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Abstract :

Since the time of Ramon y Cajal, very significant progress has been accomplished in
our knowledge of the fate of the early neural primordium. The origin of the peripheral nervous
system from the transient and pluripotent embryonic structure, the neural crest has been fully
deciphered through the use of appropriate cell marking techniques. Most of the pioneer work in
this field was carried out in lower vertebrates up to 1950 and later on in the avian embryo. New
techniques which allow the genetic labelling of embryonic cells by transgenesis are now applied
in mammals and fish.

One of the highlights of neural crest studies was its paramount role in head and face
morphogenesis. Work pursued in our laboratory for the last fifteen years or so has analysed at
both cellular and molecular levels the contribution of the NCC to the construction of the facial
and cranial structures. Recently, we have found that the cephalic neural crest plays also a key
role in the formation of the fore- and mid-brain.

Introduction

The neural crest (NC) was discovered by Wilhem His in 1868 in the chick in which he
called it Zwischenstrang, meaning that it appears just after the closure of the neural tube (NT)
as a "band of particular material lying between the NT and the superficial ectoderm" (quoted
from Sven Horstadius in "the Neural Crest", 1950). W.His noticed that the cells forming the NC
rapidly started to migrate away from the neural primordium and, as seen under the microscope,
aggregated laterally to the neural tube to form the dorsal root ganglia. Hence, the term of
"ganglionic crest" also attributed to this structure.

Investigations carried out mainly in lower vertebrates at the turn of the XX™ century
revealed that the NC was the source of many other derivatives. Apart from the components of
the peripheral nervous system and melanocytes, it was shown to yield cells participating in the
formation of the facial skeleton. The first mention that "some mesenchymal cells" of the head
are of NC origin was from Katschenko in 1888 in selacians. This notion was extended to
teleosts and birds by Goronowitsch (1892; 1893). Julia Platt then claimed that NC-derived cells
contributed to the cartilage of the visceral arches and to the dentine of the teeth (1893; 1897).
She coined the term of mesectoderm to designate these cells which were different in origin
from the rest of the body mesenchyme which is derived from the mesodermal germ layer and
that she called mesendoderm. The term mesectoderm or ectomesenchyme have subsisted
until now to designate the mesenchyme derived from the NC, thus of ectodermal origin.

These seminal observations were not readily accepted at the end of the XIX™ century
since the germ layer theory developed by von Baer (1828) was still powerful. According to the
latter, the skeletal tissue was considered to be exclusively derived from the mesoderm.

However, the contribution of the mesectoderm to the head skeleton was further
confirmed during the first half of the XX century. A thorough account of the investigations
carried out on this problem essentially on the amphibian embryos can be found in the
monograph written by Horstadius in 1950. The work of Pierre Chibon in France (1964) based
on the use of a cell-marking technique using tritiated thymidine ([*H]TdR) to label neural crest
cells (NCC), fully confirmed the results of the previous investigations. This technique has also
been used in the chick embryo by Jim Weston in 1963. This was the first attempt to follow the
migration of NCC in higher vertebrates by means of an efficient cell-marking technique (see le
Douarin, 1982, and references therein). Labelling cells with [PH]TdR to investigate the fate of
the cephalic NCC in the chick embryo was first undertaken by Malcolm C. Johnston (1966) and
later on by Drew Noden (1975; 1976; 1978a, b), The demonstration that the entire facial
skeleton and most of the skull were formed by cells of ectodermal origin was brought about
after the quail-chick chimera system was devised by one of us (Le Douarin, 1969; 1973a;
1973b; 1974; 1976). This technique which provides a stable cell labelling allowed to
demonstrate that the NC is the only source of the cells forming the facial skeleton. Moreover, it
led to the construction of a very precise fate map of the cephalic NC derivatives (Le Liévre et
Le Douarin, 1975; Le Liévre, 1978; Couly et al., 1993; Couly et al.,, 1996; Kontges and
Lumsden, 1996).



