases (n � 15), labeled cells remained at the sameTaken together, these results indicate that a source
axial level on both sides of the embryo, whereas shiftsof FGF8 provided caudally can modify the size of so-
in somite boundaries were observed in the region ofmites by acting at the level of the determination front
labeled cells (Figure 4H). In the region closest to thein the PSM.
grafted bead, where offsetting of the somitic boundaries
was maximum, DiI-labeled cells are incorporated intoFGF8 Alters the Position of Somitic Boundaries
differently numbered somites. These experiments there-and Reduces the Number of Cells Allocated
fore indicate that FGF8 reduces the number of cellsto Each Somite
allocated to each somite without increasing cell death orThe formation of smaller somites induced by the graft
diminishing cell proliferation and without causing majorof FGF8 beads could result either from a compaction
cell rearrangements. Thus, the formation of smaller so-of the cells in the affected somites if the number of cells
mites in response to FGF8 bead grafts is caused byper somite is not changed, or from a reduction in the
changing the position of somitic boundaries while thenumber of cells allocated to each somite. To distinguish
absolute position of cells along the AP axis is not modi-between these two possiblities, we counted the number
fied. This indicates that FGF signaling controls the posi-of cells in the small somites induced by FGF8 bead grafts

(Figures 4B and 4E). In the small somites, a reduction in tioning of somitic boundaries.

(white column) in control embryos (p � 0.5), a significant reduction in the number of cells was observed between the somites of the FGF8
bead-grafted side (black column) compared to control side (white column) (p � 0.0001).
(F) Average number of apoptotic and proliferating cells per section in PBS (gray columns) and FGF8 (black columns) treated sides compared
to the contralateral side (white columns). Neither PBS nor FGF8 bead grafts increased apoptosis (p � 0.16 and p � 0.04, respectively) or cell
proliferation (p � 0.5 in both cases) on the grafted side.
(G) Schematic representation of DiI labeling of caudal PSM cells before implantation of an FGF8 bead. (H) Distribution of labeled cells in an
HH 18 stage embryo operated as described in (G) after 18 hr of incubation. (asterisk: grafted FGF8 bead).
(I–M) Whole-mount in situ hybridizations of HH14 stage embryos 5 to 8 hr following implantation of an FGF8 bead (asterisks) in the caudal-
most part of the PSM. c-hairy2 showing a phase I of the clock cycle (I). Lunatic Fringe showing a phase III of the clock cycle (J). FGF8 (K).
Brachyury (L). paraxis (M). Black arrowheads mark the rostral limit of the PSM. Red arrowheads point to the limit of expression of the different
genes in the PSM.
Dorsal views, rostral to the top.
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FGF8 Does Not Accelerate the Segmentation Clock injection (n � 12/19, Figures 5A and 5B). The number
of cells in such larger somites was counted on both sidesbut Shifts Rostrally the Determination Front
of an embryo and compared to that found in somites ofThe shift of the somitic boundaries in the grafted em-
an equivalent axial level of a stage-matched control em-bryos could result from an acceleration of the pace of
bryo treated with DMSO only. The mean number of cellsthe segmentation clock. However, operated embryos in
per somite was 1554 cells for the control embryo andwhich extrasomitic boundaries had formed on one side
1916 cells in the SU-treated embryo. The number ofbut not on the other were never seen, suggesting that
cells of the enlarged somites was also found to be signifi-the smaller somites on the operated side form at the
catively higher than that of the somite found immediatelysame pace as those of the control side. To determine
rostral in the same embryos (n � 3, see Experimentalwhether FGF8 acts on the pace of the segmentation
Procedures and Figure 5C).clock, we performed in situ hybridization on grafted em-

