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Ectodermally Derived FGF8 Defines the
Maxillomandibular Region in the Early Chick
Embryo: Epithelial–Mesenchymal Interactions
in the Specification of the Craniofacial
Ectomesenchyme

Yasuyo Shigetani, Yoshiaki Nobusada, and Shigeru Kuratani1

Department of Biology, Okayama University Faculty of Science, 3-1-1 Tsushimanaka,
Okayama 700-8530, Japan

The most rostral cephalic crest cells in the chick embryo first populate ubiquitously in the rostroventral head. Before the
influx of crest cells, the ventral head ectoderm expresses Fgf8 in two domains that correspond to the future mandibular arch.
Bmp4 is expressed rostral and caudal to these domains. The rostral part of the Bmp4 domain develops into the rostral end
of the maxillary process that corresponds to the transition between the maxillomandibular and premandibular regions.
Thus, the distribution patterns of FGF8 and BMP4 appear to foreshadow the maxillomandibular region in the head
ectoderm. In the ectomesenchyme of the pharyngula embryo, expression patterns of some homeobox genes overlap the
distribution of their upstream growth factors. Dlx1 and Barx1, the targets of FGF8, are expressed in the mandibular
ectomesenchyme, and Msx1, the target of BMP4, in its distal regions. Ectopic applications of FGF8 lead to shifted expression
of the target genes as well as repatterning of the craniofacial primordia and of the trigeminal nerve branches. Focal injection
of a lipophilic dye, DiI, showed that this shift was at least in part due to the posterior transformation of the original
premandibular ectomesenchyme into the mandible, caused by the changed distribution of FGF8 that defines the mandibular
region. We conclude that FGF8 in the early ectoderm defines the maxillomandibular region of the prepharyngula embryo,
through epithelial–mesenchymal interactions and subsequent upregulation of homeobox genes in the local mesenchyme.
BMP4 in the ventral ectoderm appears to limit the anterior expression of Fgf8. Ectopic application of BMP4 consistently
diminished part of the mandibular arch. © 2000 Academic Press
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INTRODUCTION

Cephalic neural crest cells give rise to the head ectomes-
enchyme, the fate of which is determined in part by
intrinsic genetic programs involving, for example, expres-
sion of Hox genes in migrating crest cells, and in part by
pithelial–mesenchymal interactions involving cell–cell
ignaling pathways including SHH, BMPs, and FGFs. A
umber of transcription factors, such as Msx1 and 2, Dlx
enes, and Barx1 (Tucker et al., 1998a; Bei and Maas, 1998;

Barlow et al., 1999; Thomas et al., 2000), appear to act
downstream of BMPs and FGFs to exert patterning of
neural-crest-derived structures in the head. These include
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the bones of the skull and the tooth and the skeletal system
in the mandibular arch (Thesleff et al., 1995; Bei and Maas,
1998; Barlow et al., 1999). Expression of these genes is
argely limited to the ectomesenchyme of the pharyngeal
rches. These genes are known to function in the local
pecification of the mandibular arch (Tucker et al., 1999a;
erguson et al., 2000). They are not expressed in the more
ostral head mesenchyme. Located between the eye and the
axillary process, this crest-derived ectomesenchyme has

ot been studied extensively. These cells are initially con-
uent caudally with the mandibular arch ectomesenchyme,
nd it is still enigmatic how the mandibular ectomesen-
hyme is specified out of the trigeminal crest cells.
The craniofacial development of vertebrates is best un-

erstood from chick and mouse development. The chick
ystem is especially advantageous for its experimental
73
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FIG. 1. Early distribution pattern of trigeminal crest cells in early chick embryos. (A) Schematic drawings of the cephalic crest cell
distribution based on whole-mount HNK-1-immunostained embryos. Three populations of cephalic crest cells, trigeminal (tc), hyoid (hy),
and circumpharyngeal (cp), are recognized in the stage 14 embryo. Of those, the trigeminal crest cells populate the maxillomandibular (mm)
and premandibular (pm) regions of the head. (B–D) Scanning electron micrographs of stages 12 to 16 chick embryos. (B) Stage 12 embryo,
ventral view. A sheet of crest cell covers the ventral aspect of the postoptic region of the head. This cell population covers the
premandibular (pm) and maxillomandibular (mn) regions. Another crest cell subpopulation, or the preoptic cells (po), is seen on the
dorsorostral aspect of the eye (e). Future maxillomandibular region is indicated by dots in (B). Labels in parentheses indicate the
putativepremandibular and maxillomandibular regions. (C) Stage 13 embryo, ventral view. The mandibular processes have started
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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75BMP and FGF Signaling in the Craniofacial Regionalization
accessibility at the early embryonic period and for the
availability of various molecular markers that show mor-
phological identities. The present study was intended to
show that there is a process of regionalization in the early
rostral ectomesenchyme, before the appearance of pharyn-
geal arches, which is under the control of epithelially
expressed growth factors. We also show that the above
regionalization can be shifted by ectopic application of the
growth factors as detected by the shift of craniofacial
morphology and homeobox gene expressions.

