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Summary

The oral epithelium becomes regionalised proximodistally
early in development, and this is reflected by the spatial
expression of signalling molecules such &gf8 and Bmp4.

This regionalisation is responsible for regulating the spatial

mandible primordium already occupy different spatial

locations in the developing head ectoderm prior to the
formation of the first pharyngeal arch and neural crest
migration. Moreover, the ectoderm cells fated to become

expression of genes in the underlying mesenchyme. These proximal oral epithelium expressFgf8 and this expression

genes are required for the spatial patterning of bone,
cartilage orofacial development and, in mammals, teeth.
The mechanism and timing of this important
regionalisation during head epithelium development are
not known. Using lipophilic dyes to fate map the oral

requires the presence of endoderm. Thus, the first
fundamental patterning process in jaw morphogenesis is
controlled by the early separation of specific areas of
ectoderm that are regulated by ectoderm-endoderm
interactions, and does not involve neural crest cells.

epithelium in chick embryos, we show that the cells that

will occupy the epithelium of the distal and the proximal Key words: Oral epithelium, Ectoderm, Fate map, Dil, DiO, Chick

oral epithelium is fundamental to patterning of the hard tissue

Introduction ) _ _
. . , of the jaws and, in heterodontic mammals, also of teeth.
In both mice and Aves, the gene expression profile of both the Although the origins of the neural crest cells in the first

o_ral ectoderm and the underlyjng mesen_chyme is markecharyngeal arch have been mapped (Couly et al., 1996;
different in the proximal and distal domains (Barlow et al.| nqden et al., 1991) (reviewed by Graham, 2001), relatively
1999; Sharpe, 1995). Bead experiments and epitheliufyye attention has been paid to the origins of the surface
removal experiments support the idea of Mina et al. that thepihelium of the mandibular primordium. Because this
mandible primordium is separated into discrete functional unitgiihelium appears to contain the first patterning information
(Mina et al.,, 2002). In the proximal domain, morphogenesig, he developing lower jaw, it is important to understand
appears to be dependent upon the FGF signalling pathwgy, this early pattern is produced. One possibility is that
(Trump et al., 1999; Mina et al., 2005gf8 is expressed in  eciodermal cells in the mandibular primordium having a
the proximal oral epithelium and regulates the expression froximal fate have a different developmental origin and history
several transcription factors in the underlying mesenchymeg the cells that have a distal fate. In order to investigate the
including the homeobox transcription factarx1(Barlow et |ineage origins of the oral epithelium, Dil/DiO-lineage tracing
al., 1999; Ferguson et al., 2000). In the medial/distal regiofyas used to follow the fate of early cranial surface ectoderm
Bmp4 is believed to be one of the major signals that controlge|is. Developmental stages after the head-process stage were
and regulates the expression of transcription factors in thghosen for this study because previous work by Streit indicates
underlying mesenchyme. Bmp4 activates the expression @at at earlier stages otic, neural crest, epibranchial placode and
Msx1andMsx2in the distal mesenchyme, and represses thepidermis cell precursors were all intermingled (Streit, 2002).
expression ofBarx1 (Tucker et al., 1998a; Ferguson et al.,\We thus chose this stage as our starting point to help map the
2000). process through which proximal and distal ectoderm territories
It has been established that the expression of transcriptigfecome defined.
factors (and consequently the establishment of the Avian embryos were chosen because of the ease with which
proximodistal domains in the ectomesenchyme of thdineage tracing can be performed. Expression of epithelial
developing mandible) is controlled by the spatially restrictegignalling molecules and mesenchymal transcription factors in
expression of signalling factors in the overlying oralthe early developing first pharyngeal arch is largely conserved
epithelium. This suggests that the oral epithelium contains laetween chick and many other vertebrates, including mouse,
crude proximodistal pre-pattern that is transferred and refineehd one might expect that the mechanism of proximodistal
into overlapping proximodistal domains of homeobox genes ipatterning of the mandibular primordium is also similarly
the ectomesenchyme. This proximodistal regionalisation of theonserved (Chen et al., 2000).
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Materials and methods Isolation of coronal tissue explant containing the

presumptive mandibular region

g_ggs were incubated as described above, or until they had reached
tage 9, and the whole embryo dissected from the surrounding
embranes in Dulbecco’s Modified Eagle’s medium (Sigma)
upplemented with 10% foetal calf serum (Gibco-BRL). The stage 9
mbryos were positioned with the ventral side facing upwards. Using
ne tungsten needles a coronal cut was made approximately two-fifths
f the distance between the anterior neuropore and the sub-germinal
The most rostral segment containing the neuropore was
rded. The remaining head tissue rostral to the sub-germinal fold
then isolated by a second incision just above the sub-germinal
. The caudal head and trunk tissue was discarded. The remaining
onal head segment contained the presumptive mandibular region
as predicted from the fate map.

