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SUMMARY

Correlations between facial anomalies and brain defects structures such as the upper beak. These defects are not
are well characterized throughout the clinical literature, due to eliminating mesenchymal progenitors, as neural
yet a developmental basis for this association has not been crest cells still migrate into the frontonasal process,
identified. We demonstrate that the frontonasal process, despite disruptions to retinoid signaling. Rather, these
which gives rise to the mid- and upper face, and the malformations result from loss offibroblast growth factor 8
forebrain are linked early in their morphogenesis by a local and sonic hedgehogxpression, which leads to increased
retinoid signaling event that maintains the expression of programmed cell death and decreased proliferation in the
key regulatory molecules. First, we show that aldehyde forebrain and frontonasal process. Most significantly, we
dehydrogenase 6, which synthesizes the ligand, retinoic can rescue the morphological defects by re-introducing
acid, is localized to the ventral epithelium of the retinoic acid, or fibroblast growth factor and sonic
presumptive frontonasal process of chick embryos. At hedgehog proteins into antagonist-treated embryos. We
least two retinoid receptors are expressed in adjacent propose that the local source of retinoic acid in the rostral
populations of mesenchyme. Second, using synthetic pan- head initiates a regulatory cascade that coordinates
specific retinoid antagonists, we transiently inhibit the forebrain and frontonasal process morphogenesis.

ability of retinoid receptors to bind retinoic acid in the

rostral head and we generate embryos with a hypoplastic Key words: Craniofacial, Forebrain, Fadd. DH6, FGF8, SHH,
forebrain, fused eyes, and no frontonasal process-derived Retinoic acid, Chick

INTRODUCTION morphogenesis of the forebrain and frontonasal process
(FNP).
Signaling by the secreted proteins, fibroblast growth factor 8 If retinoid signaling mediated=GF8 and SHH in the
(FGF8) and sonic hedgehog (SHH), is indispensable fofiorebrain and FNP, then components of the retinoid signaling
vertebrate development. A complete los&GF8 andSHH  pathway, including enzymes, ligands and receptors must be
gene function causes early embryonic lethality, or severspatially and temporally localized in the same region of the
and widespread morphological defects (Chiang et al., 1998ostral head. Members of the aldehyde dehydrogenase (ALDH)
Heisenberg et al., 1999; Sun et al., 1999). Genetic anfdmily are required for synthesis of retinoic acid (RA), a
biochemical disruptions t&-GF8 or SHH in a tissue- or derivative of vitamin A (Duester, 2000). At least two ALDHs
stage-specific manner demonstrate that these moleculbave been detected in the rostral head of mice. RALDH2
play essential roles in development of the limbs, neural tubgyrotein is localized to ventral portions of the optic vesicle and
teeth and facial primordia (Arman et al., 1999; Helms et al.adjacent FNP tissues (Haselbeck et al., 1999), and null
1997; Hu and Helms, 1999; Laufer et al., 1994; Meyers et almutations inRALDH2 result in a truncated FNP and other
1998; Tucker et al., 1999). The mechanisms by WRiGIF8  craniofacial malformations (Niederreither et al., 1999).
and SHH are regulated are not entirely clear. Some clueRALDH3 s localized to epithelia of the developing eye, the
come from studies in the limb, whefeGF8 and SHH  neuroepithelium of the telencephalon, and the olfactory
expression depends upon retinoid signaling (Helms et alplacode (Li et al., 2000; Mic et al., 2000). Collectively, these
1996; Stratford et al., 1999). We test whether retinoids plagata suggest that the ligand RA is synthesized in restricted
a similar role in regulating FGF8 and SHH signaling duringregions within the rostral head.
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All-trans RA binds to two classes of receptors, the retinoic lon exchange beads were soaked in a solution containitguas!-
acid receptors (RARs) and retinoid-X-receptors (RXRs)RA (25 ug/ml; Sigma) and RAR/RXR antagonists (10¢/ml final
These receptors form heterodimers and act as ligangoncentration). Control embryos were treated with beads soaked in
dependent transcription factors (Chambon, 1996; MangelsdofA &lone (25.g/ml). Embryos were also treated with the pan-specific
etal., 1994; Sucov and Evans, 1995). In chiBiés, RXRB, R%?oal;]gaz( ?Slilﬂnzta%%grs;ii;eeﬁgﬁtﬂ’p%n diameter, BioRad) were
af?d RXRyare detected in the neural crest megenchyme th Baked in citral cﬂéﬂrans Fluka) for 10 minutes.’ One bead was
m[grates out of the rostral neural tube and into the. faci ositioned along the rostral margin of the forebrain and then was
primordia (Hoover and Glover, 1998; Rowe and Brickell,;omoved after 6 hours.

1995; Rowe et al., 1991; Rowe et al., 1992). In miARy,

RARB, andRARy are abundant in anterior facial mesenchymeHistology

(Dolle et al.,, 1990; Ruberte et al., 1991). Double nullEmbryos were sacrificed at stage 36 and their heads were fixed in
mutations inRARx and RARy result in severe craniofacial 4% paraformaldehyde (PFA) overnight at 4°C, dehydrated, and
malformations, particularly an absence of FNP derivative§mbedded in paraffin. Heads were cut intouht sagittal sections,
such as the nasal capsule and surrounding skeletal elemeffich were deparaffinized, stained with Milligan's Trichrome
(Lohnes et al., 1994; see Smith and Schneider, 1998 fél?rgsnell and Schreibman, 1997), and imaged using brightfield
discussion). optics.