MATERIALS AND METHODS

Scanning Electron Microscopy

Fertilized White Leghorn chicken eggs were incubated in a
humid chamber at 38°C, and the embryos were staged according to
Hamburger and Hamilton (1951). The embryos were fixed in 2.5%
glutaraldehyde/0.1 M phosphate buffer (PB, pH 7.6), washed in PB,
and postfixed with 4% osmium tetroxide/PB. The specimens were
then rinsed in 0.1 M phosphate-buffered saline (PBS), and skinned
with a sharpened tungsten needle. They were then dehydrated in a
graded ethanol series and freeze-dried in t-butyl alcohol. Finally,
he embryos were placed on an aluminum stub, sputter coated with
old–palladium alloy, and viewed by scanning electron microscopy
SEM; JSM-5800, JEOL, Peabody, MA).

Immunohistochemistry

After fixation with 4% paraformaldehyde in 0.1 M PBS (PFA/
PBS) at 4°C for 1 day, embryos were washed in 0.9% NaCl/distilled
water, dehydrated in a graded series of methanol (50, 80, and 100%)
and stored at 220°C. The samples were placed on ice in 2 ml
dimethyl sulfoxide (DMSO)/methanol (1/1) until they sank. Five-
hundred microliters of 10% Triton X-100/distilled water was added
and the embryos were further incubated for 30 min at room
temperature. After washing in Tris–HCl-buffered saline (TST; 20
mM Tris–HCl, pH 8.0; 150 mM NaCl; 0.1% Triton X-100), the
samples were sequentially blocked with aqueous 1% periodic acid
and with 5% nonfat dry milk in TST (TSTM). They were then
incubated in the primary antibody 3A10 (Developmental Studies
Hybridoma Bank, Iowa City, IA; diluted 1/100 in spin-clarified
TSTM containing 0.1% sodium azide) for 2 to 4 days at room
temperature while being gently agitated on a shaking platform. The
secondary antibody used was horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG (Zymed Lab. Inc., San Francisco,
CA) diluted 1/200 in TSTM. After final washing in TST, the
embryos were preincubated with the peroxidase substrates 3,39-
diaminobenzidine (DAB, 100 mg/ml) in TS for 1–2 h and allowed to
react in TS with the same concentration of DAB with 0.004%
hydrogen peroxide for 40 min at 4°C. The reaction was stopped and
embryos were transferred simultaneously to a 30% glycerol/water
mixture.

protrusion. A siteof stomodaeum (st) is indicated. (D) Stage 16
premandibular region and the putative maxillary process. As develo
the maxillary process. (E) Illustration of a stage 20 embryo to show
e, eye; hb, hindbrain; hy, hyoid crest cells or hyoid arch; mm, maxi
premandibular crest cell population; po, preoptic crest cell popula
Copyright © 2000 by Academic Press. All right
To observe the neural crest cell distribution, HNK-1 (Leu-7,
Becton Dickinson, San Jose, CA) was used as the primary antibody.
After being fixed with Bouin’s fixative at 4°C for 1 h, embryos were
washed and dehydrated in a graded series of ethanol and stored at
4°C. The subsequent procedures were the same as above, except
that HRP-conjugated goat anti-mouse IgM (Zymed Lab. Inc.) was
used as the secondary antibody and that TS containing 0.01%
Triton X-100 was used for TST.

In Situ Hybridization

For in situ hybridization, the embryos to be stained were fixed
nd stored in 1% PFA in PBS at 4°C. On the day before hybridiza-
ion, the specimens were dehydrated and treated with 5% H2O2/
ethanol. The following steps and details have been described in
gasawara et al. (2000). The double in situ hybridization was

performed according to the method described by Funahashi et al.
(1999).

Focal Injections of 1,1-Dioctadecyl-3,3,3*,3*-
tetramethylindocarbocyanine Perchlorate (DiI)

A window was cut through the eggshell and India ink, diluted
1/5 in 0.9% NaCl/distilled water, was injected into the subgermi-
nal cavity to visualize the embryo. Embryos at Hamburger and
Hamilton (1951) stages 8 to 9 were used for the injections into the
neural crest. Using a fine glass pipette, a solution of DiI (Molecular
probes, Eugene, OR) saturated in DMSO was injected onto the right
side of the embryo at the forebrain to the midbrain neural crest.
After the injection, a few drops of saline were applied to the embryo
so that excess DiI solution was washed away. Embryos were then
incubated further for 48 h and were fixed with 4% PFA/PBS for 2 h
at room temperature. They were rinsed briefly with 0.9% NaCl and
immersed in 30% glycerol/distilled water. The embryos were
dissected and mounted on a depression slide glass and observed
with fluorescence microscope. For injection into the ectomesen-
chyme of stage 13 embryos, the procedure was basically the same
as above. These embryos were fixed 1 day after injections.

Growth Factor Bead Implantation

Heparin beads (Sigma), soaked with mouse FGF8b (500 mg/ml,
R&D Systems, Inc., Minneapolis, MN) and human BMP-4 (500
mg/ml, R&D Systems), were implanted into the interstices between
ectoderm and mesenchyme in the presumptive premandibular
region of stage 10 embryos (see Fig. 5A). After 2 days, the embryos
were fixed and processed to analyze gene expression and morphol-
ogy.