Ectoderm labelling using micro-injection

Leghorn chicken eggs were incubated at 38.5°C for approximately 3
36 hours in a humidified incubator until the embryos had betwee
4 and 10 somites, i.e. Hamburger Hamilton (HH) stage 8 to 1
(Hamburger and Hamilton, 1952). To allow the embryos to be easili
visualised, Fount India ink (Pelikan), diluted 1:10 in PBS, Wasfi
injected into the subgerminal cavity of the egg. In order to label th8
dorsal side of the chick embryo, a small hole was made in the vitelli
membrane using a fine needle. The embryo was then aligned relatia%c'a
to x and y co-ordinates with an eye piece graticule. The anterioRNas
neuropore and the first somite were usegrais landmarks, and the ¢,
developing neural tube and the lateral edges of the embryo were us&gf
as landmarks for the-axis (Fig. 1A). Cell tracker-1,1-Dioctadecyl-
3,3,3,3-tetramethylindocarbocyanine perchlorate (CM-Dil,
Molecular Probes, USA), or 3;8ioctadecyl-5,5di(4-sulfophenyl)-  |solation of ventral tissue explant

3,3,3,3-tetramethylindocarbocyanine  (DiO, Molecular  Probes, corgnal segments were isolated as described above and placed so that
USA), diluted in ethanol at 2 mg/ml, was backfilled into fine glassphe neural tube and foregut endoderm were visible. Using fine
micro-capillary needles and injected into cells on the embryoni¢ngsten needles incisions were made on the lateral edges cutting
surface ectoderm. Only the right side of the embryo was labelled, t"tﬁrough the surface ectoderm, mesoderm and foregut endoderm (e.g.
left side was used as an untreated control. Micromanipulators wefgg, gA). At the midline, the ventral and dorsal foregut endoderm are
used to position the needles and the Dil forced out of the needle onésely apposed, so at this point the ventral tissue fragments had to
the embryo surface byzN\jas pressure. The eggs were then seale@e carefully teased away from the more dorsal tissue. The dorsal tissue
and incubated for a further 48 hours, or until the embryos had reachg@dgment containing the neural tube was discarded and the ventral
between HH stages 18 to 22. tissue explant cultured.

In order to label the ventral side of the embryo, the vitelline Ventral-lateral explants, which correspond to tissues fated to
membrane covering the entire rostral half of the embryo had to bgccupy the most proximal part of the mandible, and ventral-medial
carefully removed. The head process was folded back and held é@xplants, which correspond to the tissues fated to occupy the most

place using a fine needle and the embryo lined up on the graticulfistal part of the mandible were isolated in a similar fashion (Fig. 8C).
using the lateral edges, the sub-blastodermic fold and the anterior
neuropore as landmarks (Fig. 1B). The CM-Dil was then administerednilateral endoderm removal

and the embryos incubated as described previously. Using fine tungsten needles a ventral-medial incision was made in the
) ] ] isolated coronal head segment (isolated as described above). The
Ectoderm labelling with DiO crystals ventral head tissue was opened out and fine tungsten wire (0.1 mm;

DiO crystals were produced and added to the embryo surfadgoodfellow) was inserted between the apposing ectoderm and
ectoderm as described by Clarke (Clarke, 1999). In addition to theendodermal tissues on the right side of the head segment. It is notable
andy co-ordinates, the position of the label was recorded by digitathat at stage 9, the neural crest cells have not yet completed their

photography. migration, so between the ectoderm and the endoderm there is a large
) ) o amount of extracellular space. Therefore, using the tungsten wire, it
Dissection and fixation is possible to dissect and remove the endoderm tissue from the

Embryos were dissected from the eggs and the extra-embryonictoderm.
membranes removed. The embryos were fixed at 4°C in 4% .
paraformaldehyde (PFA) overnight and then transferred to 1% PF&ulture of chick explants

for storage. Tissue explants were cultured under the conditions described by
Tucker et al. (Tucker et al., 1998a; Tucker et al., 1998b). Briefly,
Microscopy and photography explants were placed on nitrocellulose membrane filters (Millipore),

Using epifluorescent microscopy, cells labelled with either CM-Dilsupported by stainless steel mesh (Goodfellow), in organ-welled
or DIO were identified. Dil-labelled cells were observed using adishes, and partly submerged in MEM supplemented by 10% FBS.
thodamine, 590 nm barrier filter (Leica), and DiO-labelled cells withExplants were cultured at 37°C in a humidified incubator containing
a GFP2, 510 nm low-pass barrier filter (Leica). Photographs of the% CQ for 2-3 days. Following incubation, growth was stopped by

embryos were taken under both visible and epifluorescent light arfiding ice cold 100% methanol and fixing in 4% PFA, as described
the images merged using PhotoShop (Adobe, USA). previously.

Vibratome sectioning
Following whole-mount photography, embryos were embedded irReSUltS
20% gelatin diluted into PBS and the blocks submerged in 4% PFiate map of the first pharyngeal arch epithelium

for 48 hours. Vibratome sections (4 thick) were cut and mounted pgecq e the oral epithelium of the lower jaw is derived from
Eggg;aflor?elissl‘lgvershp in Vectashield mounting solution (Vectof,e octoderm of first pharyngeal arch, the first step was to
' ' ascertain the axial level from which the cells giving rise to the
In situ hybridisation first pharyngeal arch ectoderm are derived. Initially, relatively
In situ hybridisation was performed on PFA-fixed embryos ad@rge labels were placed on the surface ectoderm of HH stage
described by Mootoosamy and Dietrich (Mootoosamy and Dietrich8 t0 10 embryos by the addition of DiO crystals. More focal
2002). ChickFgf8 andBmp4cDNA probes were kindly provided by labellings were produced by pressure injection of CM-Dil or
Ivor Mason and Anthony Graham, respectively. DiO. Initially dye applications were made predominantly along
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Fig. 1. Examples of Dil and DiO labelling of chick embryos, and the locations of the proximal and distal domains of the oral mandibular
primordium. (A) Dorsal view of a stage 9 embryo. (B) Stage 9 embryo viewed from the dorsal side with the head foldedebads-at th
blastodermic fold to expose the ventral surface ectoderm. The sub-blastodermic fold, anterior neuropore and the latetiat exfgles/o

