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A zone of frontonasal ectoderm regulates patterning and growth in the face
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SUMMARY

A fundamental set of patterning genes may define the activated a cascade of molecular events that reprogrammed
global organization of the craniofacial region. One of our the developmental fate of neural crest-derived
goals has been to identify these basic patterning genes and mesenchyme, which resulted in duplications of upper and
understand how they regulate outgrowth of the frontonasal lower beak structures. We discuss these data in the context
process, which gives rise to the mid and upper face. We of boundary/morphogen models of patterning, and in view
identified a molecular boundary in the frontonasal process of the recent controversy regarding neural crest pre-
ectoderm, defined by the juxtaposed domains d¢fibroblast  patterning versus neural crest plasticity.

growth factor 8and Sonic hedgehogwhich presaged the

initial site of frontonasal process outgrowth. Fate maps

confirmed that this boundary region later demarcated Key words: Craniofacial development, Patternifgf, Shh

the dorsoventral axis of the upper beak. Ectopic Neuroectoderm, Facial ectoderm, Neural crest, Frontonasal process,
transplantation of the ectodermal boundary region FNP, Branchial arch, Pharyngeal arch, Quail, Chick

INTRODUCTION is controlled by neural crest-derived mesenchyme (reviewed by
Dorsky et al., 2000).
Almost 100 years of exploration into the mechanisms However, abundant data underscore the significance of
underlying morphogenesis has revealed that pattern formati@mvironmental signals in determining cell fate. The
is a remarkably conserved process, not only among phyla tnansplantation (Baker et al., 1997; Couly et al., 1998; Hunt et
the animal kingdom but also across disparate tissues amdl, 1998; Schneider, 1999) or ablation (Raible and Eisen,
organs. From fields as diverse as mathematics, biophysics ab@96) of neural crest, the transplantation or ablation of local
biology, a unifying hypothesis has emerged that addresses haignaling centers (Couly et al., 2002), the alteration of gene
complex patterns can be generated in a dynamic environmestpression patterns by electroporation (Creuzet et al., 2002;
(Dillon and Othmer, 1999; Gurdon and Bourillot, 2001; Grammatopoulos et al., 2000), in vitro co-culture experiments
Meinhardt, 1983; Meinhardt, 1984; Wolpert, 1994; Wolpert,(Tyler and Hall, 1977) and experiments in which the addition
1996). This convergent theory proposes that cells within af signaling molecules transform cell identity (Lee et al., 2001)
growing field sense and interpret multiple gradients of physicall indicate that neural crest cells retain a considerable degree
and chemical properties, then integrate this information andf plasticity. These data support the conclusion that local
differentiate in a time- and location-dependent manner. Thesvironmental signals regulate craniofacial patterning by
models have been used to describe, and possibly predict, heliciting a range of responses from an uncommitted population
patterning and growth occurs in a number of embryonic tissuesf neural crest.
We were interested in applying these same models to We find the balance between neural crest pre-determination
patterning and growth of the craniofacial complex. and plasticity particularly compelling, and have pursued this
There is an enormous literature indicating that the craniassue in the context of craniofacial morphogenesis. Our
neural crest, which gives rise to the connective tissues of thevestigation focuses on the mechanisms that regulate
face, carries out cell-autonomous programs of differentiatiorpatterning and growth of the frontonasal process (FNP), which
The rostrocaudal level of origin (Noden, 1983; Serbedzija afives rise to the mid and upper face, and (in birds) contributes
al., 1991), the expression of a ‘Hox code’ (Hunt et al., 1991hp the upper beak. Bird beaks exhibit an astonishingly variable
Hunt et al., 1991c) and the timing of emigration from the neurainorphology, ranging from that of the Snail-Eating Coua to the
tube (e.g. Artinger and Bronner-Fraser, 1992; Bronner-Fras@&oseate Spoonbill and variations in beak shape have been
and Fraser, 1989; Richardson and Sieber-Blum, 1993) addosely associated with adaptive radiation into new niches
thought to impart a ‘pre-pattern’ to neural crest populationg(Darwin, 1859). Both aspects make the question of how the
These data support the conclusion that craniofacial patternidmpak attains its pattern a particularly enticing problem to
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address. Our first postulation was that changes in beakepared by removing FNP ectoderm from the dorsal midline with

morphology could result from subtle alterations in epithelialtungsten needles; care was taken to avoid excessive disruption of
mesenchymal interactions in the FNP. Thus, we began ounderlying mesenchyme. The donor grafts were positioned in the
studies by examining the extent to which ectodermal Signago_rsal region of the host FNP and secured in place using glass pins

; (Fig. 2A). Chimeric embryos were incubated for 12, 24, 48 hours,
controlled patterning and growth of the FNP. and for 7 and 10 days for molecular, cellular, histological and

morphological analyses.

MATERIALS AND METHODS Immunohistochemistry
) To detect quail cells, chimeric embryos were removed 12 and 24
Fate mapping the FNP hours, and 7 days after graft transplantation, fixed in Serra’s, paraffin

Replication-competent and replication-incompetent retrovirusesvax embedded, and cut into i sagittal sections. Immunodetection
encoding alkaline phosphatase (RCAS-AP and RIS-AP, respectivelgf quail cells used QCPN, the quail-specific monoclonal antibody
were produced as described (Fekete and Cepko, 1993). Briefly, DF{Developmental Studies Hybridoma Bank), followed by incubation
cells were transfected with proviral DNA and expanded in Dulbecco’svith a second antibody conjugated to Horseradish peroxidase (HRP).
Minimum Essential Medium (DMEM) supplemented with 10% FBS; Diaminobenzidine (DAB, Sigma) was used to detect HRP. Sections
cells were passaged twice. Viruses were harvested over 3 consecutivere counterstained with Fast Green FCF (Fisher) and imaged using
days from confluent cultures grown in low serum conditions (e.g. 1%rightfield optics.