Whole Mount Staining of the Chondrocranium

Operated embryos, sacrificed at stage 33, were fixed with 10%
formalin in PBS. They were decapitated and skinned, and the eyes
were removed. After washing in running tap water, they were fixed

ryo, lateral view. The PMM boundary is observed between the
nt proceeds, its boundary is as well defined to the anterior limit of
PMM boundary. Abbreviations: cp, circumpharyngeal crest cells;

andibular region or mandibular arch; mn, mandibular process; pm,
st, stomodaeum; tc, trigeminal crest cells.
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76 Shigetani, Nobusada, and Kuratani
for 2 days in a solution containing 80% ethanol, 20% acetic acid,
and 10 mg/liter Alcian blue. The embryos were washed in running
water again and were digested with 1% trypsin in a mixture of
three parts of saturated sodium tetraborate and seven parts of
distilled water until the tissues became clear. The embryos were
treated with 0.5% KOH and stored in 30% glycerol.

RESULTS

Crest Cell Distribution Patterns and Craniofacial
Morphology: Premandibular Crest Cells

Three major populations of cephalic crest cells stained
with the HNK-1 antibody in the chick embryonic head

FIG. 2. Expression patterns of Fgf8 and Bmp4 in the early chick em
B), and Bmp4 (F–K). (A, B) Stage 10 embryos, lateral views. A fai
rrowhead in A), prior to the influx of neural crest cells into th
rrowhead in (A) indicates another expression domain in the ca
xpression has become distinct as a pair of patches in the ventral
egion. The caudal expression domain has also become distinct (w
ots. (D) By stage 13, the mandibular process has begun to protrude
ecome divided into several independent domains (arrowheads). (E)
andibular process (mn). (F) Stage 18 embryo. Maxillary (mx) and

s still seen on the ectoderm of both the processes. The caudal dom
ndicates the PMM boundary. (G) Bmp4 expression is faintly expre
arrowheads). (H) Double in situ hybridization with Fgf8 and Bmp
extends rostrally into the maxillomandibular expression domain (
embryo. A black arrowhead indicates Bmp4 expression in the mand
domain in the pharyngeal ectoderm. (J) Lateral view of another sta
K). (K) By stage 18, the Bmp4 expression is intensified in the ectoder
(mx). The caudal domain of Bmp4 expression is restricted in the ma
mandibular process; mx, maxillary process; pc, pericardium.
Copyright © 2000 by Academic Press. All right
Fig. 1A). These are, from rostral to caudal, the trigemi-
al, hyoid, and circumpharyngeal crest cells (reviewed by
uratani and Kirby, 1991; Shigetani et al., 1995; Kura-

tani, 1997). Of these, the trigeminal crest cells populated
the ventral aspect of the head rostral to the pericardium
at stage 12 as a continuous sheet of cells (Fig. 1B). The
hyoid and circumpharyngeal crest cells formed the ecto-
mesenchyme in the second arch and in the postotic
pharyngeal arches, respectively. The mandibular process
appeared at stage 13 as a swelling of the caudal portion of
the trigeminal crest cells (Fig. 1C). There was no apparent
distinction in the ventral cell population of the trigemi-
nal crest cells to separate the premandibular cells from

os. Developmental expression patterns of Fgf8 (A, C–F, H), HNK-1
pression domain of Fgf8 is seen on the ventral ectoderm (orange
sumptive premandibular and mandibular regions (B). The white
pharyngeal ectoderm. (C) Stage 11 embryo, ventral view. Fgf8
erm (arrowheads) corresponding to the future maxillomandibular

arrowhead). Contour of the pericardium (pc) is indicated by white
e rostral expression domain of Fgf8, and the caudal expression has

e 14 embryo. Fgf8 expression has been intensified at the root of the
ibular (mn) processes are distinct and the Fgf8 expression domain

s are restricted to the ectoderm of pharyngeal slits. An arrowhead
first in the ventral portion of the pharyngeal ectoderm at stage 12
oprobes. The pharyngeal–ectodermal expression domain of Bmp4
heads), which partly overlaps with the Fgf8 domain. (I) Stage 14

r arch ectoderm. White arrowheads indicate the ventral expression
embryo showing the mandibular expression (black arrow, also in
the PMM boundary, extending caudally into the maxillary process

ular process ectoderm. Abbreviations: h, heart; hy, hyoid arch; mn,
bry
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77BMP and FGF Signaling in the Craniofacial Regionalization
those in the mandibular arch (Figs. 1B and 1C). The
rostral part of this cell population will be referred to as
premandibular crest cells from its position, and the
posterior, the putative maxillomandibular crest cells
(Figs. 1C–1E). By stage 16, the rostral edge of the putative
maxillary process had developed an indentation delineat-