were used as landmarks, and the Dil/DiO position was recorded relative to these structures. (C) Labelling of the lafets eldgsabside

of a stage 10— chick embryo with a DiO crystal (arrow). (D) Dil labelling of the ventral side of stage 8+ head ectodempnegEhtagon of
the chick mandibular primordium at stages 18 to 20. The proximal (p) oral ectodernPgf&isexpressed is shown in red and the distal (d)
oral ectoderm wherBmpdis expressed is shown in green. (F,G) Whole mount in situ hybridisatigf®fF) andBmp4(G). Drawings are

not to scale. d, distal ectoderm; p, proximal ectoderm.

the lateral edge of the embryo on the dorsal side. Followingot result in any ectodermal fluorescence in the oral region at
application of the dye, the axial level at which the Dil/DiO hadstages 18-22, except when the lateral edges were labelled.
been administered was visualised using a binoculafhese data indicate that relative to the dorsal side of the
microscope, and the position along the lateral edge measurethbryo, only cells on the very lateral edge are able to give rise
relative to they-axis on the eye-piece graticule, using theto the cells on the epithelium of the mandibular and maxillary
anterior neuropore and the first somite as vertical landmarksimordia. The locations along the lateral edge of labels that
(Fig. 1A,C). The anterior neuropore was aligned to the zergave rise to the ectoderm rostral to the maxillary primordia,
point on they-axis of the eye piece graticule and the top of themaxilla, oral and aboral mandible were found to be distinct,
first somite with the 100 mark. If the DiO/Dil was not placedeven as early as stage 8 (Figs 2, 3). The relative distance along
on the lateral edge, the distance from the edge was measuthd vertical axis of the embryonic head, and the region where
as a percentage of the embryo width usingxtagis of the the mandibular primordium was labelled, was comparable
graticule. between stages 8 to 10 (Fig. 2). When cells on the most
Out of 325 embryos labelled, 98 survived incubationdorsolateral edge were labelled, at a distance approximately
reaching stages of between 18 and 22. Embryos havirane third of the distance between the anterior neuropore and
craniofacial malformations or morphological differencesthe first somite at stage 9- (7 somites), fluorescence was
between the labelled side and the unlabelled control side weobdserved in the oral maxillally primordium and in the most
discarded. The remaining embryos emitting fluorescence weproximal region of the oral epithelium of the mandibular
vibratome sectioned to confirm that the label was indeed on thgimordium (Fig. 3A-D). When the lateral edge was labelled
surface epithelium and not in the underlying mesenchymdtom the dorsal aspect at the same stage but more caudally,
cells. In total, 59 embryos containing epithelial Dil/DiO labelapproximately halfway between the anterior neuropore and the
were analysed further, and the final location of Dil/DiOfirst somite, the aboral surface of the first branchial arch was
following incubation recorded. Particular note was taken of th8uorescent (Fig. 3E,F). Labels were also identified in the
presence or absence of fluorescence in the maxilla and theaxillary primordia of the first pharyngeal arch (Fig. 3G), and
location on the mandible. The proximal epithelium of thein more rostral regions (Fig. 3H). Thus, the epithelium of
mandibular primordium was characterised as both the ordhe different jaw primordial is demarcated early in the
region, wherd-gf8 (Fig. 1E,F) is expressed, and the part of thedevelopment of the head.
mandible away from the oral aspect. Regions more distal to . ) .
this were characterised as distal epithelium (Fig. 1E,G). A®rigins of the proximodistal axis of the oral
fluorescence of Dil and DiO is lost following in situ epithelium
hybridisation, the characterisation of whether the label waBy administering Dil/DiO to the lateral edge surface ectoderm
proximal or distal was predicted by comparison of the positiofrom the dorsal side of stage 8 to 10 embryos, it was possible
of the label in the experimental embryo with a stage-matche label the most proximal part of the primordia of both the
embryo on which arFgf8 in situ hybridisation had been mandibular and maxillary oral epithelium. However, no
performed. fluorescence was ever observed in the most distal part of the
Labelling from the dorsal aspect of stage 8-10 embryos didral epithelium of the mandibular primordium. It therefore
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label was injected along tlyeaxis is shown by

a coloured circle; the different coloured circles
represent different fates. Where two structures
were labelled following incubation, half circles of each of different colour are placed at the point of labelling. The paengentdge distances
along they-axis between the anterior neuropore and the first somite, where the labels were fated predominantly to the axial leswillaf the m
and the mandible, are shown. Also shown is the number of embryos used for each age category and the number of embmyoretktzmad
one structure labelled from an individual Dil/DiO injection.