To better characterize the effect of SU5402 treatmentbryos with the cycling genes c-hairy2 (n � 5) and Lunatic
on the PSM, we compared the effect of blocking FGFFringe (n � 24) (Figures 4I and 4J).
signaling in half-embryos cultured in medium containingExpression patterns of the cycling genes have been
SU5402 for the same time period as the control contra-classified into three phases corresponding to the pro-
lateral half. We compared the expression of markers forgression of the wave of expression along the PSM (Pal-
the rostral and caudal PSM domains, namely paraxis (n �meirim et al., 1997). In phase I, the genes are expressed
6), FGF8 (n � 5), and Brachyury (n � 3), in the culturedin a broad caudal domain extending up to the level of
half-embryos (Figures 5D and 5F and data not shown).somite �IV (Figure 4I). In phases II and III, the cyclic
The rostral boundary of the FGF8 and Brachyury expres-genes are expressed in the rostral PSM (Figure 4J). In
sion domains were shifted more caudally in drug-treatedembryos grafted with an FGF8 bead and examined dur-
half-embryos, suggesting that the determination fronting the determination of the smaller somites, the two
was displaced caudally. In contrast, the caudal bound-embryonic sides were always found to be in the same
ary of the paraxis domain was not affected. We alsophase of the clock cycle indicating that FGF8 does not
examined the expression of the cycling genes c-hairy2modify the period of the oscillation of the cycling genes
(n � 8) and Lunatic Fringe (n � 3) and observed no phase

(Figures 4I and 4J).
differences in the treated and control halves (Figure 5E

However, an examination of grafted embryos which
and data not shown). However, the rostral boundary of

were in phase I of the clock cycle reveals a rostral exten-
the phase I expression domain was shifted caudally

sion of the caudal expression domain on the grafted (Figure 5E). Thus SU5402 acts at the determination front
side (Figure 4I). This observation suggests that ectopic level by inducing a caudal shift of somite boundaries
FGF8 induces a rostral extension of the undetermined resulting in formation of larger somites.
region. To further characterize this effect, in situ hybrid-
izations were performed on grafted embryos with mark-

FGF8 Treatment Shifts Somitic Hox Gene
ers associated with either the rostral determined region,

Boundaries Anteriorly
such as paraxis (n � 8) or with the caudal undetermined

During the production of smaller somites following the
region such as FGF8 (n � 10) and Brachyury (n � 6). A

graft of an FGF8 bead, the PSM becomes extended
rostral extension of the expression domains of both rostrally by a length of up to one somite on the operated
FGF8 and Brachyury and a rostral shift of the paraxis side (compare the position of S0 on the two sides in
expression domain were observed (Figures 4K–4M). Figure 4B). Our DiI labeling experiments demonstrate
This ectopic activation of FGF8 by FGF8 bead grafts that cells of the same axial level will be incorporated
indicates an autocrine regulation of this gene in the into differently numbered somites in the control and the
PSM. This autocrine effect might either act as a relay experimental side (Figure 4H). Given that the formation
for FGF8 or could amplify its diffusion, thus accounting of each somite is associated with one oscillation of the
for the long-range action of FGF8. FGF8 also induces cycling genes in the PSM, the cells of the region rostral
Brachyury expression in the PSM, further suggesting the to the bead which become incorporated into a differently
existence of a loop linking Brachyury to FGF signaling numbered somite than their contralateral control cells
similar to that identified during amphibian gastrulation must therefore undergo an extra oscillation when com-
(Schulte-Merker and Smith, 1995). Altogether, these re- pared to these control cells. Evidence for such a super-
sults suggest that FGF8 can shift the determination front numerary oscillation is illustrated by the rostral exten-
rostrally in the PSM, thus delaying the segmental deter- sion of the phase I expression domains of c-hairy2 and
mination of caudal PSM cells. Lunatic Fringe in the cells located rostral to the bead

(Figure 4I and data not shown).
What is the outcome of this extra oscillation on the