1. The role of the cephalic neural crest in the formation of craniofacial structures
Although in fish the NC of the entire neural axis is at the origin of mesectodermal
derivatives (see Le Douarin, 1982, and Le Douarin and Kalcheim, 1999, for references), in
higher vertebrates, the ability of the NCC to form skeletal tissues is not uniformly distributed
along the antero-posterior axis. Yielding cartilage and endochondral bone appears as a ground
property of the skeletogenic NC corresponding to the domain located between the mid-
diencephalic level to rhombomere 8 (r8) included. However, within this domain, the capacity of
NCC to form membrane bones (e.g. skull bones) is restricted to its most rostral part
corresponding to NCC of the nasofrontal and maxillo-mandibular processes. The rostral NC
which forms the craniofacial skeleton is designated FSNC (for Facial Skeletogenic NC; Fig.
1A,B).

These different domains exhibit distinct molecular traits. The caudalmost domain of the
cephalic NC (from r4 down to r8) expresses Hox genes of the first four paralogous groups
(Hunt et al., 1991; Prince and Lumsden, 1994; Koéntges and Lumsden, 1996; Couly et al.,
1996). Rostrally, the FSNC (from mid-diencephalon down to r2) does not express any Hox
genes (it is referred to as Hox-negative). At the edge of both, NCC from r3 exhibit a versatile
Hox gene status according to the environment into which they migrate (Graham et al., 1993;
1994; Creuzet et al., 2004). The cells exiting from r3 level and contributing to the first branchial
arch (BA1) lose their Hoxa2 expression, whereas those migrating to BA2 maintain it (Fig. 1C-
F).

2. The Hox-negative cephalic NC is the only domain able to yield the facial skeleton

If the entire Hox-negative NC domain is removed, no facial structures develop (Couly et
al., 2002; Creuzet et al., 2002; Fig. 2A,B). Moreover, if grafted to the anterior domain, Hox-
expressing NCC cannot substitute for the Hox-negative ones (Couly et al., 1998; 2002; Fig.
2C,D). In this experimental situation, however, the Hox-positive cells migrate within the fore-
mid-brain area and maintain their Hox gene expression at least up to embryonic day 6 (E6).
These Hox-positive cells differentiate into neural derivatives, yield some connective-like cells
but do not differentiate into cartilage and bones (see Fig. 4 in Couly et al., 2002). By contrast,
any fragment (about a third of the normal Hox-negative NC domain) of the Hox-negative NC
can regenerate a normal face if left in situ (or if grafted from a quail to a chick embryo following
the excision of the entire host Hox-negative NC; Couly et al., 2002; Fig. 2E,F). Thus, the Hox-
negative NCC behave as an "equivalence group”. Since any small region of this area is able to
yield the same derivatives as the whole area itself. One can then conclude that NCC do not
possess the information to pattern each of the skeletal elements forming the facial skeleton.
This information has thus to come from the environment in which the facial skeleton develops.

3. Inhibition of the development of skeletal tissues by Hox gene expression in the
rostral NC domain

Another question raised by these experiments was whether forced expression of Hox
genes in the rostral NCC exerts an inhibition on facial skeleton development. This possibility
was tested in experiments where Hox gene expression was experimentally targeted to the
FSNC by electroporation of Hoxa2, Hoxa3 or Hoxb4 constructs into the pre-migratory NCC.
Expression of these genes was found to preclude the development of the facial skeleton
(Creuzet et al., 2002; Fig. 2G-M).