To understand more prec.isely the role retinoids p_Iay duri.ng\/h0|e.moum and sectioned in situ hybridization
development of the forebrain and FNP, we use a biochemicy sjw hybridization was performed on whole embryos and
approach to block retinoid signaling in a localized antharaffin sections as described (Albrecht et al., 1997). Subclones of
transient manner (Johnson et al., 1995; Lala et al., 1996). ORLDH6, RAR3, RXR/, SHH, FGF8, PAX6 OTX2 DLX2, NKX2.1,
results reveal that during a discrete developmental windowykX2.2 andBF1 were linearized to transcribe eith&S-labeled
retinoid signaling maintainSGF8 andSHHexpression in the or digoxigenin-labeled antisense riboprobes. F&6-labeled
rostral head, and in so doing, synchronizes development of tfigoprobes, images are Photoshop pseudo-colored superimpositions
forebrain and face. In the absence of an intact retinoi@f the in situ hybridization signal and a blue nuclear stain (Hoechst
signaling pathwayFGF8 and SHH expression is lost, cells >tain; Sigma).
fail to proliferate and undergo programmed cell death, angogrammed cell death

_the fore_braln and FNP cease their morphogen_eS|s_. RT‘Irﬁmunohistochemical detection of DNA strand breaks was
introduction of RA, or of FGF and SHH proteins into performed. Embryos were treated with RAR/RXR antagonists at stage
antagonist-treated embryos restores gene expression, enablgsincubated for 4, 6, 12, or 24 hours, collected from the egg, rinsed
cell survival, and ‘rescues’ the morphological defects. Wen phosphate-buffered saline (PBS), fixed in 4% PFA for 2 hours at
propose a model in which local synthesis of RA in the rostraloom temperature, dehydrated, paraffin embedded, and cut jimo 6
head is the first step in a series of epithelial-mesenchymaégittal sections. Sections were deparaffinized, incubated with
signaling interactions that enable patterned outgrowth of theroteinase K (1@g/ml in 10 mM TRIS/HCI pH 7.4), washed twice

forebrain and ENP. in PBS, incubated with TUNEL (Roche) reagent (conjugated to
fluorescein) for 1 hour at 37°C, and imaged using epifluorescence
optics.
MATERIALS AND METHODS Cell proliferation
) ] ) o A bromodeoxyuridine (BrdU) assay (Zymed) was used. Following
Preparation of embryos and disruptions to retinoid treatment with RAR/RXR antagonists at stage 10, embryos were
signaling incubated for 12 or 24 hours, at which time 1l.0f the BrdU reagent

Fertilized chick eggs were prepared as described (Schneider, 1999)as injected into the vitelline artery. Embryos were incubated for an
lon exchange beads (AG1-X2, 100-200 mesh, and 106pt80 additional 20 minutes at 37°C, then sacrificed, fixed in 4% PFA,
diameter; BioRad) were soaked in equimolar concentrations alehydrated, and paraffin embedded. Each head was cut o 6
RAR (LG100815) and RXR (LG100849) antagonists (Ligandsagittal sections and mounted on microscope slides. Sections were
Pharmaceuticals) dissolved in dimethylsulfoxide (DMSO; Sigma)deparaffinized, processed according to the manufacturer’'s protocol,
Beads prepared in this manner provide a local diffusion-controlledeacted with diaminobenzidine (DAB; Sigma), and imaged using
release for approximately 24 hours (Eichele et al., 1984; Helms et abrightfield optics.

1996). The retinoid receptor antagonists are synthetic and pan- )

specific, and they compete in the nanomolar range with endogenoli¢ural crest transplantations

RA for binding to RARs and RXRs (Johnson et al., 1995; Lala et alFate maps of presumptive FNP neural crest were generated as
1996). Based on similar synthetic retinoid analogs, these antagonigtsscribed (Schneider, 1999). Briefly, stage 9 to stagqudll donor

are metabolically stable and have a half-life of approximately 8Meural crest cells from the caudal forebrain and rostral midbrain
minutes, compared to 20 minutes for tedlns RA (Eichele et al., were grafted orthotopically into stage-matched chick hosts. The
1985). Two beads were positioned along the rostral margin of thieeads of these chimeric embryos were removed at stage 36, fixed in
forebrain. In an initial dose-response study, we determined that a 1@&®rra’s, paraffin embedded, cut into 10n sagittal sections,
pg/ml soaking concentration of the RAR and RXR antagonistsmmunostained with the quail-specific Q¢PN monoclonal antibody
consistently elicited the most severe phenotype (data not showr(Developmental Studies Hybridoma Bank), reacted with DAB,
Control beads were soaked in DMSO. Antagonist treatments weiunterstained with Fast Green FCF (Fisher), and imaged using
administered between HH stage 9 and stage 20 (Hamburger ahdghtfield optics.