Blocking FGF Signaling Results in Larger axial identity of these cells? To address this question,
Somite Formation we examined the formation of anterior Hox gene bound-
To further investigate the role of FGF signaling in the aries in FGF8-treated embryos. When an FGF8 bead is
regulation of segmentation, we blocked this pathway by grafted adjacent to the caudal PSM of 15- to 20-somite
treating embryos in ovo with SU5402, a drug known to stage embryos, the bead is usually found to lie in the
specifically block the kinase activity of FGF receptors region adjacent to somites 25 to 30. Since up to 6–7
(Mohammadi et al., 1997). In SU5402-treated embryos, somites rostral to the grafted bead exhibit shifted
a large pair of somites was formed bilaterally by cells boundaries, the affected region lies between somites

20 to 30. We analyzed the expression of two Hox genesthat were located at the level of S-IV, at the time of the
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Figure 5. SU5402 Increases the Number of
Cells Allocated to a Somite and Shifts Cau-
dally the Determination Front

(A and B) Dorsal views of HH13-14 stage em-
bryos treated with SU5402 (A) or DMSO (B)
and fixed after 10 hr of incubation. (A) 22-
somite stage embryo treated with SU5402
at the 16-somite stage. The SI somite pair
(somites 21) is enlarged compared to a
stage-matched embryo treated with DMSO
alone (B).
(C) Comparison of the number of cells per
somite in the enlarged somites compared to
unaffected somites (see Experimental Proce-
dures). The number of cells is significantly
increased in the affected somites (p �

0.0003).
(D–F) Whole-mount in situ hybridizations with
FGF8 (D), c-hairy2 (E) and paraxis (F) on half-
embryos cocultured for 80 to 100 min in pres-
ence of SU5402 (SU) or DMSO (Ctl).

which exhibit a rostral somitic boundary of expression can posteriorize the embryo (Pownall et al., 1996; Parta-
nen et al., 1998). These data led to the idea that thein this region, namely HoxB9 (n � 29) and HoxA10 (n �

15), which have anterior boundaries at the level of so- level of FGF signaling is involved in defining axial identi-
ties along the body axis. However, close examinationmites 22/23 and 25/26, respectively (Burke et al., 1995;

Cohn et al., 1997). In manipulated embryos displaying of our data demonstrating that FGF bead grafts can
cause an ectopic activation of Hox genes indicates thatshifted somitic boundaries in a region including the ante-

rior boundary of HoxB9 or HoxA10, the anterior bound- this effect is not simply due to such a posteriorizing
effect. First, none of the effects on segmentation that areary of these genes was always shifted anteriorly so as

to maintain a rostral limit at the correct somite number observed can be explained by this type of posteriorizing
effect. Second, if the level of FGF signaling specifieson the grafted side (Figures 6B and 6D). In contrast,

when the position of the grafted bead was such that the the AP identity of axial segments, the result of the bead
graft experiment should be different depending on theaffected region did not include the anterior boundary of

expression of these genes, no such anterior shift of their AP level of the graft. A bead producing the same amount
of FGF should elicit a stronger response when graftedexpression limit was observed (not shown).

Since no cell movement along the AP axis of the PSM in the caudal PSM at an earlier developmental stage
(where lower FGF signaling is required) when comparedis observed upon FGF8 treatment, these results indicate

that cells of the undetermined caudal region of the PSM to a bead grafted in a similar location at a later stage
(where higher FGF signaling is required). Our data showcan activate ectopic expression of genes like HoxB9 or

HoxA10 in order to maintain the anterior limit of expres- that the same response is seen when beads loaded with
the same amount of FGF are grafted in the caudal PSMsion of these Hox genes at the appropriate somitic level.