FIG. 3. Expression patterns of mesenchymally expressed homeobo
the PMM boundary. (A–C) Expression patterns of Msx1. (A, B) Dou

sx1 expression domains in the maxillary and mandibular mesenc
Msx1 is first upregulated in the premandibular–maxillary transition
20, the expression of Msx1 in PMM transitional area is intensified. (D
expression pattern of Dlx1. In the mandibular arch, the expressio
beyond the PMM boundary (E, F). (G–I) Expression patterns of Barx
mesenchyme, but is delayed compared to that of Dlx1. Abbreviati
Copyright © 2000 by Academic Press. All right
ng the maxillomandibular region from the premandibular
premandibular–maxillomandibular boundary (PMM bound-
ry below); Figs. 1D and 1E). The premandibular and max-
llomandibular regions are thus derived from continuous
rigeminal crest cells through secondary partitioning and
re not established independently.

es in the chick embryos. In all the figures, black arrowheads show
n situ hybridization with Msx1 and Fgf8 riboprobes. Note that the
e overlap that of Fgf8 expression in the ectoderm. (B) At stage 19,

ea as well as in the ventral part of the mandibular arch. (C) At stage
Expression patterns of Dlx1. Stage 13 embryo (D) shows the earliest
main is restricted to the mesenchyme, never extending rostrally
ilar to Dlx1, Barx1 expression is restricted to the pharyngeal arch

hy, hyoid arch; mn, mandibular process; mx, maxillary process.
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78 Shigetani, Nobusada, and Kuratani
Regulatory Gene Expression Patterns in the Early
Chick Embryo

Before the appearance of the mandibular arch, several
growth-factor-encoding genes are already expressed in the
head ectoderm. Fgf8 transcripts appeared as early as stage
10 in the ventral surface ectoderm (Fig. 2A), before the
influx of neural crest cells into the presumptive mandib-
ular arch region (Fig. 2B; cf. Fig. 1). As development
proceeded, these paired expression domains remained in
the ectoderm of angular portions of the mandibular arch
(Figs. 2C–2F and 2H). Caudally, another Fgf8 expression

omain was seen in the future pharyngeal ectoderm as a
air of bands lateral to the pericardium (Figs. 2A, 2C, and
D). Expression of Bmp4 was also seen in the mandibular
nd pharyngeal ectoderm, in domains adjacent to those of
gf8 (Figs. 2F–2K). It was expressed along the pericardium

Figs. 2G–2I) and was later found in the distal tips of the
andibular arch (Figs. 2F and 2I–2K). Notably, a new

xpression domain of Bmp4 had appeared in the distal
art of the maxillary process by stage 18 (Fig. 2K). It began
efore the appearance of an indentation that demarcated
he maxillary process from the premandibular region
data not shown). Thus, in the ventral head ectoderm,
gf8 expression was primarily associated with the man-
ibular region, and those of Bmp4 surrounded the Fgf8
omains.
The ectodermal expression of the growth factors as

hown above were coextensive with those of some ho-
eobox genes that are localized in specific parts of the

ctomesenchyme. Msx1, the downstream target of BMP4,
as first upregulated in the ventral mesenchyme in the
andibular process and then expressed in the maxillary

rocess and the more rostral region beyond the PMM
oundary (Figs. 1 and 3A–3C). This is similar to the
ctodermal expression of Bmp4 (Fig. 2K). Dlx1, a target of

FGF8, was expressed throughout the ectomesenchyme
of the mandibular arch (Figs. 3D–3F: compare with
Figs. 2D–2F). Barx1 was expressed slightly later than, and
in a similar pattern to, Dlx1 (Figs. 3G–3I). Their expres-
ion patterns suggest that FGF8 and BMP4 are involved in
he specification of the mandibular arch ectomesen-
hyme out of the trigeminal crest cells; ectodermally
xpressed growth factor serves as a prepattern for the
pparently homogenous trigeminal ectomesenchyme by
nducing local expressions of the target homeobox genes
Fig. 4).

Ectopic Applications of FGF8 Change the Fate of
Premandibular Crest Cells into Mandibular
Crest Cells

If localized expression of the growth factors are respon-
sible for the premandibular–mandibular specification, will
the ectopic application of these factors alter the pattern of
facial primordia? To address this question, we performed
local application of beads soaked with either mouse FGF8
or human BMP4 recombinants into the putative preman-
Copyright © 2000 by Academic Press. All right
ibular region at stage 10. At this stage, mesenchymal
xpression of the homeobox genes was not yet observed and
o apparent regionalization of premandibular and maxillo-
andibular regions was apparent (Fig. 4).
After an FGF8 bead was implanted into the presump-

ive postoptic region, Barx1 expression also expanded
ostrally as well as dorsally (Fig. 5C: compare with Fig.
B). The premandibular region was smaller, the eye was
educed in size, and its lens shifted slightly posteriorly
Fig. 5C). The morphological identity of each mesenchy-

al region is reflected partly by the peripheral nerve
orphology that mirrors the local identities of cranial

eural crest cells (Johnston, 1966; Noden, 1975). We
herefore observed the trigeminal nerve morphology by
mmunostaining of the embryos with implanted FGF8
eads with the neurofilament-specific antibody, 3A10.
ormally, the embryonic trigeminal nerve bifurcates

istally into the ophthalmic nerve that innervates the
ostral and caudal aspects of the eye as well as the
rontonasal region and the maxillomandibular nerve that
rows into the mandibular arch and its derivatives (Fig.
D). Implantation of an FGF8 bead disturbed the mor-
hology of the trigeminal nerve (Fig. 5E). The ophthalmic
ranch that normally supplies the posterior aspect of the
ye was reduced, and some ramules grew from the
axillomandibular nerve into the region, which other-
ise is innervated by the ophthalmic nerve (Fig. 5E). This
orphological change implies that the identity of the

ostoptic (5premandibular) region might have been al-
ered into that of the maxillomandibular region.