FBS). Viral supernatants were filtered to remove cells and centrifuged ] )

at 87,275g for 3 hours to concentrate virions. The supernatants werBead implantations

discarded, viral pellets were re-suspended in low serum culturdeparin sulfate beads (200-25fn diameter; BioRad) were soaked
medium, and 2@l aliquots were frozen at —80°C. One microliter of in a solution containing Fgf2 protein (408/ml; R & D Systems), at
0.02% Fast Green was added to eachlMral supernatant to aid in  37°C for 1 hour. Affi-Gel Blue beads (50-100 mesh, 200-250
visualization during injection. The virus-dye solution was drawn updiameter; BioRad) were soaked in recombinant Shh-N protein (400
into a pulled borosilicate glass capillary pipette (OD=1.0 mm;ug/ml in PBS with 0.1% bovine serum albumin; Ontogeny) 4€37
ID=0.50 mm; Sutter Instrument, Novato, CA), attached to a KITE-Rfor 1 hour. Fgf2 beads, Shh-N beads, or a combination of both beads
micromanipulator (World Precision Instruments, Sarasota, FL), andiere implanted into the dorsal FNP of stage 25 embryos, underneath
injected using a PV830 Pneumatic Picopump (World Precisiorthe host ectoderm. When a bead and a graft were combined, the graft
Instruments, Sarasota, FL). Virus was injected into the FNP of stageas positioned, stabilized with glass pins in three corners, and then
20 chick embryos; embryos were fixed in 4% paraformaldehydéhe bead was placed beneath the edge of the graft. The fourth corner
(PFA) in phosphate buffered saline (PBS) after 48 hours, or aftesf the graft was secured with a glass pin as described. Seven days
7 days. Endogenous alkaline phosphatases were inactivated ater, embryos were examined for morphological alterations by gross
incubation in PBS at 65°C for 30 minutes. Infected cells wereexamination and histology.

visualized by washing embryos three times in PBS and incubating in

BM-purple (Roche) until a blue reaction product was visible. Histology
) o Embryos were sacrificed at stage 36; their heads were fixed in 4%
In situ hybridization PFA overnight at 4°C, dehydrated and embedded in paraffin wax.

In situ hybridization was performed on whole avian embryos andHeads were cut into 20m sagittal sections, which were stained with
paraffin wax-embedded sections as described (Albrecht et al., 199Miilligan’s Trichrome (Presnell and Schreibman, 1997).

Subclones oBhh Ptcl, Glil, Isletl, Lfng, Rfng Fgf8, Fgfl0, Barx1,

FgfR1-3 AP2 Bmp2 Bmp4 Bmp5 Bmpg Bmp7 BmpR1aBmpR2h

Noggin Gremlin Follistatin, DAN, Wnt4 Wnt§ Wnt7a Wnt7h

Wnt13 Wnt14 B-catenin Thx2, Thx3, DIx1, Engrailed1, Engrailed2 RESULTS

Frzbl, LEF, Notch Delta and Serratewere linearized to transcribe . )

either35S-labeled or digoxygenin-labeled antisense riboprobes. ThP€fining the dorsoventral axis of the upper beak

expression patterns of all of these genes were examined at multip@®ur first objective was to understand the cellular movements
stages during craniofacial development; a subset of expressiqRat create the three-dimensional organization of the upper
patterns is shown here. F&S-labeled riboprobes, the hybridization pegk (see also McGonnell et al., 1998). Using RCAS-AP and
signal was pseudo-colored  using Adobe Photoshop, thep s Ap e followed the fate of small groups of ectodermal
superimposed onto an image of the tissue stained with Hoech

nuclear stain (Sigma). Whole-mount in situ hybridization Was&:“IIS in the stage 20 FNP (Fig. 1). Both retroviruses produced

erformed as described (Albrecht et al., 1997). similar results, and. showeq that infection_ of ceIIs. i!’] the
P ( ) dorsolateral FNP (Fig. 1A, site B) resulted in AP staining in
Graft preparation and transplantation proximal regions of the upper beak=(@0, Fig. 1B). Of

Tissue grafts consisting of FNP ectoderm and mesenchyme wepdrticular interest to us was the result of injections performed
harvested from stage 20 (Hamburger and Hamilton, 1951) quaivithin a narrow band of ectoderm extending, in a mediolateral
embryos using sharpened tungsten needles (illustrated in Fig. 2Ajirection, across the FNP (Fig. 1A, sites C,D). These injections
The FNP tissues were placed in DMEM digested with Dispase (2.fesulted in AP staining along a margin of the upper beak that
units/ml, on ice for 20 minutes) to facilitate separz.iti.on of eCtOdem%eparated the dorsal surface from the ventral (Fig. 1C,D). We
from mesenchyme, then washed in DMEM containing 1% BSA {q,c5ed on this area, and found that when cells at the midline
stop the digestion. FNP ectoderm grafts, measuring 0.5-0.8 mm this ectodermal band were infected, AP staining was

height by 1.0-1.2 mm in width, and free of adherent mesenchym X . -
were transferred into DMEM containing Neutral Red °@3 2 detected at the very tip of the beak=g§, Fig. 1D), while

minutes), which was added to facilitate visualization of the graft whefifection of more lateral cells produced staining along the
transferred to the host. proximal edgesn=10, Fig. 1C). Infection of cells below the

Stage 25 chick embryos served as hosts. Embryos were positionease of the FNP (Fig. 1A, site E) resulted in AP staining on
in the egg to gain access to the facial primordia, and the graft site wise ventral surface of the beak=p, Fig. 1E). Thus, our fate
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"FEZ graft

St'."' 0 donor

Fig. 2. Transplantation of the FEZ creates an ectégi8/Shh

Fig. 1. Defining morphogenetic movements and molecular boundariesboundary. (A) A region of stage 20 FNP ectoderm measuring 0.5-0.8
in the upper beak. (A) A stage 20 embryo illustrating four primary ~ mm by 1.0-1.2 mm in width (indicated by the red striped box) was
sites of retroviral application. Broken red lines trace the border of the transplanted onto the dorsal FNP (D) of a stage 25 chick embryo and