This ectopic activation of Hox genes indicates that the at different developmental stages (Figure 6). In all cases
these grafts resulted in smaller somite formation and aaxial identity of cells in the caudal region of the PSM is

not determined. Ectopic activation of Hox genes is only rostral extension of the Hox expression domain on the
grafted side so as to maintain the anterior boundary atobserved in cells which have undergone a supernumer-

ary oscillation cycle, strongly suggesting a tight coupling the appropriately numbered somite. Therefore, whereas
a posteriorizing role of FGF signaling is likely to takebetween the segmentation clock and the spatiotemporal

activation of Hox genes in the PSM. place during gastrulation when paraxial mesoderm cells
are produced (Pownall et al., 1996; Partanen et al., 1998),Altering FGF signaling in frog and mouse embryos

has been shown to have a profound effect on Hox gene our results point to a different role for FGF signaling in
coordinating the positioning of somitic boundaries withexpression along the body axis such that FGF signaling
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Figure 6. Hox Genes Activation in the Parax-
ial Mesoderm Is Coupled to the Segmentation
Clock

Whole-mount in situ hybridization of HH
stage 17–18 embryos with HoxB9 (A and B)
and HoxA10 (C and D) in control (A and C)
and FGF8-treated embryos (B and D). Dorsal
views, anterior to the top.

Hox gene activation during later paraxial mesoderm de- (Figure 7A). As the embryo extends posteriorly, the posi-
tion of the determination front recedes along the antero-velopment.
posterior axis while keeping its relative position in the
PSM constant. A model in which cells endowed with

Conclusion boundary properties are periodically specified by the
FGF Signaling Positions Segmental Boundaries clock could explain how the flow of cells which pass
Our results demonstrate that the segmentation program through the determination front becomes allocated to
and the axial identity of PSM cells is determined around defined somites. In particular, PSM cells would become
the level of somite �IV. Caudal to this level, both the competent for segmentation when FGF8 levels drop be-
segmental schedule and combinatorial expression of low a certain threshold (black line, Figure 7A), and adopt
Hox genes can be altered experimentally. We therefore a boundary fate (blue) if they are juxtaposed to cells in
term this level the “determination front” of the PSM. Our a different phase of the segmentation cycle (in black,
data demonstrate that FGF8, which is strongly ex- Figure 7A). Due to the oscillating nature of the cycling
pressed in the caudal-most PSM and then in a graded genes, this interface is transient, and so a small group
fashion up to the level of the determination front, plays of boundary cells are generated once per 90 min cycle.
an important role in maintaining cells of the caudal PSM This model does not imply that formation of the bound-
undetermined and thus in positioning the determination aries actually occurs at the determination front level but
front. Furthermore, by altering FGF signaling in the PSM, that the boundary would be specified at this level and
we show that this pathway acts at the level of the deter- only forms at the rostral level of the PSM. Alternatively
mination front to control the positioning of segmental such a mechanism could also create an interface be-
boundaries. tween cells allocated to future consecutive somites

We propose a model in which the future somite bound- which could subsequently be transformed into a seg-
aries are periodically specified by the segmentation mental boundary.
clock at the determination front level (Figure 7A). A movie Grafting an FGF8 bead does not alter the pace of
presenting this model is available as supplemental data the clock but displaces rostrally the determination front
to this article (at http://www.cell.com/cgi/content/full/ (Figure 7B, magenta line). Thus, boundary specification
106/2/219/DC1). Our experiments suggest that the de- will occur more rostrally in the PSM resulting in less
termination front represents the site at which FGF8 con- cells being allocated to the prospective somite anterior
centration drops below a critical threshold, thereby per- to the boundary. Conversely, when FGF signaling is

blocked by SU5402, there is still no effect on the periodmitting segmental determination of prospective somites
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in the PSM. As a result, segments are formed in a rostral-
to-caudal fashion at a temporal frequency defined by the
clock, and a spacing defined by the speed of wavefront
progression in the PSM. The periodic expression of the
cyclic genes has provided evidence for the existence
of such a clock (Palmeirim et al., 1997). In addition, our
results indicating that segmental boundaries are actu-
ally determined at the level of the determination front
suggest that this level marks the true position of the
wavefront in the PSM.

In the clock and wavefront model, somite size is a
function of the period of the clock and of the speed of
wavefront progression in the PSM. Production of smaller
somites can be acheived either by accelerating the clock
while the speed of the wavefront is kept constant or by
slowing down the progression of the wavefront while
keeping the period of the clock oscillations constant.
Our results do not resemble an example of the first
possibility because (1) whereas speeding the clock on
the bead-grafted side would lead to asynchrony in the
timing of boundary formation, somitic boundaries al-
ways form in synchrony between the control and grafted
sides; and (2) the period of oscillation of the cycling
genes is not affected by the bead graft.