Transformation of the Crest Cells
To examine the behavior of crest cells after the implan-

tation of an FGF8 bead, immunolabeling and DiI labeling of
the crest cells were performed. By immunostaining the
embryos with HNK-1, the marker of neural crest cells, early
migrating cells in the premandibular and mandibular re-
gions could be observed 1 day after bead implantation. No
change was detected in the distribution of the trigeminal
crest cells between the bead-implanted and control sides
(data not shown), implying that the bead did not affect the
initial migration and distribution patterns of the crest cells
in the rostral head. We focused, therefore, on later stages by
observing the embryos 2 days after the focal injection of DiI
at stages 8 to 9. The sites of injection were determined after
the experiment on observing from the progression of the
dye along the central nervous system. Normally, the fore-
brain and anterior midbrain crest cells preferentially popu-
late the premandibular region (13 of 13 embryos, each;
Table 1), although a few labeled cells were also observed in
the mandibular region (0 of 13 and 4 of 13 embryos; Table
1). The posterior midbrain-derived crest cells, on the other
hand, mostly populated the mandibular arch derivatives (9
of 9 embryos; Table 1) as already described in amniote
embryos (Osumi-Yamashita et al., 1994; Köntges and
Lumsden, 1996). Thus, the neural crest at the fore- and
midbrain levels was likely to be roughly organized into
s of reproduction in any form reserved.
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79BMP and FGF Signaling in the Craniofacial Regionalization
mandibular and premandibular subpopulations (Table 1).
The results were the same when PBS-soaked beads were
implanted after the DiI injection (Table 1 and Fig. 6A). After
implantation of the FGF8 beads, DiI labeling revealed a
major population of the anterior midbrain-derived crest

FIG. 4. Diagram of expression patterns of Fgf8 and Bmp4 and
uggested mechanism for regionalization of the trigeminal ecto-
esenchyme. (A) Chick embryonic head, ventral view. The left

ide shows the future specification of the cephalic crest cells (gray),
hich corresponds to the ectodermal expression domains of Fgf8

blue) and Bmp4 (green vertical lines) on the right. Fgf8 is first
expressed as a pair of patches prefiguring the maxillomandibular
region. A median negative region, corresponding to the putative
oral ectoderm (o) separates them. Bmp4 is expressed around the
ericardium (pc) and in the PMM boundary. (B) An early embryo,
ateral view. Trigeminal crest cells (gray) emigrate from fore- and

idbrain levels and are distributed ubiquitously in the preman-
ibular and maxillomandibular regions. FGF8 signals (blue) are
hought to induce the identity of the maxillomandibular region out
f this ectomesenchyme. (C) Later stage embryos, lateral views.
Left) The indentation rostral to the maxillomandibular region
PMM boundary) is formed at the rostral Bmp4 expression domain.
gf8 and Bmp4 expression domains are colored blue and green,

respectively. (Right) Homeobox gene expression patterns. Dlx1 and
Barx1 are expressed in the whole mandibular arch (light blue).
Msx1 is expressed at the PMM boundary (yellowish-green). Over-
lapped expression domains are colored with bluish-green in the
distal tips of maxillary and mandibular processes. Abbreviations: e,
eye; h, heart; mo, mouth; PMM boundary, premandibular–
maxillomandibular boundary.
Copyright © 2000 by Academic Press. All right
FIG. 5. FGF8 beads implantations. (A) The experimental procedure.
A slit was made on the right lateral surface ectoderm of the embryo
(left, dorsal view) and the bead was inserted ventrally into the
presumptive premandibular region (right, ventral view). (B–E) An
embryo that received an FGF8-soaked bead. (B, C) Barx1 expression
patterns 48 h after implantation. The control (B) and the operated
sides (C). By ectopic application of FGF8 (the bead site is indicated by
asterisk), Barx1 expression is expanded in the experimental side (C).
Note that the eye is reduced on the operated side of the embryo. (D, E)
Trigeminal nerve morphology. The same embryo shown in (B) and (C)
has been immunohistochemically stained with the monoclonal anti-
body, 3A10. (D) The trigeminal nerve normally consists of the
ophthalmic nerve (V1) that innervates the eye (e) and premandibular
region (indicated by arrowheads) and the maxillomandibular nerve
(V213) in the mandibular arch (mx and mn). Note that the latter nerve
is restricted to the Barx1-expressing domains. (E) By ectopic applica-
tion of FGF8 (asterisk), the mesenchymal region caudal to the eye
(indicated by white arrows) receives fibers from both the maxilloman-
dibular and ophthalmic nerves. This region is normally innervated
only by a ventral branch of the ophthalmic nerve (arrowheads in D).
Abbreviations: e, eye; hy, hyoid arch; mn, mandibular process; mx,
maxillary process; pm, premandibular region.
s of reproduction in any form reserved.
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80 Shigetani, Nobusada, and Kuratani
cells both in the reduced premandibular region and in the
apparent mandibular region in all the embryos (10 of 10
embryos; Table 1 and Fig. 6B). We conclude, therefore, that
at least a part of the ventral trigeminal crest cells, which
would have differentiated into the premandibular identity,
was transformed into the identity of the mandibular arch by
ectopic FGF8.