Hamilton, 1951), a developmental period during which the neural tube Some chimeric embryos were treated with RAR/RXR antagonists
closes, the brain vesicles are subdivided, the neural crest migratas stage 10, incubated for 24 hours, processed as described above
into the facial primordia, and the forebrain and FNP undergdwithout a counterstain), and imaged using Nomarski optics. Control
morphogenesis. chimeric embryos were treated with beads soaked in DMSO.
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Dil labeling of FNP neural crest RESULTS

Approximately 0.15pl of Dil (Molecular Probes; 0.5% in 100%

ethanol) were injected into the lumen and along the dorsal surface BfA and its receptors co-localize to the same region
the neural tube at the forebrain/midbrain junction of stage 10 embryosf the presumptive FNP

ggggﬁig ?:g‘é’;‘tfj ff)hregi i"(;‘ltj’goi (‘)’}’I‘;getéeartiﬁgevéit?nR;‘BRS/Rzg situ hybridization analyses reveal that a new member of the
imaged usiﬁg epifluorescence optics:. Control bil-injected emb’ryo dehyde_dehydrogenase (ALDH) famity, DHE, IS expressed
were treated with beads soaked in DMSO. in a restricted region of ventral ectoderm covering the FNP of
chick embryos (Fig. 1A). Expression AL.DH6 in epithelial
Rescue experiments cells of the presumptive FNP begins precisely at stage 10 and

lon exchange beads (100-200 mesh and 1064180 diameter, €nds at stage 12. At stage 10, we also detect two retinoid
BioRad) were soaked in alansRA (25ug/ml) as described (Helms receptors,RARB and RXRy in neural crest mesenchyme,

et al., 1996). RAR/RXR antagonist beads were placed at stage 10 anthich migrates out of the rostral neural tube and eventually

after embryos reached stage 12 (8-10 hours), the antagonist beggiicumulates around the eyes, in the FNP, and throughout the
were removed and a bead soaked in RA was positioned along thgher facial primordia (Fig. 1B,C; see also Hoover and Glover,

rostral margin of the forebrain. Control embryos had RAR/RXRl 98: Rowe and Brickell, 1995; Rowe et al., 1992)
antagonist beads placed at stage 10, and removed and replaced Wlt% ’ ’ ’ v '

DMSO-soaked beads at stage 12.
Affi-Gel Blue beads (50-100 mesh, 200-250n diameter; A 1
BioRad) were soaked in a solution containing FGF2 protein (R & C : ¢
Systems) and recombinant SHH-N protein (Ontogeny) at 37°C. Eac

protein was at a concentration of 40§'ml in PBS with 0.1% bovine

serum albumin (BSA). RAR/RXR antagonist beads were placed ¢
stage 10 and after the embryos reached stage 12, the antagonist be
were removed and a protein-soaked bead was positioned along 1
rostral margin of the forebrain. Control beads were soaked in PB
with 0.1% BSA. Control embryos had their RAR/RXR antagonist
beads removed and replaced with beads soaked in PBS with 0.1 c?
BSA. '

Fig. 1.Retinoid signaling is required for forebrain and FNP
morphogenesis. (MLDH6, which synthesizes RA, is detected in
ventral ectoderm (ec; arrow) of the presumptive FNP adjacent to the
forebrain (f) of chick embryos at stage 10 (sagittal section, rostral
towards right, dorsal on top). (RXRyis expressed in neural crest _ mires
cells (arrows) that migrate out of the rostral neural tube of stage 10 ==

embryos (dorsal view). (RARBis expressed in neural crest cells E =

(arrows) that migrate between forebrain (f) neuroepithelium and
overlying ectoderm (ec) of stage 10 embryos (sagittal section, rostrg
towards right, dorsal on top). Relative to cell density (blue nuclear
stain), the neural crest shows higher expression levels (white dots)
when compared with the neuroepithelium. (D) lon exchange beads
(asterisks) were soaked in RAR and RXR antagonists|(¢00l)

and placed along the rostral margins of the forebrain (f) of stage 10
embryos. Midbrain (m), hindbrain (h). (E) DMSO control; (F)
RAR/RXR antagonist-treated embryos at stage 36 showing the
effects of disrupting retinoid signaling. Antagonist-treated embryos
lack forebrain tissues, fail to form an FNP (fn), and have fused eyes f
(n=18, i.e. number of embryos examined with this phenotype). Thesg s — —
results are further illustrated by sagittal histological sections of
control embryos (G) and treated embryos (H). In treated embryos,
the maxillary (mx) and mandibular (ma) processes are unaffected ’
whereas the FNP (asterisk) and forebrain are absent. Eye (e), ear (qt),
midbrain (m) and hindbrain (h). Two additional controls confirm that
these defects are due to disruptions in retinoid signaling specifically| { |
First, we treated embryos at stage 10 with beads soaked citral (1),
which is an inhibitor of RA biosynthesis. These embryos also lack
forebrain tissues and an FNP (asterisk) while the maxillary (mx) and
mandibular (ma) processes are unaffecte@2). Second, we used
beads soaked concomitantly in sinsRA and RAR/RXR

antagonists (K). (J) Control embryos treated with RA alone have
severe forebrain and FNP hypoplasia (astenisk), whereas

embryos exposed to RA and RAR/RXR antagonists simultaneously
(K) are relatively normal with a slightly shortened FMRI0). Scale
bars: 10Qum in A; 20Qum in B,D; 30um in C; 1 mm in E-H; 3 mm
inl; 2mminJK.
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Retinoid signaling coordinates forebrain and FNP
morphogenesis

In embryos treated at stage 14, the FNP is affected with mild
hypoplasia and clefting defects in 49% of the cases, yet the

To understand the role that retinoids play during developmer@rebrain appears normal. Treatments after stage 18 affect
of the rostral head, we used pan-specific receptor antagonigteither the forebrain nor FNP. At these later stages, even a
to inhibit retinoid signaling in a localized and transient mannefourfold increase in the dose of RAR/RXR antagonists fails to

Embryos treated at stage 10 with RAR/RXR antagonists arfé@sult in dysmorphologies (data not shown).