FNP and maxillary processes, and colored dots correspond to pinned into place. (B) Lateral schematic view of the FEZ donor site
injections sites shown in B-E. (B) Infected cells were visualized after (broken red lines indicate cut sites). FEZ grafts encompassed the
histochemical detection of alkaline phosphatase activity (blue Fgf8 (green) ventrabhh(yellow) junction (indicated by a red arrow).
precipitate). A frontal view of a stage 30 embryo showed that (C) Lateral schematic view of the FEZ graft site in a stage 25 host

injections at site B labeled a patch of ectodermal cells that extended FNP. The quail-derived FEZ graft is indicated by a darker green
along the dorsal aspect of the FNP. The egg tooth is indicated by an (dorsal) and a darker yellow (ventral) domain, and by red letters.
asterisk. (C) Frontal view of a stage 28 embryo showed that injection:Twelve hours after transplantation, (Bihexpression persisted in
at site C labeled ectodermal cells on the dorsal margin of the upper the ventral FNP ectoderm (V) of stage-matched, unoperated
beak. (D) Frontal view of a stage 30 embryo showed that injections aembryos. (E) Ectopi€gf8andShhin the dorsal FNP of chimeric
site D produced labeled cells that resided along the dorsal margin of €mbryos confirmed that the FEZ (red D,V) was appropriately

the upper beak. (E) Ventral view of a stage 30 upper beak, which positioned in the host FNP. (F) Higher magnification of the boxed
demonstrated that injections at site E resulted in labeled cells along tiregion in E showed that only QCPN-positive quail ectoderm was
midline of the ventral upper beak. The broken red line indicates the transplanted. ps, palatal shelf; pe, pharyngeal endoderm; rp, Rathke’s
dorsoventral boundary, (F) which was demarcated bgtine pouch; di, diencephalon; or, optic recess; t, telencephalon.
expression domain. (G) Whole-mount in situ hybridization

demonstrated that by stage 3bhwas expressed in ventral FNP " . . .
ectoderm (V); transcripts were also evident in hyoid arch (hy) Our next objective was to identify genes whose expression

ectoderm. (H) Also at stage ZEf8was expressed in dorsal FNP patterns implicated Fhem in tht_a estabhs_hment of a putative
ectoderm (D); transcripts were detectable around the nasal pit (np), iflorsoventral FNP axis. Two obvious candidates Wefé and
the maxilla (mx) and mandible (mn), and on the posterior aspect of th&hhbecause of their capacity to mediate axis specification and
hyoid arch. (1) The juxtaposed (red arrowhead), but not overlapping patterning in other developmental systems (Laufer et al., 1994;
boundary ofgf8 (transcripts pseudocolored green) in dorsal FNP (D) Ye et al., 1998). Using whole-mount in situ hybridization, we
andShh(yellow) in ventral ectoderm (V) was confirmed by section in found that in the FNPShh transcripts were restricted to a
situ hybridization. ps, palatal shelf; pe, pharyngeal endoderm; rp,  ventral region, whilégf8 transcripts were limited to a dorsal
Rathke’s ppuch; di, diencephal_on; or, optic recess; t, telencephalon. region (Fig. 1G,H). To find out if these domains were mutually
Scale bar:in B, 1 mm for B-F; in I, 0.5 mm. exclusive or overlapped to some degree, we compardttjfBe
and Shhexpression patterns on adjacent tissue sections using
maps suggested that a dorsoventral axis was established in geetioned in situ hybridization. We found that the ventralmost
FNP prior to the initiation of outgrowth. extent ofFgf8abutted (but did not overlap with) the dorsalmost
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site of Shh(n=10, Fig. 1I). We examined 23 other candidateaccommodate a FEZ graft without disrupting or interfering
genes (see Materials and Methods for a complete list) and nonéth ectoderm at the tip of the FNP. In our first experiment, the
exhibited the same restricted pattern of expression at this eadyientation of the FEZ graft was maintained in the host
stage of development (R.S.M. and J.A.H., unpublished). Thugkig. 2B,C). We collected chimeric embryos and unoperated,
our molecular analyses indicated that Hyf&/Shhexpression stage-matched controls for the first analyses 12 hours after
boundary, which corresponded to the fate-mapped dorsoventtaansplantation. We used in situ hybridization to demonstrate
margin, presaged the site of proximodistal growth of the FNRhat the graft was appropriately positioned in the host, and
Henceforth, we refer to the stage EQ@f8Shh expression continued to expredsgf8 andShhin its ectopic positionn=7,

boundary as the frontonasal ectodermal zone (FEZ). Fig. 2D,E). We used QCPN immunostaining to confirm that
] the graft was composed entirely of ectodermal cells from the

Transpl'antatmn of the FEZ alters dorsoventral quail donor, with no adherent mesenchyme?7( Fig. 2F).

patterning of the FNP Within 12 hours the FEZ graft induced cell proliferation and

We suspected that the FEZ controlled aspects of dorsoventral-specified gene expression patterns in the underlying dorsal
patterning in the FNP, and developed a transplantation strate§NP mesenchyme. By 24 hours, these altered expression
to test this possibility. In the first set of experiments, we graftegatterns were even more pronounced, and the first
the FEZ from a quail embryo onto the dorsal FNP of a stageorphological evidence of an ectopic outgrowth was observed
25 chick host (Fig. 2A-C). We performed these heterochronin=15, Fig. 3). The changes in gene expression were consistent
transplants because a stage 25 FNP is sufficiently large taith the orientation of the graft; for examphhis normally
restricted to ventral FNP ectoderm (Fig. 3A,D); when
the FEZ was positioned in its original dorsoventral
orientation (i.e., no rotation), &hhoff/Shhon/Shh
off/'Shhon pattern (from dorsal to ventral) was created
in the chimeric ectodernm€10, Fig. 3B,E). EctopiPtcl
andGlil in the mesenchyme reflected the locatioSaff

in the ectoderm being induced beneathShépositive
regions and downregulated beneath Siginegative

Fig. 3.Changes in gene expression patterns correspond to
FEZ orientation. (A) Schematic lateral view of a stage 25 host
FNP, indicating dorsal (green) and ventral (yellow) domains
corresponding to sections shown in D,G,J,M,P,S.