In contrast, our observations do seem to represent an
example of the second possibility. Normally, the relative
position of the wavefront in the PSM is maintained at a
constant level because its absolute position along the
AP axis is constantly receding at the speed of somito-
genesis during caudal embryo extension. Slowing down
the wavefront while the speed of the caudal extension
of the embryo is not changed will result in the relative
position of the wavefront in the PSM becoming progres-
sively displaced rostrally. In embryos grafted with an
FGF bead, we observed that the determination front is
shifted rostrally in the PSM in comparison to the control
side. Thus, whereas FGF bead grafts do not modify
the period of the clock oscillation, their effect can be
interpreted as slowing down wavefront progression in
the PSM, assuming that the wavefront corresponds to
the determination front. A similar explanation could
apply to the SU5402 inhibitor treatment which does not
affect the period of the clock but would speed up the

Figure 7. A Model for Segmental Determination Involving a Clock- progression of the wavefront. In light of our data, this
Regulated Specification of Boundaries Controlled by FGF Signaling model thus offers an explanation for how clock oscilla-
in the Chick PSM tions are translated into the periodic array of somite
(A–C) Schematic representation of segment determination during boundaries.
one oscillation of the segmentation clock in the normal situation Coupling Temporal Colinearity
(A), after implantation of an FGF8 bead (B), or after SU5402 treat-

to the Segmentation Clockment (C).
How the spatiotemporal, or temporal colinearity, of Hox
gene activation is implemented during development re-
mains unclear. It has been proposed that the Hox com-of oscillation of the cyclic genes, but the determination
plexes are initially in a closed configuration preventingfront is displaced caudally (Figure 7C, magenta line).
transcription of these genes and that the complexesThe boundary will thus be positioned more caudally,
become progressively opened during development. Thisleading to the formation of larger somites containing
opening of the complexes would sequentially releasemore cells than control somites.
the genes from a repressive influence rendering themThis model is conceptually similar to the “clock and
progressively available to transcription (Kondo and Du-wavefront” model (Cooke and Zeeman, 1976; Jiang et
boule, 1999). The timing mechanism which controls theal., 1998). In this model, PSM cells oscillate between
stepwise opening of the complexes and which thus en-different cellular states in response to a cellular oscillator
sures that a given gene will be activated at the appro-or clock. The production of segmental boundaries oc-
priate axial level is unknown. In the limb, proliferationcurs when cells in a permissive phase of the clock cycle

encounter a maturation wavefront progressing caudally of cells in the progress zone was proposed to act as
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Bead Implantationsuch a timing mechanism controlling the progressive
Heparin beads (Sigma) were extensively washed in PBS and soakedopening of the HoxD cluster (Duboule, 1995).
overnight at 4�C in PBS, 1% BSA containing either FGF8b (1 mg/Such a model could be applied to the paraxial meso-
ml) or FGF4 (400 �g/ml) (R&D Systems). The FGF4 concentration

derm in which the opening of the Hox clusters could be was chosen because of its increased activity in a mitogenic assay
linked to the number of cell divisions experienced by on quiescent NR6R-3T3 when compared to FGF8 (ED50 � 0.15 ng/

ml and 1 ng/ml for FGF4 and FGF8b, respectively). For BMP4 (200the stem cells in the primitive streak and tail bud from
�g/ml) (R&D Systems) affiblue-gel beads (BioRad) were treated inwhich the tissue originates (Dale and Pourquié, 2000;
a similar fashion. 100–150 �m diameter beads were selected, cutNicolas et al., 1996; Stern et al., 1992). In this case, the
in two equal parts and rinsed in a drop of PBS before implantationopened configuration of the Hox clusters reached by
into 12- to 20-somite stage chick embryos. An incision through the

descendants of the stem cells would be frozen upon ectoderm and the mesoderm was made to insert the bead between
their entering in the PSM. The fact that activation of the paraxial and lateral mesoderm. Control beads soaked in PBS

were grafted in similar manner. Embryos were incubated for 3 to 24Hox gene expression is seen in the caudal PSM is in
hr, and were then fixed for further analysis.agreement with this hypothesis (Gaunt and Strachan,