4. Role of the foregut endoderm in patterning the facial skeleton

The next step of our investigation was to look for a source for the information able to
pattern the facial skeleton from the Hox-negative NCC. It has been known for long that the
interaction between NCC and the pharyngeal endoderm is critical for branchial skeleton
development. Experiments performed in amphibians, chick and mouse, involving explants of
NC-derived mesenchyme, showed that the mesenchyme of crest origin can differentiate into
cartilage only if co-cultured or co-grafted in contact with pharyngeal endoderm (Epperlein and
Lehmann, 1975; Hall and Armstrong, 1980; Graverson and Hall, 1987; Seufert 1990). In
contrast, the differentiation of other NC derivatives such as melanocytes, ganglia, nerves lined
by Schawnn cells, does not depend on the presence of endoderm (Epperlein, 1978). Moreover,
organ culture of chick mandibular ectomesenchyme at E3, after removal of the ectodermal
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epithelium, does not prevent chondrogenesis to occur, while membrane bone formation does
not take place in these explants (Takahashi et al, 1991).

In vivo, mutation of the van gogh (vgo) gene in zebrafish prevents the segmentation of
the pharyngeal endoderm and consequently the formation of pharyngeal pouches. Pharyngeal
cartilages differentiate and fuse to form a single piece of cartilage. Thus, during embryonic
development, formation of the visceral cartilages directly depends on the segmentation of
pharyngeal arches (Piotrowski and Nisslein-Volhard, 2000). Therefore, the pharyngeal
endoderm has at least two roles: first on NCC differentiation into cartilage and second in BA
segmentation a process critical for patterning the branchial cartilages.

Furthermore, disruption of the Nodal pathway by mutation of casanova (cas) gene,
completely hampers endoderm development in zebrafish and results in the absence of all the
branchial cartilages. In absence of endoderm, the cephalic NCC fail to migrate ventrally and the
expression of chondrogenic markers is down-regulated (Alexander et al., 1999 and David et al.,
2002). Moreover, repression by morpholinos of Fgf3 production by the pharyngeal endoderm
results in defects in the posterior arch derivatives, without affecting the first and second BAs
(David et al; 2002). Hence, the endoderm is essential for development of the BAs. It is a source
of growth factors which display different antero-posterior distribution and have specific functions
in the ontogeny of the visceral skeleton.

Another set of evidence on the role of the pharyngeal endoderm of facial skeleton
development was provided by experiments carried out in our laboratory in chick embryos.
Ablation of antero-posterior stripes of foregut endoderm at 5-6 somite stage (5-6ss) resulted in
the loss of skeletal pieces specific of the level of ablation (Couly et al., 2002). This is in
agreement with previous observation that the presence of the pharyngeal endoderm is critical
for the migration of the NCC leading to the development of the branchial arches (Alexander et
al., 1999). In addition, it was possible to demonstrate that orthotopic grafts of the same stripes
of quail ventral foregut endoderm into an intact chick embryo induced the duplication of the
bone rudiments that normally develop at this level (Couly et al., 2002). Thus, graft of the
endoderm of the anterior foregut of 5-6ss quail embryos (see zone Il/lll; fig. 3A) at the
presumptive level of BA1 ectoderm (Couly et al., 1990) leads to the formation of an extra-
Meckel’s cartilage in addition to the endogenous lower jaw (Fig. 3B,C). It is noteworthy that the
extra-cartilage tissue was exclusively made up by endogenous NCC of the chick host embryo
(see Couly et al., 2002, fig. 9C). The role of the quail endoderm was only to induce the
formation of this extra bone. Moreover, changing the antero-posterior (AP) and dorso-ventral
(DV) orientation of the grafted endodermal stripes modified the polarity of the supernumerary
cartilage elements (see Couly et al., 2002, fig.10). Conversely, the grafts of the ventral foregut
endoderm were not able to induce BA1l-type cartilages or bones in the posterior BAs (in which
the endoderm, NCC and surrounding tissues express Hox genes) (Couly et al., 2002). One can
therefore conclude that the anterior ventral endoderm of the 5-6ss embryo foregut is able to
trigger the skeletogenic developmental programme of the lower jaw when it is in the context of
BAL.

The nature of the signal through which this programme is initiated was the subject of our
recent investigation.