(B) Schematic view of a quail FEZ graft (dark green, dark
yellow, red D,V) positioned on the dorsal surface of a stage 25
chick host FNP corresponding to sections shown in
E,H,K,N,Q,T. (C) Schematic view of a FEZ graft that has
been rotated 180° (red V,D) corresponding to sections shown
in F,1,L,O,R,U. (D) In unoperated embry&hh(yellow) was
restricted to ventral FNP ectoderm (¥gf8 was already

down regulated in dorsal FNP ectoderm (D) but transcripts
were still detectable in the optic recess (or). (E,F) Twenty-
four hours after transplantatioBhhwas detected in the

ventral FEZ (red V) as well as in its endogenous, ventral
domain (white V)Fgf8was no longer detectable in the dorsal
FEZ (red D). (G)Ptcltranscripts were detected in ventral
ectoderm and throughout FNP mesenchyme. @idlwas
ectopically induced in FNP mesenchyme beneath the ventral
region of the graft. (Xplil was expressed in ventral ectoderm
and at low levels throughout FNP mesenchyme. (Gl

was ectopically induced in mesenchyme beneath the ventral
FEZ. (M) Msx1was expressed in dorsal ectoderm and
mesenchyme, corresponding to the site of outgrowth.

(N,0) Msx1was repressed beneath the ventral, and induced
beneath the dorsal, FEZ; a small ectodermal pattssi

was evident in dorsal host ectoderm but was absent in
underlying mesenchyme (O, arrowhead).APRwas

strongly expressed throughout the dorsal ectoderm and
mesenchyme. (Q,RP2transcripts were abundant beneath
both the dorsal and ventral FEZ. (Shgwas expressed at

low levels throughout the ectoderm and localized to the
mesenchyme at the site of outgrowth. (T,U) The endogenous
mesenchymal expressionldhgwas up regulated adjacent to
the graft, as well as in the mesenchyme beneath the ventral
graft, but was missing from the dorsal mesenchyme
(arrowhead). Scale bars: 1 mm.
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regions (Fig. 3H,K). We also analyzed chimeric and controthe dorsal-most mesenchyme (Fig. 30,U, arrowheads). The
embryos forFgf8 expression. Althouglrgf8 continued to be ability to re-specify gene expression in FNP mesenchyme was
expressed in the optic recess (Fig. 3D-F), it was downregulatewt shared by other ectodermal grafts, including stage 20 dorsal
in the host FNP ectoderm and the FEZ graft by this stagéacial ectodermr(=6) and stage 20 flank ectodern=§).
Nonetheless, downstream targets of Fgf signaling, includin% )

Msx1and AP2, were upregulated under the previouBkys- he FEZ also induces FNP outgrowth

positive dorsal part of the FEZ graft and downregulated undérhus far, our results indicated that ectodermal signals from the
the Fgf8-negative ventral region of the FEZ (Fig. 4M,N,P,Q). FEZ could override a molecular ‘pre-pattern’ in neural crest-
Other genes, such &$ng and most of the Bmp genes, were derived mesenchyme. To determine if this molecular re-
upregulated in FNP mesenchyme underneath the graft (Figrogramming resulted in alterations in facial patterning, we
3S,T, and data not shown). When the graft was rotated 18@8peated the grafting experiments and examined control and
(Fig. 3C), we found the predicted reversal in tBah chimeric embryos at stage 36 (Fig. 4). By this time, the upper
pattern (e.g. Shhoff/Shhon/Shhoff/Shkon; Fig. 3F). beak exhibits unequivocal dorsal and ventral features such as
Correspondingly,Ptc1 and Glil were upregulated in the the egg tooth, a transitory cornified thickening of the dorsal
mesenchyme under the vent&ihdomains (Fig. 3l,L) while epidermis located near the tip of the upper beak, the
dorsal genes such &ssx1andLfng were upregulated under premaxillary bone, which lies immediately underneath the egg
dorsal regions of the FEZ graft and repressed under ventrdoth, and the cartilaginous prenasal process, which is the
regions (Fig. 30,U). Neithavisx1nor Lfng was expressed in equivalent of the prenasal septum in mammals and is

Fig. 4. The FEZ induces outgrowth of an ectopic
beak that exhibits dorsoventral polarity. vv /
(A) Schematic view of a stage 25 host FNP, % =
indicating that the intersection of the dorsal (gree St.25 chick FNP
and ventral (yellow) compartments was the site ¢
outgrowth (red arrow). (B) By stage 36, an egg tc
(*) was evident on the dorsal upper beak, while tl v
ventral surface has no ectodermal elaborations.
(C) Sagittal trichrome-stained section through the :
embryo shown in B demonstrates the dorsoventr U :
relationships among structures in the upper beak
The egg tooth (asterisk) is located on the dorsal
surface; beneath it is the premaxillary bone (pmx
and below this is the prenasal process (pnp). The Q:?
ventral surface of the upper beak (V) lacks any Y
elaborated ectodermal appendages. (D) Schema |St. 251025 DV
view of a stage 25 host after transplantation of qt _
stage 25 FNP ectoderm (red DV). (E,F) This isot U /
transplantation had no effect on facial morpholog
despite the fact that the graft was derived from qi /
_&*[—‘"'."