1996).
Our experiments indicate that PSM cells only become Plasmids and In Situ Hybridizations

Whole-mount in situ hybridizations were performed as described inirreversibly determined with respect to their axial identity
Henrique et al. (1995). The chick Brachyury, MyoD, pax3, c-hairy2,later, at the level of the determination front. This appar-
delta1, Lunatic Fringe, FGF8, FGFR1, paraxis, HoxB9, and HoxA10ent plasticity of caudal PSM cells is thus in contradiction
have been described (Burke et al., 1995; Goulding et al., 1994; Hen-with a strict interpretation of the model whereby Hox
rique et al., 1995; Hirsinger et al., 2001; Jouve et al., 2000; Knezevic

gene expression is fixed on entry to the PSM. Rather, et al., 1997; McGrew et al., 1998; Patstone et al., 1993; Sosic et al.,
our results favor a two-step mechanism responsible for 1997; Vogel et al., 1996). Plasmid DNA for electroporations was

purified using an endotoxin-free maxi kit (Quiagen) and resuspendedassigning precise Hox gene combinatorial expression to
in PBS. The GFP expression vector contains the coding sequencesomites. In a first step, the clusters would progressively
for a destabilized eGFP (d1EGFP, Clontech) subcloned into theacquire their opened configuration in precursors of the
pCAAGS expression vector (Niwa et al., 1991). The pMIW cFGF8bparaxial mesoderm prior to their entering the PSM, by
expression vector was described in Araki and Nakamura (1999). A

a mechanism which could be linked to cell proliferation solution of PBS, 1 mM MgCl2, 0.4 mg/ml fast green FCF (Sigma)
in the stem cells. In the second step, which would occur containing 1 �g/�l of GFP vector and either 1.5 �g/�l of FGF8 vector

or the empty pCAAGS vector was used for electroporations.at the level of the determination front, the definitive ex-
pression of Hox genes would be allocated to each pro-
spective somite as it becomes determined. Our experi- In Ovo Electroporation
ments suggest that this second phase is coupled to Embryos of stage 4–5 HH were used for electroporations. Eggs were

windowed and the DNA solution was injected between the vitellinethe segmentation clock, since increasing the number of
membrane and the epiblast. The primitive streak was coated withoscillations in the PSM cells results in a posteriorization
the DNA solution from the node until mid-streak. A 4.0 mm long gold-of these cells. The recent demonstration of a dynamic
tipped electrode (0.4 mm diameter, TR Tech) was placed directly onexpression of Hox genes in the rostral mouse PSM fur-
the streak caudal to the node. A second 3.0 mm long tungsten wire

ther argue for a control of Hox gene activation by the (0.4 mm diameter) was inserted into the yolk under the gold-tipped
segmentation clock (Zákány et al., 2001 [this issue of electrode. A series of electric pulses (3–6 pulses, 80 volts, 40 ms)

were directed toward the tungsten electrode using a square waveCell]). Such a mechanism could explain how individual
electroporator (BTX T820). Eggs were reincubated for 24 hr andsomites acquire their regional identity.
assayed for GFP expression. Embryos displaying a normal overt
morphology and positive for GFP expression in the PSM (10%–50%)

Experimental Procedures were processed for subsequent analysis.