5. Role of Shh in triggering the development of the lower jaw.

The disruption of Shh gene in the mouse by Chiang et al (1996) revealed the paramount
role of this morphogen in the development of the vertebrate head and particularly of its
craniofacial skeleton. In Shh-/- mutant embryos, the expression of several genes fails to be
activated in the developing BAL. Such is the case for Fgf8, Bmp4, Barx1, Gsc, Sox9 and Twist
(Moore-Scott and Manley, 2005; Washington-Smoak et al., 2005; Yamagishi et al., 2006). The
source of the Shh morphogen playing a role in the induction and/or maintenance of expression
of these genes was not known until recently.

We were able to show that Shh produced by the anterior foregut endoderm is critical for
lower jaw development (Brito et al., 2006). In chick embryos the expression of Shh in the
foregut endoderm starts at about 4-5ss in the most rostral part of the endoderm which is in
close contact with the prechordal plate (Fig. 3D,E). At 6ss, Shh is expressed in the ventral part
of the endoderm down to the level of the prosencephalon-mesencephalon boundary. Shh
expression in the foregut endoderm remains restricted to its anterior ventral domain up to 16ss.
Later on, Shh transcripts are present along the whole pharyngeal ventro-lateral endoderm from

which BA1l endodermal pouches eventually form. Excision of the forehead (including the
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complete area of the anterior foregut endoderm producing Shh) at 5-6ss prevented the
expression of Shh in the first branchial pouch endoderm. The NCC however colonized BA1 but
failed to survive and the absence of lower jaw ensued (Fig. 3F,F'"). At E3-4, expression of Fgf8,
Bmp4 and Pitx1 in the oral ectoderm did not occur. The same was true for Pitx1 in the
mesenchyme of BAL.

We decided to try and substitute the normal source of Shh production by providing the
decapitated embryos with Shh-soaked beads as indicated in figure 3l. This was followed by the
expression of Shh in the endoderm of the first branchial pouch and by the survival of NCC
which had colonized BA1. The development of a lower jaw was rescued as seen at E11 (Fig.
3J,K). Expression of Pitx1, Bmp4 and Fgf8 was restored in BA1 (see Brito et al., 2006, fig
3N,Q). Although, at these early stages, Shh is produced by various other sources (ventral
neuroectoderm, notochord and facial ectoderm), the most important one for BA1 development
is the ventral foregut endoderm.

On the same line, the culture of E3 chick embryo BAL in which the endoderm had been
removed, did not show expression of Fgf8 in the ectoderm of BAL. Interestingly, treatment of
these cultures with Shh-soaked beads was able to restore this expression (Haworth et al.,
2004; 2006).

In conclusion, the foregut endoderm is a source of morphogens crucial for the
development of BA1 derivatives. Among those, Shh plays a key role in the survival of the NCC
which have migrated to BA1 and in the induction of several downstream gene activities critical
for their further developmental programme.

6. NCC and Fgf8 expression from ectoderm : a reciprocal signhalling process

As described above, excision of the FSNC results in the agenesis of the facial skeleton.
In addition, it promotes a strong impairment of brain development (Fig. 2B,D). Removal of the
FSNC is accompanied by the nearly complete absence of Fgf8 expression in BA1 ectoderm
and in the anterior neural ridge (ANR; Fig. 4B). In FSNC-ablated embryos, defects are
significantly corrected by implantation of Fgf8-soaked beads either laterally to the presumptive
ANR or on the bilateral BA1 ectodermal presumptive territories. In these cases, the upper and
lower jaw skeleton develops, closure of the NT takes place and the overall development of the
brain tends to normalize (Fig. 4F).

The results of these Fgf8-rescue experiments raised the question of the origin of the NCC
responsible for regeneration of the face. Replacing r3 in chick FSNC-deprived embryos by its
quail counterpart showed that Fgf8 supply strongly stimulates the r3-derived NCC growth.
These cells migrate massively rostrally and colonize BA1 as can be seen by staining r3-derived
NCC by the quail specific antibody QCPN (Fig. 4G,H). In addition, the cells which have invaded
BA1 become Hoxa2-negative whereas those which have migrated into BA2, remain Hoxa2-
positive (see Creuzet et al., 2004, fig. 1W-2).