the most Severe|y affected. In 98% of these cases, the Unlike RARs, RXRs form heterodimers with proteins such
telencephalon, most of the diencephalon, and the entire FN#® the peroxisome proliferator activated receptor and the
fail to develop (Fig. 1E-H; Table 1). Embryos lack structureg/itamin D receptor, as well as the chicken ovalbumin upstream
such as the nasal Capsu|e and upper beak, and also exhp@moter transcription factor (reviewec! in Mangelsdorf and
hypotelorism, occasionally (10% of the cases) to the extertvans, 1995). Some of these proteins are found in the
where the eyes are completely fused (Fig. 1F). After stage 1developing neural tube (Brubaker et al., 1996; Qiu et al., 1994).
the dependency of the developing forebrain and FNP ofo determine whether the morphological defects that arise after
retinoid signaling is progressively diminished (Table 1). FiftyRAR/RXR antagonist treatments are due to disrup'gions in other
percent of embryos treated with RAR/RXR antagonists apathways that use RXRs, we treated embryos with RAR and
stage 12 have a severely hypoplastic FNP, but their forebraRXR antagonists separately. Eighty-eight percent of embryos
defects are predominantly limited to telencephalic dysplasia§xposed to the RAR antagonist have severe hypoplasia in the

forebrain and FNP, while the use of the RXR antagonist alone

has no effect on 72% of the embryos treated. The remaining

28% of these cases treated with the RXR antagonist alone have
only mild FNP defects such as a slightly shortened upper beak
(data not shown).

To test further that the morphological defects are exclusively
due to disruptions in retinoid signaling, we performed two
additional experiments. First, we treated stage 10 embryos with
citral, a selective competitive inhibitor of RA biosynthesis
(Kikonyogo et al., 1999). Ninety-five percent of citral treated
embryos lack an FNP and forebrain tissues, and have fused or
absent eyes, whereas the maxillary and mandibular processes
are unaffected (Fig. 11). Second, we treated embryos at stage
10 with beads soaked concomitantly intedlhsRA (25ug/ml)
and RAR/RXR antagonists (10Qug/ml). If RAR/RXR
antagonists disrupt craniofacial development by specifically
binding to retinoid receptors, their teratogenic effects should
be mitigated by the concurrent addition of RA, as this would

Fig. 2. Neural crest cells migrate into the presumptive FNP despite
exposure to RAR/RXR antagonists. (A) Quail donor neural crest
cells from the forebrain (f) and midbrain (m), when transplanted
orthotopically to chick host embryos between stage 9 and stage 10
give rise to components of the FNP (fn), as shown schematically (B)
in a lateral view of the avian head skeleton (based on similar
drawings by Noden, 1987). (C) In sagittal sections of chimeric
embryos at stage 36, quail donor neural crest cells are found
throughout chick host FNP-derived tissues, but not in the maxillary
(mx) or mandibular (ma) processes§). In an area of nasal capsule
cartilage (boxed, shown at higher magnification in D), quail neural
crest-derived cells appear black and are completely integrated into
the host structures. Cartilage of mixed chick host and quail donor
origin can be observed (arrows). Quail donor neural crest cells were
transplanted into chick host embryos between stage 9 and stage 10
and then exposed 2-4 hours later at stage 10 to DMSO control beads
(E, asterisk) or RAR/RXR antagonist beads (F, asterisk). After 24
hours, transplanted cells are integrated into the neuroepithelium
above the lumen of the forebrain (f) and also have migrated into the
FNP (fn; arrows) as shown in sagittal sectiams7]. Embryos were

also exposed to RAR/RXR antagonists at stage 10, and immediately
thereafter neural crest cells from the forebrain (f) and midbrain (m)
were labeled with Dil. Twenty-four hours later, we observe Dil
labeled cells in the presumptive FNP of control (G) and treated (H)
embryos, which demonstrates that the neural crest still migrates into
the region despite treatment with RAR/RXR antagonist3). Scale
bars: 1 mm in C; 100m in D; 200um in E-H.
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Table 1. Response of chick embryos to treatment with FGF8 48h SHH
1 *
RAR and RXR antagonists B
Embryonic stages
9 10 12-13 14-15 16-17 18-20
Total treated 65 413 160 88 78 42 e e
Telencephalon control
Absent - 98% 19% 0% 0% 0% ..‘,?
Hypoplastic - 0% 63% 0% 0% 0%
Unaffected - 2% 18% 100% 100% 100% mx
Diencephalon
Absent - 16% 0% 0% 0% 0% Y ma
Hypoplastic - 82% 25% 0% 0% 0% — —
Unaffected - 2% 75% 100% 100% 100% D
Eyes e
Fused - 10% 0% 0% 0% 0% e
Hypoteloric - 88% 73% 6% 0% 0%
Unaffected - 2% 27%  94% 100% 100% *
e
Frontonasal process RAR/RXR mx e
Absent - 98% 14% 0% 0% 0% -__""" -
Hypoplastic - 0% 36% 9% 0% 0% o *
Cleft or Asymmetric - 0% 32% 40% 15% 0%
Unaffected - 2% 18%  51%  85% 100% X
*Administered in equimolar concentrations (30§/ml soaking = LS =
concentration). E 1 F
TAfter treatment, all embryos at stage 9 and younger failed to be
vascularized appropriately and died within the first 24 hours; we are currentl
investigating the basis for this embryonic lethality.
e
: %*
) - o ] Citral %*
introduce competition between an activating ligand and on mx mx y s
that blocks signal transduction. As a control, embryos wer 6rn_a b e
treated with RA alone. Eighty-nine percent of control RA- ’ .
treated embryos are hypoteloric and have severe hypoplasia
the forebrain and FNP (Fig. 1J), whereas 90% of embryc _‘r —-—|| S S