Embryos and Nomenclature
Immunohistochemistry and TUNEL AssayFertilized chick eggs were obtained from commercial sources. Eggs
An antibody raised against phosporylated Histone H3 (Upstate Bio-were incubated at 38�C in a humidified incubator and embryos were
technology) was used to analyze cell proliferation. Operated em-staged according to the developmental table of Hamburger and
bryos were fixed in 4% paraformaldehyde, dehydrated through aHamilton (HH) (1992) and by counting somite pairs.
graded methanol solution series and processed in whole mount asThe forming somite, in which the caudal border is not completely
described in Stern (1998). Anti-Histone H3 primary antibody wasformed, is referred to as somite 0. The remaining PSM tissue is
used at 1/1000 and anti-rabbit IgG coupled to HRP (Jackson labs)divided into units of one somite in length (100–150 �m) as measured
was used to 1/100. Apoptosis was assayed by TUNEL (Apoptag kit,by a lens reticle. Each unit is identified by a negative roman number
Oncor) on whole-mount embryos as described in Yamamoto andwith respect to its position along the AP axis in reference to somite
Henderson (1999).0 (Figure 1A). Usually 12 to 14 units are present in the PSM. We

refer to these units as “presumptive somites.”

DiI Labeling
DiI crystals (Molecular Probes) were dissolved in ethanol to a finalSurgery: Inversions of Presumptive Somites

Inversions of PSM fragments were performed in ovo. The ectoderm concentration of 1 mg/ml. After removal of the overlying ectoderm,
small groups of PSM cells were labeled at the same axial level onoverlying the PSM was peeled back using tungsten needles. The

region of interest was delimited by transverse and parasagittal inci- both sides of the embryo by pressure injection using a Picospritzer
II injector with micropipettes (�5 �m of diameter). Dye applicationssions through the mesoderm, isolated, and immediately replaced

in an inverted AP orientation. Small amounts of pancreatin (GIBCO) were performed under a Leica MZFLIII stereomicroscope equipped
with rhodamine fluorescent filters. After labeling, embryos whichwere added to facilitate the dissection. The ends of the inverted

tissue were marked with carbon particles. After the operation, em- had received focal injections at exactly equivalent AP positions were
selected and implanted with an FGF8b bead in the vicinity of onebryos were allowed to develop for 3 to 24 hr, until the grafted tissue

had segmented. Embryos were then fixed and hybridized with the group of labeled cells. These embryos were reincubated until the
region adjacent to the bead was fully segmented.delta1 probe.
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SU5402 In Ovo Treatment and Half Embryo Assay References
SU5402 (Calbiochem; Mohammadi et al., 1997) was used to block
FGF signaling in ovo. A SU5402 stock solution in DMSO was diluted Aoyama, H., and Asamoto, K. (1988). Determination of somite cells:
in PBS/ATP (1 mM) to a final concentration of 400 �M in 0.5% independence of cell differentiation and morphogenesis. Develop-
DMSO. The number of somites was counted and 50 �l of the PBS/ ment 104, 15–28.
ATP/SU5402 solution was directly added onto the caudal part of Araki, I., and Nakamura, H. (1999). Engrailed defines the position of
the embryos which were reincubated for 45 min to an hour and then dorsal di-mesencephalic boundary by repressing diencephalic fate.
thoroughly washed with PBS. Embryos were then reincubated for Development 126, 5127–5135.
10 hr. Control embryos were treated similarly with a 0.5% DMSO

Burgess, R., Cserjesi, P., Ligon, K.L., and Olson, E.N. (1995). Paraxis:solution. Embryos were fixed and processed for in situ hybridization
a basic helix-loop-helix protein expressed in paraxial mesoderm(not shown) or for cell counting.
and developing somites. Dev. Biol. 168, 296–306.Half-embryo cultures were performed as described in Palmeirim

et al. (1997). One half was cultured in medium containing 80 �M Burke, A.C., Nelson, C.E., Morgan, B.A., and Tabin, C. (1995). Hox
SU5402 whereas the control half was cultured in DMSO containing genes and the evolution of vertebrate axial morphology. Develop-
medium. Both halves were cultured for 80 to 100 min and fixed for ment 121, 333–346.
in situ hybridization. Cohn, M.J., Patel, K., Krumlauf, R., Wilkinson, D.G., Clarke, J.D.,

and Tickle, C. (1997). Hox9 genes and vertebrate limb specification.
Nature 387, 97–101.Quantitative Analyses