At stage 13 of normal embryos, in which the PMM
boundary is not clearly observed, focal injections of DiI
were also performed into the local ectomesenchyme of the
trigeminal region (Fig. 6C). Labeled cells always grew as
continuous masses of cells, and only a few labeled cells
moved across the PMM boundary (Figs. 6D–6F). It seems
likely, therefore, that by stage 13 the trigeminal crest cells
are already specified into premandibular, maxillomandibu-
lar, and possibly the preoptic subpopulations. No active
movement appears to take place between each of the
domains. Local interactions between the ectoderm and the
mesenchyme thus may involve stable positioning of the
crest cells, which is roughly fixed at least by stage 13.

Ectopic BMP4 Eliminates the Maxillomandibular
Region

In the normal ectoderm, the rostral expression domain of
Bmp4 appears as if it might limit the expansion of the Fgf8
xpression domain (Figs. 2F and 2K). To test this possibility,
MP4-soaked bead implantation was performed. Contrary
o the FGF8 bead implantation, this experiment resulted in
he reduction of the maxillomandibular portion and of the
omain of Dlx1 expression (Figs. 5F–5I). Almost all of the

mandibular arch disappeared on the operated side, but the

TABLE 1
The Distribution Pattern of DiI-Labeled Trigeminal Crest Cells
after FGF8 Bead Implantation

Sites of DiI injections
and types of bead

implantations

Embryos with
labeled cells

in the
premandibular

region/total
embryos
observed

Embryos with
labeled cells

in the
mandibular
region/total

embryos
observed

Diencephalon
No bead 13/13 0/13

Anterior midbrain
No bead 13/13 4a/13
PBS bead 9/9 0/9
FGF8 bead 10/10 10/10

Posterior midbrain
No bead 5 1 1a/9 9/9

Note. The anterior midbrain can contain the level of the
iencephalic–mesencephalic boundary, and the posterior midbrain,
he isthmus. The injections into the middle one-third of the
idbrain were not counted in the above list.
a Only a few cells were found in the indicated regions.
Copyright © 2000 by Academic Press. All right
posterior and anterior (maxillary) portions usually remained
(Fig. 5G). Unexpectedly, ectopic BMP4 application arrested
development of the entire trigeminal nerve complex (in-
cluding the maxillomandibular and ophthalmic nerves;
Figs. 5H and 5I); all the peripheral branches failed to develop
and only the trigeminal ganglion was present (Fig. 5I).

Some of the operated embryos were stained in whole
mount with Alcian blue to observe the chondrocranial
morphology. In the embryos that had received the BMP4
bead, Meckel’s cartilage was totally lost on the experimen-
tal side (2 of 5 embryos, Fig. 7A), while the retroarticular
process, which has been shown to be of the second arch
origin (Köntges and Lumsden, 1996), was fused with the
quadrate cartilage (Fig. 7C). No change occurred in the
putative premandibular skeletal elements, such as the in-
terorbital septum, trabecular cartilage, or basitrabecular
process (de Beer, 1937; Couly et al., 1993), except that the
rticulation between the quadrate and basitrabecular pro-
ess was lost on the experimental side (Figs. 7B and 7C).

DISCUSSION

Specification of the Trigeminal Crest Cells
The present study has shown that the anterior cephalic

crest cells are first distributed ubiquitously in the preman-
dibular and maxillomandibular regions of early chick em-
bryos, with no obvious boundaries (Figs. 1B and 1C). For the
most rostral cephalic crest cells that cover the trigeminal
region, mapping of premigratory neural crest cells has not
been well studied. This is partly because the premandibular
region has often been confused with the maxillary region
that is a part of the mandibular arch. Considering the
premandibular regions, however, the literature seems to
show that crest cell streams can be roughly mapped to two
regions. First, those in the posterior midbrain give rise to
mandibular arch cells. Second, as we found, cells in the
anterior midbrain and more rostral neural crest migrate
mostly into preoptic and premandibular regions (Osumi-
Yamashita et al., 1994).