simultaneously exposed to RA and RAR/RXR antagonist._
appear relatively normal with only slightly shortened upperFig. 3.Inhibition of retinoid signaling with RAR/RXR antagonists
beaks (Fig. 1K). causes a loss 6iGF8 andSHHin the forebrain and FNP. Whole-
mount in situ hybridization 48 hours after bead implantation at stage
10 demonstrates that control embryos (A) expF&3E8in the
rostromedial forebrain, which appears as a midline horseshoe-shape
(arrow), and in the ectoderm covering the FNP (fn), as well as in the
%axillary (mx) and mandibular (ma) processes. (C) Treated embryos
rostral neural tube between stagea®d stage 10 (Tosney, |oseFGFS8in the forebrain and FNP ectoderm (astenis32). Note
1982). The surgical removal of this population results imormal expression ¢GF8in the maxillary and mandibular
massive cell death within the forebrain neuroepitheliumprocesses. (B) Control embryos expr8btHin the ectoderm of the
cyclopia, and a loss of the FNP (Etchevers et al., 1999). ThuBNP (fn; arrow) and forebrain (f), whereas treated embryos (D) show
we used two methods (quail-chick chimeras and vital dy@ downregulation o8HH (asteriskn=35). Even at this early stage,
tracing) to determine the fate of rostral neural crest cells ifhe facial midline of treated embryos is hypoplastic, causing the eyes
embryos treated with RAR/RXR antagonists. By transplantind€) t0 approximate one another. The lack of a forebrain is evidenced
quail neural crest into chick hosts, we confirmed that much {fﬁ?pfess'fpb!” thef ‘;{%ET face.h(E,_F ) Frgggg.s trre]atfed "‘t’)'th.c'tra"
the mesenchyme in the FNP is of neural crest origin, and \%aéc IS an inhibitor © losynthesis, la In the forebrain

8

. ectoderm covering the FNP (E, astenisi¢) andSHHin the
derived from dorsal aspects of the rostral mesencephalon ang,qerm of the ENP (F, asterisk) and forebrairs). This result

caudal prosencephalon (Fig. 2A-D; see also Couly et al., 199demonstrates that inhibiting retinoid signaling either at the point of
Noden, 1978). Then, we transplanted presumptive FNP neurgh biosynthesis or at the level of the receptors has similar

crest from quail donors between stage 9 and stageni®  downstream molecular and morphological consequences in the
stage-matched chick hosts, and exposed these resultifgebrain and FNP. Scale bars: 208.

chimeric embryos to RAR/RXR antagonists. Twenty-four

hours after exposure to RAR/RXR antagonists, we detect the

presence of neural crest cells in the FNP (Fig. 2E,F). WEorebrain and FNP defects are preceded by changes
corroborated these results by labeling the same population &fgene expression, programmed cell death, and

neural crest with Dil and exposing the embryos to RAR/RXRproliferation

antagonists. Twenty-four hours later, we observe Dil-labeletilVe investigated whether the forebrain and FNP defects that
cells in the presumptive FNP (Fig. 2G,H). arise following RAR/RXR antagonist treatments are correlated

Neural crest cells arrive in the FNP despite
RAR/RXR antagonist treatments
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with abnormal expression &iGF8 and SHH, which, given Thus, changes in gene expression are detected before an
data from studies in the limb (Helms et al., 1996; Stratforabserved increase in programmed cell death. By 6 hours there
et al.,, 1999), are candidate downstream targets of retinoid a slight indication of programmed cell death within the
signaling. Forty-eight hours after embryos are exposed toeural crest mesenchyme (Fig. 4K,L). The few dying
RAR/RXR antagonists we observe a los@F8 andSHH  mesenchymal cells are adjacent to the region wR&ES
expression in the forebrain and ectoderm covering the FN&pression in the neural and FNP epithelia is lost 2 hours
(Fig. 3A-D). Coincident with these changes in gene expressioearlier.
embryos display hypotelorism and midfacial hypoplasia. To Twelve hours after RAR/RXR antagonist treatméiF8
confirm that the loss dfGF8 and SHH expression is due to (Fig. 5A,B) andSHH (Fig. 5E,F) are lost in the forebrain and
disruptions in retinoid signaling exclusively, we also treated=NP. Additionally, there is a massive amount of programmed
embryos at stage 10 with beads soaked in citral. Resultingell death in the FNP mesenchyme (Fig. 5I1,J) and reduced
embryos lack-GF8 and SHH expression in the forebrain and proliferation in the FNP and forebrain based on decreased
ectoderm covering the FNP (Fig. 3E,F). BrdU incorporation (Fig. 5M,N). The dying and non-
To determine whether the reduced expressioRGF8 and  proliferating mesenchymal cells lie adjacent to those epithelial
SHH precedes the accompanying morphological defects, wadomains ofFGF8 and SHH expression that had been lost at
examined RAR/RXR antagonist-treated embryos at 4, 6, 12arlier time points. Similar molecular (Fig. 5C,D,G,H) and
and 24 hours after bead implantation at stage 10. Our resuttsllular defects (Fig. 5K,L,0,P) are found at 24 hours. These
reveal that alterations in gene expression occur gradualljefects are also observed at 48 hours (data not shown). At 72
and are detectable prior to cellular and morphologicahours, FGF8 and SHH are lost and the expression of other
abnormalities. FGF8 begins to be downregulated in the markers in the rostral head suchB&sl, NKX2.1 NKX6.1 and
rostralmost neural and FNP epithelia between 4 and 6 houBl. X2 is also downregulated (Fig. 6). Quite strikingly,
after antagonist treatment (Fig. 4A-[®HHis unaffected at 4 expression ofOTX2is maintained andPAX6is expanded in
hours, but by 6 hours, the rostralmost expression domain in tierebrain domains wheleGF8 andSHHare lost (Fig. 6H,M).
ventral forebrain is absent (Fig. 4E-H). In the first 4 hours after
inhibition of retinoid signaling, there is no visible difference in RAR/RXR antagonist-induced defects can be rescued
programmed cell death based on a TUNEL assay (Fig. 41,J)o test the possibility that re-introduction of RA could restore