(G) Schematic view of stage 25 host after FEZ
transplantation. The graft is positioned in the nor|
dorsoventral orientation. The expected outgrowtt
(arrowheads), with their predicted dorsoventral St.20f025 DV -
polarity are indicated. (H) This grafting scenario _ :

resulted in an outgrowth from the proximal regior U ' ' /
the upper beak and contained two egg teeth. The
autochthonous egg tooth (arrowhead) appears /A? =
normally positioned. (I) The ectopic beak compris A

two egg teeth (red asterisk and arrowhead) locat ‘
above two premaxillae (red pmx) each surroundi Y
prenasal process (red pnp). These relationships ~ |$t. 201025 DV -
indicated that the ectopic beak had dorsal- v— g
ventral/ventral-dorsal polarity (DVVD). The i A
autochthonous beak contained an egg tooth (bla
asterisk), the premaxilla (black pmx), and the
prenasal process (black pnp, dorsal ventral indic.
by D and V). (J) Schematic view of stage A 25 hc
after transplantation of a rotated FEZ. The expec oV
outgrowths (arrowheads), with their predicted St 201025 D
dorsoventral polarity are indicated. (K) The ectopic

upper beak had a single egg tooth (red asterisk). (L) The presence of a single egg tooth (red asterisk), a single pcepmaxjliafd a single
prenasal process (red pnp) indicated the ectopic structure had ventral/dorsal polarity. (M) Schematic view of a stafjerdSdtopica
transplantation of a rotated FEZ. The expected outgrowths (arrows) and their predicted dorsoventral polarity are indicato(iy) structure
was evident and, (O) histological analysis indicated the presence of two egg teeth, a dorsal premaxilla and two presasal ppoaative
positions of these structures indicated a DV/VDV polarity to the beaks. Scale bars: 1 mm.

DV
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positioned ventral to the premaxillary bone (Fig. 4). As a@o the FEZ domain, or unique to the mesenchyme underlying
control, we replaced stage 25 chick FNP ectoderm with staghe FEZ.

25 quail FNP ectoderm (Fig. 4D-F). The grafted embryos ) o

were indistinguishable from their unoperated, stage-matchethe FEZ can override an existing FNP pattern

controls, indicating that the surgery alone did not alter facialVe explored the extent to which a FEZ graft could alter the
morphology (=8; Fig. 4E,F). Likewise, when stage 25 facial endogenous FNP pattern. First, we confirmed that removing
ectoderm was grafted to the dorsal FNP of a host embryo, tls¢age 25 facial ectoderm truncated the growth of the upper beak
chimeric embryos resembled their unoperated controls. Thit the level of the nasal capsule=10, data not shown) (see
finding indicated that a stage 25 ectoderm graft did not altddu and Helms, 1999). Next, we replaced FNP ectoderm
facial morphology r{=6, data not shown). with a FEZ graft, which had been rotated 180° prior to

In contrast to a stage 25 FNP ectoderm graft, a FEZ grafitansplantation. This rotation resulted in the juxtaposition of
dramatically altered facial pattern. In most cases (36/38), aventral FEZ with dorsal host ectoderm and dorsal FEZ with
enormous outgrowth was observed at the site of graftentral host ectoderm (Fig. 4M). By rotating the FEZ, we were
placement (Fig. 4H,K,N). We used the spatial relationshipable to ascertain the extent to which neural crest-derived
among the egg tooth, the premaxillary bone, and the prenasaksenchyme was plastic versus pre-specified, with regards to
process to define the dorsoventral axis of the structures inducddrsoventral pattern. Two beaks were evident as a result of the
by the FEZ. By these criteria, two ectopic upper beaks formegrafting (Fig. 4N,O). The first beak, in the ectopic location, had
(Fig. 4H,1). These ectopic structures were mirror-image (e.ca DV pattern. The second beak, in the autochthonous location,
dorsal-ventral/ventral-dorsal) duplications of one another; thiacked a (dorsal) premaxillary bone; in addition, the egg tooth,
autochthonous beak maintained its normal dorsoventrathich is a dorsal specialization, was now located at the
polarity (Fig. 41). We annotated this pattern¢VD/DV to  apex of the beak. Furthermore, the prenasal process was
reflect the polarity of the structures induced by the quail FE”

(in italics) and the autochthonous upper beak. The assignme
of a DVVD pattern to the ectopic structures was further
supported by molecular analyses performed 12 and 24 hou | : 273
after grafting, which showed anMsx1/Shh/Msx1/Shh / ¥
expression pattern in the FNP ectodenmlQ; Fig. 3 and data | i
not shown). Thus, the FEZ induced the formation of two nev Y ~
dorsoventral boundaries within the FNP, and the outgrowth ¢ g
two ectopic upper beak structures, whose own dorsoventr
polarity was determined by the gratft.

Based on these data, we hypothesized that juxtaposir FEZ graft in St. 25 host
dorsal and ventral ectodermal domains would be sufficient t
stimulate the outgrowth of beak structures. We tested thi C D Vv
hypothesis by rotating the FEZ 180° prior to grafting, which ?
positioned the ventralShhpositive) domain of the graft
adjacent to the dorsaf@f8/Msxtpositive) domain of the host,
and the dorsal domain of the graft adjacent to the ventr:
domain of the host (Fig. 4J). As predicted, the ensuin
molecular pattern in the ectoderm wslsx1-Shh-Msx1-Shh
(n=10; Fig. 3). Only one ectopic outgrowth was produced |-
which was a mirror-image duplication of the autochthonous
beak ¥D/DV; 7/7 cases, Fig. 4K,L). We did not detect the Fig. 5.QCPN staining indicates that_ FNP outgrowth; occur at
predicted third upper beak (Fig. 4J, question rnark)dorsoventral compartment boundaries. (A) Schematic view of a stage

presumably because of the failure to reprogram the dorsalmgggt Nost FNP illustrating two types of boundaries. One type of
mesenchyme (see Fig. 30,U, arrows). oundary is created between quail and chick tissues (i.e. a

2. . . heterospecific junction); these are indicated with blue arrows. Another
To explore further if juxtaposing dorsal and ventral domalnzz: pecific junction) nel v o W