distance=14

appears likely that cells having a more distal location had theprimordial fated very early, but it appears that the future
origins on the ventral head surface ectoderm. Gaining accepsoximodistal regions of the oral epithelium are fated prior to,
to the ventral surface ectoderm involved removing the vitellin@and consequently independently of, neural crest cell migration.
membrane covering the most rostral part of the embryo, foldinlj is also of interest that in embryos where the maxillary
the head process back and holding it in place with a fine needd@mordium was labelled, the proximal oral epithelium of the
while the Dil/DiO was administered (Fig. 1). Out of 386 mandibular primordium was also frequently labelled. Given
embryos labelled, 119 survived. Out of the surviving 11%hat both are derived from the first pharyngeal arch, it is unclear
embryos, 55 were useful and were photographed arfdom these data whether the epithelium of the maxillary and
vibratome sectioned to confirm the location of the cells on thproximal mandible primordia comes from the same population
surface epithelium. of cells, or whether the resolution of the labelling technique
When cells close to the ventral lateral edge at the levelsed is not fine enough to detect subtle differences in cellular
predicted to contribute to the primordia of the mandible andbcations.
maxilla were labelled, they populated the same areas of the o N
facial epithelium as those from the dorsal most lateral edgegf8 expression identifies the ectodermal
(Fig. 4A-C). This suggested that the same group of cells wefgecursors of the proximal epithelium of the
being labelled in both experimental sets. Labelling closer to th&andibular primordium
ventral midline resulted in cells populating the distal oralShigetani et al. identified aRgf8 expression domain on the
epithelium. Where cells adjacent to the ventral midline werdateral and ventral head ectoderm at an axial level just rostral
labelled, the most distal part of the mandibular primoriunto the midbrain-hindbrain junction in stage 11 chick embryos
contained fluorescence (Fig. 4D-F). (Shigetani et al., 2000). Their data suggested that this domain
These results show that at stage 8 to 10, the cells thedrresponds to the presumptive maxilla-mandibular regions.
normally give rise to the proximal and the distal oral ectodermhole-mount in situ hybridisation dfgf8 was used to map
of the mandibular primordium are already separated intexpression at stages 11, 12+ and Hgf8 expression could
different populations occupying different spatial locations (Figclearly be detected on the lateral edge and the ventral surface
5). Thus not only is the ectoderm that will form the jawectoderm at stage —11 (Fig. 6A,B). Expressiofr@®B in the
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200pm
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Fig. 3.(A) In situ hybridisation showing maxilla and proximal mandibular primordial expressiegféf(B-D) A Dil labelled embryo at stage

9, from the dorsal side. Dil was injected on the lateral edge, one-third the distance between the anterior neuroporst aodnites tine

embryo was then incubated for an additional 48 hours (until approximately stages 18-20). (B) Frontal view of embryo f8lloating af
incubation. Cells containing Dil are located in the maxilla and the proximal oral mandible primordia. (C) Side view of @hhfipoatome

section (4Qum) showing Dil-labelled cells located on the oral side of maxilla and mandible primordia. The plane of section is shown in B by
the white vertical line. (E,F) Chick embryo labelled at stage 9 with Dil from the dorsal side and incubated for 48 hoassp2ded on the

lateral edge of the embryo halfway between the anterior neuropore and the first somite. (E) Side view of whole embryot deliseseen
located on the aboral side of the first pharyngeal arch. The white line represents the plane of vibratome sectioningr(f€) ébtiain (40

pm) showing that Dil is in the aboral epithelium. (G) Example of Dil labelling of the maxillary primordium of the first phagnobeéH)

Example of DiO labelling of ectoderm rostral to the maxillary primordium of the first arch. mx, maxilla; md, mandible; ppgedigrguch.

region of presumptive first pharyngeal arch ectoderm appeareduld be easily targeted at stages 11 to 12+. Dil or DiO was
to be restricted to the ectoderm (X, Fig. 6G,H), whereamjected onto the lateral ventral surface ectoderm at an axial
expression in the more caudal pharyngeal arches was obsenfedel| just rostral to the midbrain-hindbrain junction, and the
in both ectoderm and endoderm (y, Fig. 6G,l). Expression cdmbryos harvested, fixed and photo-converted using DAB as
Fgf8 became stronger as development proceeded, and by statgscribed by Streit (Streit, 2002). Once satisfied thaEgfi@

—14, Fgf8 could be seen to be demarcating the proximatlomain could be accurately labelled (data not shown), further
epithelium of the oral mandibular primordium (Fig. 6B-F). Toembryos were labelled and development allowed to proceed for
determine whether this early ectodermBbf8 domain  approximately 24 hours. Fluorescence was observed on the
demarcates the future mandibular region, Dil and DiO labellingroximal oral epithelium of the mandibular primordium (Fig.
was performed on stage 11— to 12+ embryos. Initially7). This data suggests that at stages 11 to 12+-gi@
experiments were performed to check whetheFtif8domain  expression domain represents expression in the future

Fig. 4.DiO and Dil labelling of stage 10 chick embryos, followed by 48 hours of incubation (until approximately stages 18-20)s(t&)athe
which the DiO crystal was placed, the lateral edge and the proximal ventral ectoderm. (B) Image of embryo taken aftexf4@chbation
using epifluorescence and a GFP2 filter; DiO is located on the proximal mandibular primordium. (C) Image shown in B mergisibieith a
light image using Photoshop 6 (Adobe, USA). (D) Dil injected into cells on the ventral head ectoderm close to the midiiage (&)Dil
fluorescence of embryo shown in D after 48 hours. Image taken using an epifluorescent microscope with a rhodamine filted aiitth merge
visible image using Photoshop. Fluorescent cells are located in the distal oral mandibular primordium. (F) VibratomeOgatijon (4
illustrating the epithelial location of the Dil. d, distal mandible; epi, epithelium; md, mandible; mes, mesenchyme; na,pnprikimal.