4h 6h

control treated control treated

Fig. 4. Retinoid signaling is required for maintenancé-6GF8 andSHHin the forebrain and FNP ectoderm. In situ hybridization of midline
sagittal sections 4 hours after bead implantation at stage 10 show that control embryos (AF&8¢s=d) in the rostrodorsal forebrain (f)
and ectoderm of the presumptive FNP (arrows) SiEH (yellow) is strongly expressed in the ventral forebrain (f) and notochord (n). (B)
Exposure to RAR/RXR antagonists results in a downregulati&i@éB in the forebrain (asterisk), but not in the isthmus (i), where expression
is normal (=15). (F) At this early stag§HH expression does not appear to be downregulatelbj. The change IRGF8 expression

precedes any evidence of an increase in programmed cell death. Four hours after bead implantation at stage 10, thecgraountesf pell
death (bright green) is equivalent in control (I) and RAR/RXR antagonist-treated (J) embryos (arrows), as determined vEthasJayN
(n=10). Sections 6 hours after bead implantation at stage 10 show that control embryos continue lB@KkBI(EsandSHH (G) in the

ventral forebrain (arrow). (D) RAR/RXR antagonist-treated embryosH&#8 in the forebrain and FNP ectoderm (astenskt5). (H)SHH

is downregulated along the ventral forebrain (asternisk5). Six hours after bead implantation at stage 10, the amount of programmed cell
death is nominally increased in the mesenchyme (asterisk) of RAR/RXR antagonist-treated emhsyf)s ¢bmpared with that found in
controls (K,n=6). Other labeled structures are the hindbrain (h) and midbrain (m). Scale bgis.200
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gene expression, enable neural crest cell survival, and theretrgatment. Administration of RA reversed the effects of the
rescue the antagonist-induced morphological defects, WRAR/RXR antagonist treatments in 74% of the cases. RA-
exposed embryos to RAR/RXR antagonists at stage 10. Themscued embryos have a relatively normal forebrain and upper
after 8-10 hours, we removed the antagonist-containing beatieak, and their eyes are not conjoined, although frequently
and replaced them with beads containingtralts RA. For  their eyes are smaller and closer together (compare Fig. 7G
controls, embryos were exposed to RAR/RXR antagonists atith Fig. 1G). When we administered RA at 18 and 24 hours
stage 10. Then, after 8-10 hours, the antagonist-containirgfter antagonist treatment at stage 10, the forebrain was not
beads were removed to ensure that the absence of thescued, but the defects previously observed in the FNP were
antagonists themselves would not be sufficient to rescue thmitigated (data not shown). We also examined RAR/RXR
embryos (Fig. 7B). Control embryos have severe hypoplasia entagonist-treated embryos for changes in gene expression
the forebrain and FNP, demonstrating that the RAR/RXRafter introducing RA. Compared with the antagonist-treated
antagonists elicit their effects within the first 8-10 hours ofembryos, which los&HH and FGF8 expression, RA-rescued

12h 24h

trol treated control treated

SHH

TUNEL

BrdU |,

Fig. 5.A loss of retinoid signaling causes a downregulatioR@F8 andSHHin the forebrain and FNP ectoderm, as well as an increase in
programmed cell death and a decrease in cell proliferation in the FNP mesenchyme. In situ hybridization of midline sagitaPskours

after bead implantation at stage 10 show that control embryos (A) ek@&8red) in the forebrain (f), FNP ectoderm and isthmus (i); (E)
SHH (yellow) is strongly expressed in the ventral forebrain (f). (B) RAR/RXR antagonist-treated embryeSk&ia the remnant of the
forebrain (f; asterisk), but not in the isthmusn&25). (F)SHHis lost in the remaining forebrain tissue (asterisk) but is present in the floorplate
of the midbrain 1§=25). (1,J) Twelve hours after bead implantation, the amount of programmed cell death (bright green) found in the FNP
mesenchyme (arrows) is much greater in RAR/RXR antagonist-treated embryos (J, asteyisiampared with controls (h=6), as

determined by a TUNEL assay. (M,N) The amount of cell proliferation is reduced in the forebrain and FNP mesenchyme of RAR/RXR
antagonist-treated embryos (N, asterisk®23), compared with controls (M=6), as determined with BrdU labeling (black cells).