To assess the total number of cells per somite after FGF8 bead or Cooke, J., and Zeeman, E.C. (1976). A clock and wavefront model
SU5402 treatment, embryos were fixed in Carnoy’s fluid, dehydrated for control of the number of repeated structures during animal mor-
in ethanol, and rehydrated in PBS, 0.1% Tween 20 (PBT). Ectoderm phogenesis. J. Theor. Biol. 58, 455–476.
was removed from the region of interest, and the embryos were Crossley, P.H., and Martin, G.R. (1995). The mouse Fgf8 gene en-
stained overnight at room temperature using the Oligreen DNA codes a family of polypeptides and is expressed in regions that
marker to label cell nuclei (Molecular Probes, 1/2000 in PBT). After direct outgrowth and patterning in the developing embryo. Develop-
extensive washes, embryos were flat-mounted in 20% glycerol. Nu- ment 121, 439–451.
clei of somitic cells were counted using a Zeiss confocal micro-

Dale, K.J., and Pourquié, O. (2000). A clock-work somite. Bioessaysscope. Coronal sections were acquired every 7 �m from the dorsal
22, 72–83.to the ventral surface of the somite. Nuclei in each of the resulting

sections were counted and summed. Deuchar, E., and Burgess, A.M.C. (1967). Somite segmentation in
Cell number in somites of embryos grafted with FGF8 (n � 3) or amphibian embryos: is there a transmitted control mechanism? J.

PBS (n � 2) beads were compared with the contralateral somites. Embryol. Exp. Morphol. 17, 349–358.
The mean number of cells � SEM is presented for each condition Duband, J.L., Dufour, S., Hatta, K., Takeichi, M., Edelman, G.M., and
in Figure 4E. Thiery, J.P. (1987). Adhesion molecules during somitogenesis in the

Cell number in somites (SI, n � 2 experimental somites) of a avian embryo. J. Cell Biol. 104, 1361–1374.
SU5402-treated embryo was directly compared to the cell number

Duboule, D. (1995). Vertebrate Hox genes and proliferation: an alter-of equivalent somites (SI, n � 2 control somites) of a staged-matched
native pathway to homeosis? Curr. Opin. Genet. Dev. 5, 525–528.DMSO-treated embryo. In addition, in three 12- to 16-somite stage
Gaunt, S.J., and Strachan, L. (1996). Temporal colinearity in expres-embryos, the number of cells was counted in the large somites (n �
sion of anterior Hox genes in developing chick embryos. Dev. Dyn.6 experimental somites) and compared to the cell number in the
207, 270–280.somites located immediately rostrally in the same embryos (n � 6

control somites). Counts of control somites (n � 8) and experimental Goulding, M., Lumsden, A., and Paquette, A.J. (1994). Regulation
somites (n � 8) were separately summed and divided by the number of Pax-3 expression in the dermomyotome and its role in muscle
of counted somites. Results are presented in Figure 5C as means � development. Development 120, 957–971.
SEM.

Henrique, D., Adam, J., Myat, A., Chitnis, A., Lewis, J., and Ish-The number of mitotic and apoptotic cells in bead-implanted em-
Horowicz, D. (1995). Expression of a Delta homologue in prospectivebryos were quantified after Histone H3 and TUNEL labeling. Whole-
neurons in the chick. Nature 375, 787–790.mount stained embryos were paraffin-embedded and serially sec-
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SEM of positive nuclei per section was compared between the activation. Development 128, 107–116.
grafted and control sides of the embryos and is shown in Figure

Jiang, Y.J., Smithers, L., and Lewis, J. (1998). The clock is linked to
4F. P values for all cell counts are determined by two-tailed paired

notch signalling. Curr. Biol. 8, R868–R871.
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