This is in agreement with the fact that when high expression of Hoxa2 is experimentally
imposed to BA1-NCC (Creuzet et al., 2002), no differentiation of skeletal tissue ensues.
Moreover, this result shows that maintenance of expression of this gene depends upon cues
arising from the environment. These cues are clearly missing in BAL.

In experiments where the excision of FSNC includes r3, it is seen that NCC from r4 do
not migrate to BA1 even when Fgf8 beads are present. These experiments demonstrate the
strong regeneration capacities and the high degree of plasticity displayed by the pre-otic NCC
and the absence of such properties in post-otic NCC.

7. In vivo silencing of FGF8 gene in BAl

The above described experiments suggest a chemo-attractive role of Fgf8 in directing
the migratory flux of NCC. In order to further explore this problem, double strand RNA designed
from the Fgf8 c-DNA (Pekarik et al., 2003) was introduced by electroporation into the superficial
ectoderm of the presumptive BAL territory on the right side of 5-6ss chick embryos, the contra-
lateral side being the control. The aim of this inhibition of Fgf8 protein synthesis was to see
whether the migration of NCC was disturbed on the experimental side. When the embryos were
observed at E2.5 (25ss) after whole-mount immunostaining of NCC by the HNK1 monoclonal
antibody (Abo and Balch, 1981; Tucker et al., 1984; Vincent and Thiery, 1984) which decorates
migratory NCC, the experimental side was strikingly devoid of NCC (Creuzet et al., 2004),
showing that Fgf8 expression by the ectodermal component of BAL is critical for its colonization
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by NCC. Whether this effect is related to the stimulation of NCC survival and proliferation or to
a chemo-attractive process remains to be investigated.

8. NCC signal regulates FGF8 expression in the superficial and neural ectoderm of the
ANR

The previously described experiments showed that removal of the anterior (Hox-
negative) NCC at pre-migratory stages strongly precludes Fgf8 expression in ANR ectoderm. In
order to know if this effect can be mediated exclusively by the FSNC, we replaced the Hox-
negative NCC domain by the neural fold corresponding to r4-r6 from 5-6ss quail embryos (Fig.
4]). The results observed from E2 to E11 showed that the NCC from the Hox-positive domain
had normally migrated. At E2.5, they had invaded the space between the prosencephalic
neural epithelium and the superficial ectoderm (Fig. 4J-L), where they were mixed up with
chick mesodermal cells as in normal development (see Etchevers et al., 1999, fig. 7 and
Etchevers et al., 2001, Figs. 2 and 3). Interestingly, the superficial ectoderm and the neural
epithelium corresponding to the ANR exhibited abundant Fgf8 transcripts (while NCC did not;
Fig. 4M). At E6, the head morphology of these embryos was characterized by the dorsal
closure of the brain, a rudimentary BA1 and a strongly reduced forebrain (Fig. 4N). At E8, the
lower jaw skeleton had further developed (Fig. 40,P). At E11, the lower jaw skeleton was
nearly complete, the occipital and otic regions of the skull of mesodermal origin (see Couly et
al., 1993) were present. In contrast, the nasal skeleton was absent as well as the frontal and
parietal bones (Fig. 4Q).

The interpretation of this experiment was that NCC, whether originating from the anterior
Hox-negative domain (as in normal development) or from a more caudal (Hox-positive) area of
the neural axis exert a positive effect on Fgf8 production by the superficial and neural ectoderm
of the ANR. The embryos subjected to this operation are therefore in a situation comparable to
those in which the normal source of Fgf8 was replaced by exogenous Fgf8-soaked beads. In
both cases, r3-derived NCC invade BA1 (Fig. 4K) and develop into a lower jaw (Fig. 40-Q;
Creuzet et al. 2004).