The location of the Dil is highlighted by the position of the white arrows.
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Fig. 5. Fate of Dil/DiO-labelled cells on the

B ventral surface ectoderm, with
Stage 9/9+/10-110 sub-blastodermic fold diagrammatic representation of the
i labelling of stage 8-10 embryos. The fate
NE / ) maps of stage 8, 8+ and 9— embryos were
i ] v‘;.vw,: proximal pooled (A), as were those of stage 9, 9+,

- “n @ V distal 10- and 10 embryos (B). The position of

' . labelled cells is shown as either grey circles
or black triangles. Grey circles represent
cells fated to occupy the proximal mandible
epithelium and black triangles the distal
mandible epithelium in stage 18-22 chick
embryos, as shown by the shading of the
anterior neuropore chick mandible in C.

developing mandible, and that thereafter the cells of th E
proximal mandible can be traced by their expressiofgis.

Regulation of Fgf8 expression

The localised expression dfgf8 in the early ectoderm
precursors of the proximal oral epithelium could conceivably
be induced either from lateral or dorsoventral adjacent tissue
In order to investigate this, proximagf8-positive, and distal
Fof8-negative, regions of stage 9 embryos were dissected al
cultured in vitro to determine whether separationFgf8-
expressing ectoderm from adjacent lateral tissue affecte
expression. At stage %gf8 is not yet expressed in the
presumptive mandibular ectoderm. After 2.5 days in culture
Fgf8 expression was observed in proximal ectoderm
indicating that lateral tissues are not required to maintai :
expression (Fig. 8).

The close proximity of endoderm to tHegf8-positive
ectoderm suggested that endoderm might have a role
regulating ectodermafFgf8 expression. This was tested by
physically ablating the endoderm from one side of the
dissected tissue explants of stage 9 embryos, adjacent to 1
Fof8-positive ectoderm (Fig. 9A,D). Ablation was performed
at stage 9, prior to the onset BQf8 expression in the
presumptive mandibular region. After 2.5 days in culture
expression was not present in the ectoderm from the ablat
side but was present in the control side of the explants (FiFig. 6. Whole-mount in situ hybridisation of chick embryos using a
9D,E). Dorsoventral signalling from the endoderm is thusProbe forFgf8. (A,B) Dorsal (A) and side (B) views of a stage 11
required for the early ectodermal expressioRgiBthat marks ~€mbryo. The white arrow and arrowhead indicates-48 domain
the precursors of the proximal oral epithelium. This dat€!i€ved to demarcate the proximal pharyngeal arch ectoderm.
supports the work of Couly et al. (Couly et al., 2002), th(C,D) Side and ventral views of a stage 13— embryo. The white

) - arrows indicate thegf8 domain on the developing first pharyngeal
ablated whole stripes of endoderm in ovo at stage 8+ to 9'arch. (E,F) Stage 14— embryos with the mandible primordium clearly

The area that they categorised as stripe 2 corresponds 1o \jisible, white arrow pointing to thegf8 domain. (G) Ventral aspect
endoderm underlying the presumptive maxilla and mandiblof a stage 11 chick embryo showing positions of vibratome sections
ectoderm. Following 5 days of incubation, they observe(40pum)in H and I, cut at axial levelsandy, respectively. ect,
underdevelopment of both the maxillary and mandibulaectoderm; end, endoderm.

"

stage-11 2= . stage-11
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ventral In order to determine Whej[her the ven_tral-medial tissues of
Stage il B stage 9 embryos have an intrinsic ability to expr@sgp4

P " independently of planar signals from the ventral-lateral tissues,
ventral-medial and ventral-lateral tissues, tissue explants of
stage 9 embryos were dissected (Fig. 8). These explants were
cultured for 2.5-3 days and assayedBarp4expression. Both
ventral-lateral and medial-lateral cultured explants express
Bmp4(Fig. 8). The observation that the ventral-medial explants
expressBmp4 does indeed suggest that the cells of stage 9
embryos are fated to expre&snp4 later in development.
However, the fact that the ventral-lateral tissues also express
Bmp4indicates that the situation may be more complex. One
explanation for the observation thzinp4is expressed in both
sets of explants may lie with the dynamic expressioBnop4

in the developing chick head, and the fact that tissues in culture
do not develop at the same rate as those in vivo. Another
possible reason might be becaBseap4is also expressed in the
developing maxillary primordia (Wall and Hogan, 1995) of the
developing first pharyngeal arch and our fate mapping indicates
that, like the proximal mandibular epitheium, the ectoderm of
the maxillary primordia arises from the lateral surface ectoderm
of the early embryonic head. At stage 14, when the distal
mandibular ectoderm begins to exprBssp4the endoderm no
200uum ; longer underlies the ectoderm. Also by stage 14, migrated
neural crest cells occupy tissue underlying the ectoderm in the