_ . pe of boundary is created by the juxtaposition of dorsal and ventral
was sufficient to induce outgrowth, we transplanted stage Z{:toderm; we refer to these as dorsoventral compartment boundaries
ventral ectoderm to the dorsal surface of a stage 25 host FNRd they are indicated with red arrowheads. (B) QCPN
By doing so, we theoretically created two new sites whergnmunostaining identified ectodermal domains comprised of quail
dorsal and ventral tissues were apposed, and where outgrovRiaZ and chick FNP ectoderm. The colored lines indicate both the
should ensue if our initial hypothesis was correct. Wepolarity and source of the ectoderm. Dorsal ectoderm is green and
confirmed that the grafts comprised only ventral ectoderrqentral is yellow, and quail tissues are indicated with darker lines. C,

(n=12, in situ hybridization data not shown), and examinedhe transplanted FEZ; D, a new FEZ created by the juxtaposition of
chimeric embryos for morphological and histological _chlck dorsal and quail ventral ectoderm (shown at higher magnification

; ; in C,D. Note that the junction of chick dorsal and quail dorsal
alterations 7 days later. Ventral grafts were unable to Induceg toderm (blue arrowhead) did not result in an outgrowth. (C) Quail-

FNP alterations analogous to those caused by the FEZ gr% sitive ectoderm spanned the dorsoventral boundary of the ectopic
(n=14; data not shown). Taken together, these data show th@fgrowth (quail nuclei are black; the broken red line demarcates the
FNP outgrowth does not necessarily result from thepithelial-mesenchymal interface). (D) The juxtaposition of quail
juxtaposition of dorsal and ventral FNP ectoderm. Instead, owentral ectoderm and chick dorsal domains resulted in the creation of a
data indicate that FNP outgrowth requires other signals uniquimeric FEZ. mes, mesenchyme; et, egg tooth.
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symmetrically shaped rather than exhibiting a typically convexutgrowth (Fig. 6A-C), providing further support for our
dorsal surface and concave ventral surface. Thus, we ascribieterpretation that the structure was an ectopic distal mandible.
a VDV pattern to the second beak (Fig. 4N,O). These resulit/e performed a series of in situ hybridization analyses and
demonstrated that the FEZ graft could re-program the fate aletermined thaFgf8 and Shhexpression were maintained in
FNP neural crest-derived mesenchyme, even at a very latiee FEZ graft for at least 24 hours (Fig. 6F) and caused an

stage in facial development. expansion oBarx1, Ptcl, Glil, Bmp2andMsx1, and to a lesser
extentLFng, into the posterior region of the mandibular arch

FNP outgrowths occur at dorsoventral compartment (data not shown). Thus, the FEZ had the ability to re-program

boundaries the molecular and ultimately, cellular fate of first pharyngeal

The immunohistochemical localization of quail cells hadarch mesenchyme.

previously established that FEZ grafts consisted of ectoderm Transplantation of the FEZ to the second pharyngeal (hyoid)
with no adherent mesenchyme (Fig. 2F). We now used QCP&alch produced a completely different response: the graft did
immunostaining to demonstrate conclusively that thenot induce alterations in soft tissue (Fig. 7A,B) or hard tissue
dorsoventral molecular boundaries corresponded to thmorphology (Fig. 7C,D)Fgf8 andShhwere not maintained in
initiation sites of FNP outgrowth. Boundaries resulting fromthe graft 6=4; data not shown), aritioxA2 which is normally

the juxtaposition of two dorsal domains (e.g. Fig. 5A, blueexpressed in the hyoid arch ectoderm and mesenchyme (Hunt
arrow) were not associated with sites of outgrowth and weret al., 1991a) was unaffected by FEZ transplantatiod;(data
instead characterized by the seamless continuity of chimeriwot shown). From these data, we conclude that signals from the
ectoderm (Fig. 5B). The juxtaposition of quail ventral FEZ were able to alter the molecular and cellular fate of neural
ectoderm and chick dorsal ectoderm created a chimeric FEZest in the first pharyngeal arch and FNP. By contrast, the FEZ
(Fig. 5A), which resulted in an ectopic outgrowth (Fig. 5D). Inwas unable to alter the fate of neural crest cells in the second
only one location, where ventral FEZ abutted the dorsalmogtharyngeal arch.

region of the FNP, did we fail to observe a predicted outgrowth o

(Fig. 4J, question mark). The reasons for this are unclear, bGgf2 can restore FEZ activity to stage 25 FNP

may be related to our previous observation khetlandLfng  ectoderm

were not induced in this dorsalmost mesenchyme as they westage 25 FNP ectoderm does not exhibit the same capacity to
in FEZ-associated mesenchyme (Fig. 30,U). Nonetheless, the-pattern the FNP as does the FEZ. One molecular difference
immunohistochemical data confirmed that unlike other regionbetween stage 25 FNP ectoderm and stage 20 FEZ isgigéat

of FNP ectoderm, dorsal and ventral regions of the FEZ welie not expressed in the older ectoderm. We therefore tested if

sufficient to induce FNP outgrowth. a stage 25 FNP ectoderm graft, combined with an Fgf2 bead,
_ ) could recapitulate the patterning function of a FEZ graft. The

An ectopic FEZ re-patterns the mandibular, but not resulting chimeric embryos exhibited a duplication of the upper

the hyoid, arch beak structures (Fig. 8A-C) similar to those induced by the

In our next series of experiments we tested the plasticity dfEZ (see Figs 4, 5). Although the ectopic premaxillary bone
neural crest-derived mesenchyme in the first and secorahd prenasal process were smaller than the FEZ-induced
pharyngeal arches. When the FEZ was transplanted to a stagguivalents, the upper beak clearly exhibitdoVdDV pattern

25 mandible, an ectopic skeletal element formed (Fig. 6A-Cand thus a duplicated dorsoventral axis.