9. The role of the NC in patterning the pre-otic brain.

During embryogenesis, regionalisation of the neural plate and the neural tube is
controlled by secreted molecules of the Shh, Fgf, and Wnt families which are endowed with
morphogenetic properties. These morphogens were shown to be involved in the regulation of
pre-otic brain development. They are produced from signalling centres (the ANR, the isthmus,
the dorsal midline, the Zona Limitans Intrathalamica -ZLI-, and the floor plate) that act on brain
regionalisation. These centres regulate the expression of definite transcription factors that
control the identity of thevarious domains of the neural epithelium (Martinez et al., 1999;
McMahon and Bradley, 1990; Houart et al., 1998; Reifers et al., 1998; Vieira et al., 2005).
These signalling centres are considered as "secondary brain organizers". Distinct sets of
signals are produced by each of them : Shh by the basal plate and the ZLI, Wnt by the dorsal
midline, Fgf8 by the ANR and the isthmus.

In FSNC-deprived embryos, the brain remains wide open all along the resected territory
and the cephalic vesicles (tel,- di-, and mesencephalon) are no longer distinguishable. The
prosencephalic and mesencephalic exencephaly is accompanied by the complete loss of the
dorso-medial markers, Wntl and Wnt8b (Fig. 4R,S). In the telencephalic primordium,
expression of Emx2, Pax6 and DIx2 is severely reduced (Fig. 4U,V). Moreover, a striking
dorsalization of Shh transcript distribution increases the prosencephalic basal plate at the
expense of the alar plate. At this level, Otx2 expression is up-regulated as if the diencephalic
alar plate was posteriorized. Long-term structural defects in the dorsal diencephalic midline
ensue, together with agenesis of the thalamic and pre-tectal nuclei (Creuzet et al., 2006).

In the embryos subjected to FSNC removal and further supplemented FGF8-soaked
beads at the level of the ANR, the morphogenesis of the brain is mostly rescued. As mentioned
above, exogenous FGF8 stimulates the progression of NCC (from the edge of the excised
territory, i.e. r3) to the forehead. Our data show that NCC migrating rostrally are necessary for
the neural tube of the mid- and fore-brain to close. Moreover, the deployment of NCC restores
the antero-posterior division of the cephalic vesicles and rescues the growth of the
prosencephalic alar plate as shown by the expression of genes normally detected dorsally
(Wntl, Wnt8b, Emx2, Pax6, Otx2; Fig. 4T,W). These data suggest that NCC also repress the

Shh ventral signalling arising from the basal plate (Creuzet et al., 2006).
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Concluding remarks

Altogether, our data support the emerging picture that the cephalic NC coordinates the
formation of craniofacial structures and the development of the anterior encephalic vesicles.
The ventral foregut endoderm is essential for the development of the facial skeleton since it
provides the facial skeletogenic neural crest cells (FSNC) with a survival signal mediated by
Shh (Fig. 5). Shh also induces the expression of a set of genes which are critical for patterning
the facial structures. These genes are expressed either in the ectoderm (Bmp4, Fgf8) or in the
mesectoderm (Pitx1) of the facial processes. Fgf8 is itself crucial for the migration, further
survival and proliferation of Hox-negative NCC (Fig. 5).We have discovered a novel role for the
Hox-negative NCC on brain development (Creuzet et al., 2006). Removal of the FSNC (from
mid-diencephalon down to r2 included) results in exencephaly at the level of fore- and mid-
brain. The neural tube does not close dorsally and most of the alar plate-derived structures do
not develop. If the lack of Fgf8 in the ANR is compensated by an exogenous source of Fgf8,
NCC from r3 migrate rostrally and mostly rescue brain development. In addition, the NC is at
the origin of (still unknown) signals that trigger and maintain the expression of Fgf8 in the ANR
ectoderm. Fgf8 of ANR origin exerts a positive effect on the patterning of the basal plate in the
di- and mesencephalon as attested by the restriction of Shh expression to the ventral midline
and ZLI when exogenous Fgf8 is provided to FSNC-ablated embryos. On the other hand, the
NC has a direct effect on patterning the development of alar and roof plates in the di- and
mesencephalon. It is also essential for the normal forward extension of the telencephalon.
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Figures and legends

Figure 1 : Skeletogenic NC and craniofacial development.