Fig. 7.DiO labelling of a stage 11 chick embryo. (A) The head of theﬂrSt pharyngeal arch, hence creating a physical barrier to

embryo is bent back along the sub-blastodermic fold to show the signalling molecules arising from the endoderm. At stage 14, it

position of the DO crystal on the ventral surface ectoderm. (B) View!S therefore unlikely that signals from the endoderm are

of the same embryo from the dorsal aspect. The black arrow showsesponsible for the highly localised and restricted expression of
the position of the midbrain-hindbrain junction. (C,D) The same ~ Bmp4in the distal ectoderm of the mandible primordium.
embryo following 24 hours of incubation. (C) DiO, viewed under
fluorescence and a GFP2 filter. (D) The visible and the fluorescent _ . .
images merged using Photoshop 6 (Adobe, USA). Note that the Did?ISCUSSION
fluorescence is located on the proximal surface ectoderm of the  The pharyngeal arches are composed of cell populations of
mandibular primordium. White arrows indicate the DiO crystal. different developmental origin. Cells originating from the
cranial neural crest and mesoderm make up the core, while the
epithelial covering is of endodermal and ectodermal origin
primordia, and absence of Meckel’s cartilage on the operatdffrancis-West et al., 1998). The cranial neural crest cells give
side. Additionally, they also observed partial loss of expressiorise to the cartilage, intramembranous bone and the connective
of the transcription factorPitx2 on the operated side. tissues of the face. Despite many decades of research, there is
Interestingly, Withington et al. illustrated that the endodernstill controversy concerning how and when the patterning of
was required for the expression Bff8 in the forebrain the cranial neural crest, and consequently the skeletal elements,
(Withington et al., 2001). Removal of definitive endoderm abccurs. Presently, it is believed that the cranial neural crest cells
stage 4+ to 5 resulted in the lossFaff8 expression in the obtain morphogenic information from a variety of sources.

forebrain at stage 11. There is evidence that some of the specific signals are received
) ) by the crest cells before they migrate from the neural tube, and
Regulation of Bmp4 expression that they respond by expressing specific combinations of Hox

In the developing head ectoderm the expressioBrop4is  genes (Krumlauf et al., 1993). Neural crest cells fated to
dynamic and it is not until stage 14 that its expression becomescupy the first arch are devoid of Hox gene expression. These
restricted to the distal oral epithelium of the mandibularcrest cells are thought to obtain their positional information
primordium. In order to determine whether the signaldrom the surrounding tissues, both during the migration itself
responsible for the expression Bmp4in the developing and once they have reached their final destination (reviewed by
mandibular and maxillary primordia are intrinsic to ventralRichman and Lee, 2003; Couly et al., 2002).

tissues, the ventral head tissue was dissected (includingThe work of Couly et al. implicates the foregut endoderm as
ectoderm, mesoderm and endoderm) and cultured (Fig. 8Ad. major source of patterning signals (Couly et al., 2002). They
Tissues were dissected at stage 9, prior to the migrating neufalind that, in the early chick, the foregut endoderm is able to
crest cells populating the ventral head. ExpressioBrop4  pattern the non-Hox expressing cranial neural crest cells that
was observed in these ventral tissue explants after 2.5-3 dayscupy the jaw. Their data indicates that, at a general level, the
of culture (Fig. 8B). This suggests that signals from the neura@ndoderm appears to specify the identity and polarity.
crest cells are not necessary for expressioBrap4in the  However, the nature of the signals arising from the endoderm
ectoderm. is at present unknown.
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Fig. 8. Fgf8 andBmp4
expression in cultured explants
of stage 9 chick embryos. Stage
9 coronal segments,
corresponding to
approximately one-third of the
length of the total head, rostral
to the subgerminal fold and
encompassing the presumptive
mandibular region (as predicted
from the fate map), were
dissected as shown.
(A) Isolation and separation of
ventral head tissues. (Bpf8
expression in explanted tissue
in two lateral domains and a
singleBmp4domain.
(C) Isolation of ventral-lateral
(p) tissues and ventral-medial
tissues (d). (DFgf8is
expressed in ventral-lateral
explants (p) but not in ventral-
medial explants (dBmp4is

Xpr in both ventral-
0/5 express Fgf8 3/4 express Bmp4 E\tgrgiﬁg veEl(t)rtal-n? e (tjigl

N=3/7 o explants.

dorsal

ventral

Previous work in our laboratory, and in numerous othersgxample, Lhx6 and Lhx7 are expressed exclusively in the
indicates that the oral ectoderm plays an important role in th®stral mesenchyme, in contrast &g which is expressed
high resolution patterning of the neural crest of the firsspecifically in the caudal region (Tucker et al., 1999).
pharyngeal arch. In order for the skeletal elements of the jaw Expression oBarx1marks the proximal mesenchyme of the
to be shaped, positioned and orientated correctly in threeaandibular primordium, wheredglsxl is expressed in the
dimensional space, the mesenchyme of the mandible must bistal mesenchyme. The expression of these transcription
patterned along three different axes. These axes can fmtors is controlled by signalling molecules originating in the
described as rostrocaudal, proximodistal and dorsoventral. Tleeal ectoderm. The expression Fgf8 proximally andBmp4
early patterning of the mesenchyme of the mandibuladistally induces the expressionRdirxlandMsx1 respectively
primordium along these three axes is reflected in the specifiEerguson et al., 2000; Tucker et al.,, 1998a; Tucker et al.,
graded expression of numerous transcription factors. Fdr998b). We are interested in how the skeletal structures of the

B C
dorsal
Fig. 9. Fgf8 expression in the presumptive
mandibular ectoderm is lost following removal
of the underlying endoderm. (A) Shaded
! ventral segment is the approximate level at which
A . Pl ~

regions were dissected from stage 9 embryo.
(B) Coronal segment; ventral head tissue cut at

both rostral Fgf8 expression domains the midline to expose the foregut endoderm.