which appeared to result from the bifurcation of Meckel's Given the ability of the Fgf2/stage 25 FNP graft combination
cartilage (Fig. 6D, broken white line). The ectopicto reconstitute the patterning effects of the FEZ, we next tested
cartilaginous rod was surrounded by bone at its distal exterif,Fgf and Shh proteins by themselves could mimic a FEZ gratft.
which resembled the mandibular symphysis (Fig. 6E). Theré/e positioned Shh-N beads underneath stage 25 FNP ectoderm
was no evidence of an egg tooth on the distal tip of then the samd-gf8positive region as the FEZ graft had been

Fig. 6. The FEZ graft induces an ectopic TN
outgrowth in the mandible. (A) Lateral, (B) |A \ ot

ventral and (C) frontal views of chimeric embr : S
with ectopic outgrowths (red arrow) that forme ‘-\ .
days after transplantation. No ectodermal mn
appendages, such as the egg tooth (et), were
present on the outgrowths. (D,E) Meckel’s
cartilage (mk) was bifurcated (arrow) in the
ectopic outgrowth and was surrounded by ect
bone that was continuous with the dentary bo
(db). Broken line demarcates the bifurcation o
Meckel's cartilage. The end of the ectopic
element (arrowhead) resembled the mandibul
symphysis. (F) Sagittal section through the he
of chimeric embryo 24 hours after transplanta
demonstrates that in the mandit3é&h(yellow)
andFgf8(green) are normally expressed in
adjacent domains in the oral ectoderm (arrows).
By 24 hours after transplantatid®hh(yellow) andFgf8 (green) transcripts were still detected in the FEZ (asterisks), which was grafted to the
aboral side of the mandible. Fnp, FNP; mx, maxillary process; fg, foregut. Scale bars: 2 mm in A-C; 1 mm in D,E; 0.5 mmin F.
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chimera established at the time of neural tube closure (Marcucio
— et al., 2001)Barx1 and Pax6 are restricted to ventral
FNP ectoderm; their expression domains are evident in
this tissue long before neural crest cells are present in
the FNP (R.S.M. and J.A.H., unpublished). Thus, the
segmented characteristics of the FNP ectoderm develop
independently of the presence of neural crest cells.

Our data indicate that stage 20 FNP ectoderm has the
ability to re-specify facial pattern (Fig. 4); this patterning
capacity is lost with time. Unpublished results from other
investigators suggest that cephalic ectoderm from early
neurulas does not exhibit any patterning activity (Couly
et al., 2002). We interpret these seemingly paradoxical
findings as an indication that the FEZ acquires the ability
to specify FNP pattern sometime between the conclusion
of neurulation and upon arrival of neural crest cells in the
primordium. The acquisition of patterning ability over
time is a feature shared by other organizing tissues,
including the zone of polarizing activity in the limb bud
(Wilson and Hinchliffe, 1985).

Recently, the pattern ‘of every given bone in the face’
Fig. 7.The FEZ graft does not alter hyoid arch pattern. (A) Side and (C) has been proposed to be ‘pre-featured’ in pharyngeal
ventral view of normal, unoperated, and (B,D) chimeric embryo 5 days aftesndoderm (Couly et al., 2002). Although the endoderm
transplantation of the FEZ to _the hyoid arch_ demonstrates th_at no ecf[opic clearly influences patterning of the first pharyngeal arch
growth was observed after this transplantation. (C) The proximal region Ofskeleton, it is improbable that this tissue contributes to

the hyoid arch comprises the epibranchial (ec) and ceratobranchial cartila : " .
(cc), while the more distal region of the hyoid arch comprises the bc’;\sihyalgl:?gtternlng the skeletal derivatives of the FNP. Cranial

(bh), the basibranchial (bb) and the entoglsossum (en). (D) After neural _Crest destined for the FNP migrate over the

transplantation, these elements appear normal. mk, Meckel's cartilage; dbforebrain rather than past the pharyngeal endoderm,

dentary bone; qu, quadrate; gj, qudratojugal; jb, jugal bar. Scale bar: 2 mmmaking it unlikely that signals from this tissue impact
neural crest skeletal precursors en route to the FNP.

Once resident in the FNP, these same neural crest cells
placed (=10; Fig. 8D). The upregulation #ftclandGlil in  are sandwiched between neural ectoderm of the forebrain
the mesenchyme around the bead confirmed that the proteand facial ectoderm, rather than pharyngeal endoderm.
was bioactive (data not shown). Shh-N bead treatment causBldnetheless, our data and those of others (Couly et al., 2002)
an increase in the overall size of the distal upper beak includirigdicate that epithelia provide instructive cues that direct
the premaxilla, but did not alter dorsoventral patterning (Figpatterning within neural crest-derived mesenchyme. This raises
8E,F). In a parallel series of experiments, we implanted Fgfthe obvious question of whether or not neural crest cells from
beads underneath the dorsal FNP ectoderm (Fig. 8G). Althouglifferent axial levels are equivalent in their ability to respond
the protein was bioactive, as determined in a limb assay (data such instructive cues.
not shown), Fgf2 beads altered neither the overall size nor the Our data demonstrate that only a subset of neural crest cells
dorsoventral pattern of the upper beek12, Fig. 8H,1). Fgf2 can respond to patterning cues from the FEZ. Neural crest cells
and Shh-N beads in combination did not affect dorsoventrahat originate rostral to rhombomere 3, which are devoid of
patterning of the FNP eithen<8; data not shown). Therefore, Hox gene expression, respond to FEZ cues, whereas neural
Shh-N and Fgf2 by themselves could not recapitulate therest cells from rhombomere 4, which are Hox-positive, are
patterning effects of the FEZ. unresponsive to FEZ cues. Pharyngeal endoderm exhibits the

same ability to pattern Hox-negative, but not Hox-positive
neural crest populations (Couly et al., 2002). Although these

DISCUSSION observations are in accordance with the theory that a Hox code
N establishes a type of pre-pattern within the pharyngeal skeleton

The FEZ re-specifies the pattern of FNP and (Gendron-Maguire et al., 1993; Kanzler et al., 1998; Rijli et

mandibular neural crest al., 1993), they also leave open the possibility that neural crest

Our experimental results indicate that a discrete region of faciaf the frontonasal, maxillary and mandibular primordia are

ectoderm, which we refer to as the frontonasal ectodermal zohéghly responsive to local patterning cues.