(A) In a 5ss chick embryo, the cephalic NC is divided into an anterior Hox-negative domain (from mid-diencephalon down to
mesencephalon, in green; from rl to r2, in blue; this domain is referred to as FSNC for facial skeletogenic NC ) and a posterior,
Hox-positive one (in yellow). Rostral to the mid-diencephalon no NCC are ever produced from the neural fold. (B) Colonization of
facial processes and BAs by the skeletogenic NCC. The anterior Hox-negative NCC form skeletal elements of the skull vault, the
upper face and jaws. By contrast, the posterior Hox-expressing NCC (in yellow) form of the hyoid structure. At the edge of these
two NCC domains, r3 NC (in red) is a transition area; these cells participate in BA1 and BA2, as shown in C. (C) r3-NCC (here
replaced by their quail counterparts and evidenced by QCPN Mab) migrate in BA1 and BA2. (D) Their Hox-status obey the
environment in which they migrate.
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Figure 2 :

GFP / Hoxa2

Skeletogenic capacities of the cephalic NCC and the expression of Hox genes.Removal of the Hox-negative FSNC in early chick
neurula (dotted lines) abolishes the development of facial structures and results in brain malformation in E7 operated embryo (B).
(C)Replacement of FSNC in 5ss chick embryo by a fragment of Hox-expressing NC taken from a stage-matched quail embryo
severely hampers head morphogenesis at E7: these cells are able to fill the facial processes with mesenchymal cells but fail to
yield facial structures (D). (E) Following removal of whole FSNC (as in A), implantation of only a fragment of the FSNC (from either
di-, mes- or anterior rhombencephalic level) restores normal development of face and forebrain at E7 (F). (G) In ovo co-
electroporation of Hoxa2 retroviral and GFP constructs in the entire Hox-negative NF ; ectopic expression of the GFP reporter
gene in the FSNC migrating tranfected cells (G) along with the forced expression of Hoxa2 in the forehead territory (arrows ; I;
compare with the normal pattern of Hoxa2 expression in H; arrowhead). At E7, compared to the morphology (J,J') and the
formation of facial skeletic elements (Alcian blue staining; K) in control embryos, Hoxa2 transgenic embryo exhibits severe defects
in facial development (L, L"), and facial skeleton (M), ressembling those in B and D.
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Figure 3:
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6ss+Shh

Grafts of bilateral stripes of quail foregut endoderm duplicate the lower jaw skeleton. Two stripes of zone Il quail ventral endoderm
are positioned laterally under the ectoderm as represented in A (dorsal view). (B) This operation leads to the appearance of a
supernumerary lower beak (Ib2 in B at E12) with two Meckel’s cartilages (Mc2 in C) and corresponding membrane bones; two
entoglossum (E) are present under and lateral by to the host Meckel's cartilages (Mc1); ub: upper beak. (D,D’) Sagittal section
(500m) of a 6ss chick embryo showing Shh expression, in midline cells (notochord and floor plate), precordal plate (PcP), in the
anterior ventral foregut endoderm (End), and more posteriorly, in the anterior intestinal portal (black arrowhead). Shh transcripts
are absent in the dorsal foregut endoderm (white arrowhead) (D’) and in most of the ventral foregut endoderm (white arrow). The
PcP the anterior most source of Shh at this stage, is in continuities with the rostral ventral endoderm (D’). (E) Schematic
representation of Shh expression and the anterior level of the embryos forehead excision (x-y indicates the level of) in chick
embryos at 6ss in D, E. Floor plate (FP); endoderm (End); notochord (No); telencephalon (Tel); diencephalons (Di). (F,F’) Whole-
mount cell death analysis on chick embryos by Nile Blue Sulfate (NBS) staining. F’ shows the level of cross section of BA1 in F and
shows dying mesenchymal cells stained with NBS (black arrowhead) after forehead excision at 6ss. Morphology (G,H,J) and
skeletal (K) analyses of E11-12 embryos using alcian blue staining for cartilage and alizarin red for bone. (G) Absence of uppper
and lower beak in an embryo with forehead excised at 6ss. (J,K) E12 embryo in which the forehead was excised at 6ss and which
was treated with Shh-bead (I, white arrowhead): the lower beak with cartilages and bones corresponding to mandible and maxilla
are present. (L-Q) Whole-mount in situ hybridization in E3.5-4.5 chick control and operated embryos. Fgf8 and Bmp4 mRNAs are
present in the oral epithelium and ectoderm of BA1 in control (L,O) but not in embryos whose forehead was excised at 6ss (M,P).
(N,Q) Embryos whose forehead was excised at 6ss and replaced by a Shh-bead show patterns of expression of those genes (black
arrows for Bmp4) and a well developed BAL1 (1), in contrast to non-treated embryos which exhibit a reduced sized BA1 and
missexpression of these genes (M,P). BA1(1); BA2(2).
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Figure 4 :