) present (loss of domain in N= 28 (C) Fgf8is expressed at the midbrain-hindbrain
I } ( el junction (MBH) and in two more rostrally
D E located lateral domains (black arrows),

corresponding to the presumptive maxillo-
mandibular domain. (D) Coronal segment;
ventral head tissue cut at the midline to expose
the foregut endoderm and the foregut
endoderm removed unilaterally. (Eyf8
expression in an explant with unilateral
endoderm removakgf8is expressed as

———
L o —

ventral normal in the neural tube at the midbrain-
hindbrain boundary (MBH). Expression is lost
loss of single rostral Fgfé in the lateral domain on which the endodermal
expression domain (loss of removal had taken place (red arrow), but is

domain N=6/8) present on the contralateral side (black arrow).
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jaw are patterned in the proximodistal direction. Although itmandibular primordia occupy different locations in the early
has been established that the proximodistal ectomesenchymbryo and, consequently, are likely to have a different
is patterned as a result of spatially restricted signals arisindevelopmental history.
from the oral ectoderm, how the spatially restricted expression As the cells are located at different positions in the head, it
domains in the oral ectoderm are established and maintainad,possible that they are exposed during their developmental
and how they interact with each other, is at present not fullistory to different morphogens, or perhaps different
understood. concentrations of morphogenic factors. These factors may be

Gene expression studies suggest that the proximodistplanar or may arise from the underlying mesenchyme or
patterning of orofacial epithelium is evident in the chickendoderm. Prior to neural crest migration and the cranial neural
embryo from stage 14, when distinct domainsFgf8 and  crest cells reaching the maxillo-mandibular region, the
Bmp4 expression are first visible (Shigetani et al., 2000)ectoderm of the mandible is in close proximity to the foregut
Important questions are: when are these territories specifiethdoderm. Couly et al. implicated the foregut endoderm as a
and does this require the presence of neural crest-derived cel®urce of morphogenic signals responsible, at least in part, for
Shigetani et al. identified a domain leif8 expression in the patterning the skeletal elements of the jaw (Couly et al., 2002).
ventral head ectoderm of stage 11 chick embryos in thRemoval of the endoderm that is in close proximity td=i8-
presumptive maxillo-mandibular region (Shigetani et al.positive head ectoderm in stage 9 embryos resulted in a loss of
2000). As development proceeds, Bgf8 expression domain expression oFgf8. When the ventral head tissue was dissected
expands and corresponds to the developing maxillary arfdom the dorsal tissue at stage 9 (Fig. 8), and earlier (data not
mandibular prominences. Dil labelling of the stage 11 to 12shown), and cultured in vitroFgf8 expression was still
chick Fgf8 expression domain indicated that it did demarcat®bserved. This indicates that absent or aberrant neural crest
the cells fated to occupy the epithelium of the proximal oramigration is not responsible for the failure of ectoderm to
mandibular primordium. The expressionBrhp4in the early  expresdgf8in the absence of endoderm. It also suggests that,
developing chick embryo is however more dynamic. Shigetarin addition to its role in patterning facial mesenchyme, the
et al. (Shigetani et al., 2000) first observed expressi@mpi4  endoderm has an earlier role in patterning the orofacial
in the rostral head ectoderm at stage 12. Weak expression wegoderm.
observed ventral to the presumptive pharyngeal ectoderm. At Although the ventral-lateral head ectoderm and the more
stage 13, more distinct expression was reported; this expressioedial head ectoderm are fated to occupy different positions
was ventral to, and had a slight overlap with, thgf8 on the oral ectoderm, the point at which they are specified to
expression domain. Shigetani et al. (Shigetani et al., 2000) firktllow either the ‘proximal’ or ‘distal’ developmental route is
reported distinct expression Bimp4in the distal domain of unclear.Fgf8 is not expressed in the ventral head ectoderm
the pharyngeal arch at stage 14. It therefore seemB8uig@4  until stage 11, our Dil labelling of cells at these stages suggests
does not demarcate the distal pharyngeal ectoderm until statiet these are indeed the same cells that later go on occupy the
14. proximal epithelium at stages 18 to Zmp4expression is