(C,G) Sections 24 hours after bead implantation at stage 10 show that control embryos (C,GF&k8assSHH (D) RAR/RXR
antagonist-treated embryos lde&F8in the forebrain and FNP ectoderm (asterisk) but still maintain expression in the mandible (ma) and eye
(e; n=25). (H)SHHis lost along the forebrain floor (asterisk;25). (K,L) Twenty-four hours after bead implantation at stage 10, the amount of
programmed cell death found in the FNP mesenchyme is much greater in RAR/RXR antagonist-treated embryos (b-@¥tedskpared

with controls (K, arrown=4). (P,0) Cell proliferation is much less in the forebrain and FNP mesenchyme of RAR/RXR antagonist-treated
embryos (P, asterisks=35), compared with controls (@+6). Scale bar: 200m.
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FGF8 BF1

control

treated

control

treated

Fig. 6. Inhibition of retinoid signaling alters expression of regulatory genes in the forebrain and FNP as shown by in situ loybadizati
parasagittal sections 72 hours after bead implantation at stage F&ER&)s normally expressed in the rostral neural tube, including the optic
recess (0) and isthmus (i). (E) In antagonist-treated emid¥f@is3 expression is lost in the rostral neural tube, although low levels can be
detected in the truncated diencephalon (d). (B) NoBRdlexpression marks most of the telencephalon (t) and hypothalamus (ht). (F) In
antagonist-treated embryos, expressioBf is not detected in the remnant of the forebrain except some expression remains in the malformed
hypothalamus. (C3HHis normally expressed in ventral neural tissues, including the hypothalamus and basal telencephalon. (G) In antagonist-
treated embryossHHexpression is lost in the diencephalic remnant. (D) NoRAXl6expression marks dorsal forebrain structures up to the
midbrain (m) and the eye (not shown). (H) In antagonist-treated emBPAXSexpression is expanded into the remaining diencephalon (d)

and can also be detected in the eye (e) and hypothalamic remnant. (I) NdDTARys broadly expressed in the forebrain and midbrain.

(M) In antagonist-treated embryd3TX2expression is maintained in these domains. The expressRAX&andOTX2serves as an important
control, demonstrating that loss of expression is due to RAR/RXR antagonist-induced misregulation of target genes, aagleaetiaan

inability of remaining tissues to synthesize mRNA transcripts. (J) Norm&l}¢2.1marks most of the hypothalamus and basal telencephalon.

(N) In antagonist-treated embryos, residMEIX2.1expression remains in the hypothalamic remnant. (K) Norméy6.1marks the basal

plate. (O) In antagonist-treated embryld&X6.1expression persists in the basal plate of the midbrain but not in the residual forebrain.

(L) Normally, DLX2 expression marks part of the hypothalamus, all of the basal telencephalon, and mandibular arch (ma) neural crest. (P) In
antagonist-treated embryd3l X2 expression persists in the hypothalamic remnant and in the mandibular arch. Scale hars: 100

embryos re-expresSHH and FGF8 in the forebrain and FNP were exposed to RAR/RXR antagonists at stage 10; after 8-10

(Fig. 7A-F). hours, these beads were removed. FGF2 and SHH treatments
In another set of rescue experiments, we tested whethmversed the RAR/RXR antagonist-induced forebrain and FNP

candidate downstream targets of retinoid signaling could alsdefects in 86% of the cases (Fig. 7H).

reverse the forebrain and FNP defects. Embryos were exposed

to RAR/RXR antagonists at stage 10, and then, after 8-10 hours,

the antagonist-containing beads were removed and replacBSCUSSION

with beads containing FGF2 and SHH (we used FGF2 rather o )

than FGF8 because FGFs can substitute for one another (SurRétinoid signaling is an essential feature of rostral

al., 2000), and they elicit comparable effects when administerdtfad development

at these doses (Cohn et al., 1995)). Again, for controls, embry@ontrary to previous reports (Maden et al., 1998), our results
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demonstrate that retinoid signaling is a key component ¢
forebrain and FNP morphogenesis. First, we show that chic
ALDHS6, which can synthesize RA in vitro (Grin et al., 2000),
is expressed in epithelial cells of the presumptive FNP (Fic
1A). Second, at least two retinoid recept®&R3 andRXR)

are present in adjacent populations of neural crest mesenchyi
(Fig. 1B,C). The proximity of cells that produce RA to cells
that express the receptors suggests that a retinoid pathway
an essential feature of local epithelial-mesenchymal signalin
interactions in the rostral head.

Although multiple retinoid receptors are expressed ir
the neural crest mesenchyme throughout craniofacic
morphogenesis (Hoover and Glover, 1998; Rowe and Brickel
1995; Rowe et al., 1991; Rowe et al., 1992), synthesis of tt
ligand in the epithelium of the presumptive FNP, as determine
by ALDH6 expression appears to be more temporally
restricted. Limiting the production of RA to a discrete
developmental window (between stage 10 and 12) may be
mechanism by which retinoid-dependent signaling events al
regulated in a tissue-specific manner. One caveat, however,
that two additional ALDHs have been identified in mice
(Haselbeck et al., 1999; Li et al., 2000; Mic et al., 2000)
suggesting that other local sources of RA synthesis may |
present in the rostral head.

Treatments specifically disrupt retinoid signaling Ty g\
The ability of RXRs to heterodimerize with RARs, as well - (. ‘@’KYQ}'”
as other members of the steroid/thyroid hormone receptc . YA g; = ‘?:? A
superfamily, raises the possibility that RA-independen &) 5 . L gt "3. e
pathways are also disrupted by our antagonist treatments. < -‘35%.‘ K WS e

this is the case, then the molecular and morphological defecws

that we observe may not be exclusively due to inhibition oFig. 7.Forebrain and FNP defects can be ‘rescued’ by local

retinoid Signa”ng and’ instead, may be a consequence gppllcatlon of either allransRA, or recombinant FGF2 and SHH
perturbing a diverse array of pathways that are also mediat8Pt€ins. Embryos were exposed to RAR/RXR antagonists at stage 10
by steroidal molecules. and subsequently treated 8-10 hours later with either RA, or with