Unlike the more caudal pharyngeal arches, in which the
enetic code is strongly precommitted along the neuraxis
nd crest cell streams are well dissociated from each other
y r3 and r5 regions (Lumsden et al., 1991), the ectomesen-
hyme in the trigeminal region appears to be only roughly
pecified anteroposteriorly in the premigratory neural crest
t the midbrain and forebrain levels. As suggested in the
resent study, later specification rather depends on ectoder-
ally derived signals including FGF8 and BMP4; locally

stablished ectodermal–ectomesenchymal tissue interac-
ions appear to regionalize the premandibular and mandib-
lar regions out of this apparently homogenous cell popu-
ation. This premandibular–mandibular patterning, which
recedes the proximodistal patterning within the mandib-
lar arch, is apparently able to respecify by the change of
ctodermally expressed growth factors, FGF8 and BMP4.
he present experiments have actually shown that the local

dentities of the premandibular and mandibular ectomesen-
s of reproduction in any form reserved.
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FIG. 6. Focal injection of DiI into the trigeminal crest cells. (A, B) Mapping of the premandibular crest cells. (A) Sham-operated embryos
that received PBS-soaked beads after focal injections of the neural crest with DiI. Note that most of the rostral midbrain-derived crest cells
populate the premandibular region. Similar labeling was obtained in control embryos in which beads were not implanted. (B) Four examples
of DiI-injected embryos that received FGF8 beads after the injection. Many of the labeled cells have populated the rostrally shifted maxillary
process which would have had developed into the premandibular region in normal development. (C–F) Local specification of the trigeminal
ectomesenchyme after stage 13. (C) Injections were made into three different sites (small D to F) of the ectomesenchyme at stage 13 when
the PMM boundary is faintly visible. The open arrowhead indicates the presumptive site of the PMM boundary. (D) Labeled cells are mostly
distributed as a continuous band of cells that runs along the axis of the mandibular arch. (E) The maxillary and mandibular mesenchymes
are labeled as a single mass. Only a few cells are migrating into the premandibular domain. (F) Premandibular injection results in the rostral
growth of labeled cells. Some of the labeled cells are adhering to the ventral aspect of the optic nerve.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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FIG. 7. BMP4 beads implantations and cranial development. The experimental procedure was similar to that for FGF8 bead implantation
(Fig. 5A). (A, B) Fgf8 expression patterns on the control (A) and operated (B) sides of an embryo 6 h after the bead implantation. Arrowheads
indicate the implanted beads. The ectodermal expression of Fgf8 is completely lost on the experimental side (B). A large bead was used for
his particular embryo. (C, D) Expression of Dlx1 on the control (C) and the experimental (D) sides of the embryo 48 h after implantation.
xpression domain of Dlx1, or the mandibular arch region, is reduced on the experimental side (D). Note in (D) that the periangular part
f the mandibular arch is entirely missing. Arrowhead indicates the site of bead implantation. This lost portion corresponds to the region
ndicated by white dots in (C). (E, F) Another embryo hybridized in situ for Dlx1 expression (dark purple portions) and immunostained with
he monoclonal antibody, 3A10 (dark orange). On the control side (E), the trigeminal nerve has grown the ophthalmic nerve (V1) rostrally
nd the maxillomandibular nerve (arrowheads) into the mandibular arch. On the operated side (F), all the trigeminal peripheral branches
re arrested. (G) The ventral view of stage 33 embryo in which BMP4 bead had been implanted onto the right side of the PMM boundary
egion at stage 10. The left half of the lower jaw has developed normally on the left side (arrows), but the right half is absent (asterisks
ndicate the position where the lower jaw is expected). (H) The control side of the same embryo as shown in (G). Whole mount stained with
lcian blue. The cartilage of Meckel (Mc) and quadrate (q) are the derivatives of the mandibular arch. The quadrate articulates with the
ranial base by means of the basitrabecular process (bt). The caudal end of the cartilage of Meckel continues into the retroarticular process
ra), which has been shown to be of hyoid arch derivative (Köntges and Lumsden, 1996). (I) The experimental side of the same embryo.

eckel’s cartilage is absent, but the retroarticular process-like cartilage is fused with the quadrate (q9) that does not articulate with the
asitrabecular process (asterisk). Abbreviations: bb, basibranchial; bh, basihyal; bt, basitrabecular process; cb, ceratobranchial; e,
ntoglossum; eb, epibranchial; io, interorbital cartilage; Mc, Meckel’s cartilage; oc, orbital capsule; otc, otic capsule; q, quadrate; ra,
etroarticular process.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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83BMP and FGF Signaling in the Craniofacial Regionalization
chyme can be shifted by local application of growth factors.
The repatterning of the premandibular and mandibular
region was consistent with the changed expression pattern
of presumed target genes of FGF8 and BMP4. Importantly,
the rostrally shifted position of the maxillary process by
FGF8 reflects, at least in part, the transformation of the
crest cells that otherwise would have developed into the
premandibular identity (Table 1, Fig. 1).