(FEZ), regulates proximodistal growth and dorsoventral

patterning within the FNP. When grafted ectopically, the FEZThe FEZ directs dorsoventral patterning in the upper

provokes a re-patterning of FNP and first pharyngeal archeak skeleton

mesenchyme, resulting in the duplication of FNP andChanging the dorsoventral orientation of the FEZ graft changes

mandibular skeletal elements. the dorsoventral orientation of the duplicated structures. Thus,
The establishment of the FEZ begins prior to the arrival oFNP ectoderm not only produces cues that pattern FNP skeletal

FNP neural crest into the primordium. For examplgf8 is  elements, it also dictates their orientation relative to the body

restricted to dorsal FNP ectoderm; this expression domain &xis. Based on our experimental results, we formulated a model
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the graft itself) and the generation of at least
one new intersection between ventral FEZ
and dorsal host ectoderm (Fig. 5). The
question is whether this new intersection
acts as a FEZ. According to some boundary
models, this intersection would be the site
of morphogen production, which indirectly
induces outgrowth. Our experimental data
support this theoretical prediction (Fig.
41,0; Fig. 5D). Our model also predicts that
juxtaposing dorsal FEZ with dorsal host
ectoderm would not result in an outgrowth;
this is also our experimental observation
(Fig. 5B). The ability of an epithelium to
alter dorsoventral patterning in the face
is not without precedence: pharyngeal
endoderm can regulate the dorsoventral
orientation of the first arch skeleton (Couly
et al., 2002).

Epithelium or mesenchyme: which
controls facial patterning?

Our data provide evidence that the

Fgf2 bead ; '__-,:_ ' Re == = instructive cues, which originate from a
discrete region of FNP ectoderm, pattern
Fig. 8.Fgf2 can restore FEZ activity to stage 25 FNP ectoderm. (A) Schematic FNP neural crest mesenchyme. The Hox-

illustration of a stage 25 ectoderm graft combined with an Fgf2 bead (green circle).  positive or Hox-negative status of the cells
(B) Seven days later, the upper beak exhibited an abnormal shape. (C) Trichrome staingtbcts the interpretation of these ectodermal
sections demonstrated the presence of a bifurcated prenasal process and premaxilla i%i@ﬁals.

ectopic outgrowth, which indicated a DV polarity. (D) Schematic view illustrating the Our experimental results challenge the
placement of a Shh-N bead (yellow circle) underneath the dorsal ectoderm of a stage na-held belief that the neural crest is the
host. (E,F) Exogenous Shh-N resulted in an overall increase in size of the FNP skelet 9

elements, but no patterning alterations were observed. (G) Schematic illustrating source of patterning information in the face
placement of an Fgf2 bead beneath the dorsal ectoderm of a stage 25 FNP. (reviewed by Chambers and McGonnell,
(H,l) Exogenous Fgf2 had no discernible effect on FNP development. 2002). In a number of developmental

paradigms the ectoderm is responsible for
directing morphogenesis of neural crest-
whereby the juxtaposition of dorsal and ventral compartmerderived tissues (Barlow et al., 1999; Hardcastle et al., 1999;
boundaries specifies the dorsoventral pattern of the upper be&arkar et al., 2000; Sarkar and Sharpe, 1999; Tucker et al.,
This dorsoventral boundary model is predicated on the work999). We show that local environmental cues can direct
of others. morphogenesis of the upper beak. In other experiments, we
One model, based primarily on the work of Mangoldhave recently shown that the particular response of the neural
(Spemann and Mangold, 1924) and the work of Meinhardtrestis based on species-specific characteristics (Schneider and
(Meinhardt, 1983) proposes that the juxtaposition ofHelms, 2003) and the rostrocaudal level from which the neural
differentially specified tissues leads to the generation ofrest originates (Noden, 1983; Serbedzija et al., 1991).
morphogen. An equally feasible hypothesis is that the In conclusion, the FEZ can direct outgrowth and
juxtaposition of the same two tissues directly specifies cell fatéorsoventral pattern of the upper beak, but the precise shape of
(Lecuit and Cohen, 1997). In either scenario, cells located #tat upper beak undoubtedly depends upon patterning
the boundary itself can respond in unique ways to local cuesformation inherent in the neural crest. Ultimately, the
because of their individual developmental histories. In the FNRculpting of a patterned tissue is the cumulative effect of stage-
we propose that these differentially specified tissues are dorsdé¢pendent reciprocal signaling events occurring between
(e.g.Fgf8, Bmp4andWntl3positive) and ventral (e.§hhand  epithelia and mesenchyme. These experiments elucidate a new
Bmp2positive) ectoderm. Interactions between the Fgf, Bmprole for FNP ectoderm in regulating aspects of outgrowth and
Wnt and Shh pathways are well documented during limb buexis specification in the facial primordia.
and neural tube development, and growing evidence indicates
g\rztni}g_sve\/ggarleggzét;hévsigrsezzil2;);?felrgggl;n;lfj\eaﬁgl Z éﬁﬁlg()\llvggn;'ll':he authors th:_:mk R. S(_:hneider, D. Cord_ero, B_. Eames and_L. de
Lee et al. 2001 Richman and Tickle. 1992 Schneider et a& uente for critical reading anq helpfgl discussions, D Awa, C.
’ ’ ’ ’ uang and K. H. Lee for technical assistance, and Cliff Tabin for
2001). o . providing cDNAs. They also thank Raymond F. Gariano for
If we apply the principles of a boundary/organizer model tGncouragement and inspiration. This work was supported by NIDCR
our experimental system, placing the graft into a dorsako2 DE 00421 and R29 DE12462-03 to J.A.H., and is dedicated to
compartment should result in an ectopic FEZ (contained withidr Carmelo Gariano.
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