(s

Quail Chick

Fgf8 expression in 24ss control (A) and FSNC-deprived (B) embryos showing the loss of Fgf8 expression in ANR as a
consequence of FSNC ablation. Morphology of E6 brains isolated from control (C) and FSNC-deprived (D) embryos showing an
extended exencephaly in operated compared to stage-matched control. In FGF8-treated FSNC-ablated embryos, r3-NC is replaced
by its quail counterpart (E). At E6.5, the development of facial and cephalic structures is rescued (F). (G) r3-derived NCC are the
sole source of regenerating cells to form a mandibular skeleton (arrows) which is entirely made up of quail cells (H). (I) Implantation
of r4-r6 NC in FSNC excised embryos at the diencephalic level. (J) Whole-mount QCPN Mab immunodetection (in brown) at E2
reveals the presence of graft-derived cells at the diencephalic level. (L) The presence of r4-r6 NCC which have migrated in the
nasofrontal bud (arrow) between the prosencephalic neuroepithelium and the overlaying ectoderm stimulate the expression of Fgf8
in the superficial and neural ectoderm (M). Restoring Fgf8 expression in the forehead directs the migration of NCC emanating from
r3 towards BAL (here evidenced in blue; HNK1 Mab immunodetection). (N) At E6, the development of the nasal processes is
atrophied while an BA1 has developed. (O) At E8, these embryos fail to develop an upper beak but show a fully developed lower
jaw (P) in which the cartilaginous components of the mandible are evidenced. (Q) At E11, the complete set of cartilages and dermal
bones in the lower jaw have developed while the skeletal differentaition of the skull and upper is severly perturbed. Gene
expression in cephalic neuroepithelium in control (R,U) , FSNC-ablated (S,V), and FGF8-treated FSNC-ablated (T,W) embryos. At
E2, Wntl which is normally expressed along the dorsal mesencephalic and thalamic midline (R; arrowheads), is lost in absence of
FSNC (except at the level of the isthmus (S; asterix) but is restored when NCC progression is stimulated by FGF8 in ANR (T;
arrowheads). At E4.5, Pax6 expression in pallium and dorsal diencephalon (U) is reduced in the telencephalon, in absence of
FSNC (V). Treating with FGF8 rescues normal pattern of Pax6 expression in dorsal prosencephalic vesicles (W).
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Schematic summary of the molecular pathways regulating the development of BAl derivatives. The ventral foregut endoderm
exerts an effect on FSNC by inducing the formation of extra-Meckel's cartilages (Couly et al., 2002). This effect is mediated (partly)
by Shh which triggers the survival of the NCC and re-establishes the normal patterning of gene expression in BA1 ectoderm.
Presence of NCC in BAL is critical for expression of Fgf8 in BAl ectoderm. Fgf8 has a positive effect on NCC migration and
proliferation (Creuzet et al., 2004).

-14--