In order to understand the origin of the morphogenic signalsiuch more dynamic, and it is not until stage 14 that it is
that pattern the oral ectoderm, we have fate mapped the cedlspressed specifically in the distal epithelium. When and how
that give rise to the proximal and the distal domains of the oraluring development the proximal and distal ectoderm is
ectoderm. Labelling of the ectoderm between stages 8 to lididuced and programmed to expregé8 andBmp4 and when
predicted that the progenitor cells of the mandibulathe proximal or distal fate is specified, is currently under
primordium were located at a level between one-quarter aridvestigation. However, we speculate that the proximal and the
two-fifths of the distance between the anterior neuropore ardistal ectoderm are both specified and committed to their
the first somite along the anteroposterior axis. Couly and Leespective fates independently and at different times during
Douarin (Couly and Le-Douarin, 1990) crudely segmented thembryogenesis.
surface ectoderm between the anterior neuropore and the firstCandidate molecules within the head ectoderm that may play
somite of a stage 8 (3 somite) embryo into six ventrolatera role in the control dfgf8 andBmp4expression includBitx2
segments of equal width, and transplanted these segmeiifgnand et al., 2000Ritx2is a bicoid transcription factor that
between quail and chick. Transplanting a tissue strip one-sixis expressed in the early developing embryo and has
and one-third of the distance between the anterior neuropoowerlapping expression domains wigf8. In the chick Pitx2
and the first somite resulted in quail cells occupying thénas been shown to be expressed in the presumptive maxillo-
ectoderm overlying the maxillary and mandibular primordiamandible region of stage 11 embryos (Amand et al., 1998). The
The results we present using Dil/DiO labelling are consisterdata of Lu et al. (Lu et al., 1999) showed that mice null for
with data of Couly and Le-Douarin (Couly and Le-Douarin,Pitx2 have defective development of the maxillo-mandible
1990). However, our more precise mapping reveals that, frofiacial prominences. Lu et al. suggested that the expression of
at least stage 8, the cells fated to occupy the proximal and thgf8is absent in these mutants (Lu et al., 1999); however, Lin
distal oral ectoderm occupy different spatial locations in thet al. reported that, in mice null fditx2, Fgf8 was still
developing embryo. The fate map thus shows that the cells thatpressed in the facial region, albeit at a reduced level (Lin
go on to expresBgf8in the proximal oral epithelium of stage et al.,, 1999). Lu et al. (Lu et al., 1999) reported that the
18 to 22 chicks are located on the ventral-lateral head ectodeerpression oBmp4in the Pitx2 null mutants expanded into
as early as stage 8. Cells in the distal oral mandibulghe whole proximodistal ectoderm mandibular primordium.
primordium (which at stage 14 start to exprBssp4 occupy  This mandibular phenotype is comparable to that reported by
a more medial position in the early chick embryo. This dat&tottmann et al. (Stottmann et al., 2001) in Noggin/Chordin
indicates that the cells occupying the proximal and the distadull mutant mice. Whether (or howjitx2 expression affects
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Noggin expression is not known. Whetléix2 is responsible (2002). Interactions between Hox-negative cephalic neural crest cells and
for initiating the expression d¥gf8in the developing ventral the foregut endoderm in patterning the facial skeleton in the vertebrate head.
ectoderm of the embryonic head, or whether it is only Development 29, 1061-1073.

ible for i . . | f herguson, C., Tucker, A. and Sharpe. P(2000). Temporospatial cell
responsible for its maintenance, Is at present unclear rom th€ieractions regulating mandibular and maxillary arch patterning.

literature. S . . Development.27, 403-412.
In summary, we have identified cells in the chick embryd-rancis-West, P., Ladher, R., Barlow, A. and Graveson, A(1998).
that are fated to occupy the proximal and distal oral ectoderm Signalling interactions during facial developméviech. Dev75, 3-28.

. . . raham, A. (2001). The development and evolution of pharyngeal pouches.
of the mandibular primordium. We have found that cells fate 3. Anat 199, 133-141.

to occupy the proximalFgf8-expressing) domain and distal Hamburger, V. and Hamilton, H. L. (1952). A series of normal stages in the

(Bmp4expressing) domains of stage 18 to 20 chick mandible development of the chick embrya. Morph.88, 49-92.

epithelium occupy different spatial locations as early as stag@umlauf, R., Marshall, H., Studer, M., Nonchev, S., Sham, M. and

8 in ventral head ectoderm, prior to the formation of neural Lumsden, A. (1993). Hox homeobox genes and regionalisation of the
| dditi h I ’ h | head d h nervous systeml. Neurobiol 24, 1328-1340.

crest. In addition, the cells on the ventral head ectoderm t & , C., Kioussi, C., O'Connell, S., Briata, P., Szeto, D., Liu, F., Izpisua-

express-gf8 at stage 11 to 12 are the same cells that are fatedseimonte, J. and Rosenfeld, M(1999). Pitx2 regulates lung asymmetry,

to occupy the proximal oral mandibular primordium and that cardiac positioning and pituitary and tooth morphogenhisitire401, 279-

expressFgf8 at stage 18 to 22. The co-ordination and contro| 282-

; [ : M., Pressman, C., Dyer, R., Johnson, R. and Martin. J(1999).
of orofacial morphogene3|s is thus a process that bEglnS eaH unction of Rieger syndrome gene in left-right asymmetry and craniofacial

in embryogenesis with the demarcation of boundaries in the gevelopmentNature401, 276-278.

cranial ectoderm that prefigure the proximodistal organisatiobumsden, A., Sprawson, N. and Graham, A(1991). Segmental origin and
of oral epithelium. migration of neural crest cells in the hindbrain region of the chick embryo.
Developmeni13 1281-1291.

na, M., Wang. Y., Ivanisevic, A., Upholt, W. and Rodgers, B(2002).
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