FGF–BMP Signaling and Ectomesenchymal
Patterning

In the differentiation of the mandibular arch, the roles of
FGFs and BMPs have been emphasized recently as the
upstream factors of local regulation of the mesenchymally
expressed genes, which specify the polarities of the arch
mesenchyme (Barlow and Francis-West, 1997; Tucker et al.,
1998a,b, 1999a,b; Thomas et al., 2000; Ferguson et al.,
000). These experiments focused on rather late develop-
ental patterning that is restricted within the domain of

he mandibular arch. These growth factors have been pos-
ulated to be involved in the proximodistal patterning of the
andibular arch (Neubüsser et al., 1997; Thomas et al.,

000). The present experiments have shown that similar
ets of molecular cascades are used in the earlier patterning
vent on which the mandibular arch patterning is depen-
ent. In this context, the morphology of the BMP4 bead-
mplanted embryo (Fig. 7) is reminiscent of a murine
ransgenic experiment, in which Fgf8 was inactivated by
he Cre/loxP system (Trumpp et al., 1999). The loss of FGF8
n the latter experiment may have been to a similar time
able to ours, as it seems the initial regionalization of the
andibular arch was arrested in this transgenic mouse.
raniofacial patterning thus appears to be sequential series
f inductive events between the ventral ectoderm and the
ctomesenchyme. In particular, ectodermal localization of
GF8 was assumed to function in the initial regionalization
f the mandibular arch crest cells out of the trigeminal crest
ells. Expression of Fgf8 precedes the influx of crest cells
nto the pharynx, implying that the basic morphological
lan of the craniofacial region is set up early in the surface
ctoderm.
One of the basic mechanisms behind the above pattern-

ng process would be the balanced and stabilized expression
omains of Fgf8 and Bmp4. As already reported, FGFs and

BMPs act in an antagonistic fashion (Neubüser et al., 1997;
Ericson et al., 1998; Tucker et al., 1998a). Similar mecha-

isms may also be involved in PMM regionalization. In the
arly phase of mandibular arch specification, our experi-
ents as well as the normal expression sequence of these

enes imply that BMP4 may limit Fgf8 expression and
econdarily repress Dlx1 expression, which eventually re-
uces part of the mandibular arch (Fig. 7D). Actually, the
lx1 expression domain lost by the BMP4 bead implanta-

ion (Figs. 7C and 7D) corresponds exactly to the region
here Dlx1 is thought to be upregulated only by FGF8 (Fig.

). Such an interaction would be a part of stabilized local
xpression patterns of the regulatory genes in the craniofa-
Copyright © 2000 by Academic Press. All right
ial region (Fig. 8). Probably, early expression domain of
gf8 can be regarded as the ectodermal portion to define the
andibular arch, which secondarily regionalizes also the

MM boundary.
The regulatory mechanism between BMP4 and FGF8

emains unclear. The equilibrium between FGF8 and BMP4
ay also be mediated by the underlying mesenchyme, as

hown in the murine mandibular arch (Thomas et al.,
000). The interaction may not be simple either; ectopic
GF8 not only induces Bmp4, but it can also repress Bmp4,
s seen in the eye. This may possibly be regarded as a
econdary effect, since the involvement of BMP4 in the
ormal development of the retina and lens has been shown
n the mouse (Furuta and Hogan, 1998). We conclude, in the
resent study, that the FGF8 and BMP4 genes are involved
n the early patterning of the craniofacial region that
eparates the maxillomandibular region against the more
ostral part of neural-crest-filled region or the premandibu-
ar region. The latter region has been neglected so far in
evelopmental biology.
After the implantation of BMP4 and FGF8 beads, the
NK-1 immunostaining did not show any overt disruption
f the crest cell distribution (data not shown). The shifts of
he expression of homeobox genes and subsequent change
f regionalization are therefore not due to cell migration,
ut are more likely to be due to the early change of growth
actor distribution that altered mesenchymal expression of
he target genes. Initial regionalization and specification of
nsegmented trigeminal crest cells thus seem to be estab-
ished through tissue interactions between crest cells and
urface ectoderm. In addition, this association must take
lace within a narrow window of timetable before stage 13,
ince the shift of patterning is restricted within the man-
ibular arch when the growth factor beads are implanted at
ater stage of development, as noted above (Thomas et al.,
000; Ferguson et al., 2000). The loss of mandibular-arch-
erived cartilage by ectopic BMP4 is consistent with our
ypothesis. The most striking effect was the absence of the
artilage of Meckel, which never occurs when similar
xperiments are carried out on later stage embryos. The
uadrate cartilage in older embryos (Fig. 7I) might have
erived from such a remainder of the maxillary process, as
een in Fig. 7D. In our experiments, it was not possible to
etermine how long the ectopic growth factor could affect
he regulation of homeobox genes. Furthermore, it has
ecently been found that the mesenchymal expression of
he homeobox genes does not require the presence of the
pithelium after a certain stage of development (Ferguson et
l., 2000). This might explain the partial development of
he mandibular arch in our experiment.

In conclusion, FGF8 (probably in association with BMP4)
s most likely to be involved in the partitioning of the
rigeminal crest cells into premandibular and mandibular
egions, through epithelial–mesenchymal interactions. In
ater development, the same molecular cascades are used in
atterning within the mandibular arch, as stated by previ-
s of reproduction in any form reserved.
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ous authors. It is curious that the same molecular mecha-
nisms function in different phases of the hierarchically
constructed, craniofacial developmental program, being ex-
pressed in the fixed position in the embryonic ectoderm.
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