; . . GF2 and SHH. Control embryos were treated at stage 10 with
Three independent lines of evidence demonstrate th SO-soaked beads or RAR/RXR antagonist-soaked beads, which

the mplecular and .morp'hologlcal ,defeCt,S we obsgrve Alfgere removed after 8-10 hours. (A,B) By stage 19, DMSO-treated
exclusively due to disruptions in retinoid signaling. First, thegontrol embryos (A) exhibit norm&HHexpression in the FNP
synthetic retinoids used in this study function as high affinityectoderm (fn), maxillary process (mx), and hyoid arch (hy), whereas
pan-specific antagonists, as established through in VitrRAR/RXR antagonist-treated embryos (B) |&éH expression in the
binding assays (Johnson et al., 1995; Lala et al., 1996). Secor\P ectoderm (asterisk), fail to develop a forebrain, and have eyes (e)
the ligand RA and the RAR/RXR antagonists compete fothat approximate one anothBkHexpression remains unaffected in
binding to the same retinoid receptors, as simultaneouge maxillary process (mx) and hyoid (hy) arch. This control

addition of alltransRA and the RAR/RXR antagonists results demonstrates that RAR/RXR antagonists elicit their effects between

in a near normal phenotype (Fig. 1K). If the receptoPtage 10 and stage 12, as the RAR/RXR antagonist-soaked beads had

. . A een removed after 8-10 hours. Embryos exposed to RAR/RXR
antagonists inadvertently blocked activation of other nucle ntagonists at stage 10 had their beads removed after 8-10 hours and

receptors, the addition of RA would be insufficient to rescUgen \ere treated with either RA, or with FGF2 and SHH. (C) By

the dysmorphic phenotype. Third, treating embryos with th@age 19, expression 8HHis restored in the forebrain (f) and FNP
RAR antagonist alone induces the same dysmorphic phenotygg; arrow;n=15). SHHexpression in the maxillary process (mx) and
as treating with the RAR/RXR antagonists together, whereasoid arch (hy) is unaffected. (D) DMSO-treated control embryos
treating embryos with only the RXR antagonist elicits a nearexhibit normalFGF8expression in FNP ectoderm adjacent to the
normal phenotype. Thus, the craniofacial malformations weasal pits (arrow) whereas RAR/RXR antagonist-treated embryos (E)
observe are not due to disruptions of different pathways théase this domain dFGF8expression and show a collapse of the facial
also require RXRs, rather, the defects arise from perturbatiof@idiine (asterisk)FGF8 expression remains unaffected in the

to RAR-dependent signaling. This result is consistent wit"@llary (mx) and mandibular (ma) processes. (F) Embryos exposed

. . o . AR/RXR antagonists at stage 10 had their beads removed after 8-
studies demonstrating that specific teratogenic processes hours and then were treated with either RA, or with FGF2 and

be F‘?ed'_ate" by _|nd|V|duaI members_of the RXR and RARg Expression dfFGF8is restored adjacent to the nasal pits (arrow;
families in other tissues such as the limb (Sucov et al., 1993)-11) FGF8expression in the maxillary (mx) and mandibular

These experimental approaches demonstrate that the effegtgcesses (ma) is unaffected. By stage 36, embryos rescued with RA
reported are only attributable to perturbations in retinoiqG) or with FGF2 and SHH (H) have a well-developed FNP and
signaling. forebrain tissuesnE27). Scale bars: 2 mmin A-F; 1 mm in G,H.
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Our experiments also show that a high dose of RA leads general inability of remaining tissues to synthesize mRNA
defects that resemble those induced by RAR/RXR antagonistisanscripts.
(Fig. 1J). This is not unexpected, given previous reports where One potential consequence of the RAR/RXR antagonist
both excesses and deficiencies of RA produce similar abnormatatments, which could account for the morphological defects,
phenotypes (Griffith and Zile, 2000). Some preliminary datds that neural crest cells fail to migrate into the FNP. We have
suggest that these RA-induced defects arise via disruption taled out this possibility by using two independent techniques,
the same downstream pathways affected by RAR/RXRjuail-chick transplants and Dil labeling, which show that
antagonists. Such results suggest that biologically availableeural crest cells arrive in the FNP after retinoid perturbation.
levels of RA must be precisely regulated in order to signalThus, the forebrain and FNP dysmorphologies are not a
appropriately through retinoid receptors, and provideconsequence of a failure in neural crest cells to be generated
additional evidence that the molecular and morphologicaand migrate into the FNP. Our results are consistent with a
defects we observe after RAR/RXR antagonist treatments apgevious report demonstrating that inhibition of retinoid
a direct and specific consequence of disruptions to retinoisignaling does not reduce numbers of neural crest cells,
signaling. although the routes these cells take to their final destinations

Likely targets of retinoids are sensitive to perturbations irmay be altered (Wendling et al., 2000).
retinoid signaling. We employ complementary approaches that Embryos exposed to RAR/RXR antagonist beads for as little
disrupt retinoid signaling either downstream at the level ofis 8-10 hours exhibit severe forebrain and FNP hypoplasia
receptor activation or upstream at the level of ligandFig. 7B,E). In other words, the alterations in gene expression
production. The use of pan-specific retinoid receptoand the resulting craniofacial dysmorphologies do not arise
antagonists, or citral, which is a selective competitive inhibitofrom continual exposure to the antagonists, but rather are
of RA biosynthesis (Kikonyogo et al., 1999), generateschieved by perturbations to retinoid signaling within a narrow
comparable phenotypes. Embryos |oB&F8 and SHH  developmental window. Despite the loss of retinoid signaling,
expression domains in the rostral headd the forebrain and neural crest cells still arrive in the FNP. Once there, however,
FNP fail to undergo morphogenesis. Moreover, the period ithey fail to receive the appropriate molecular signals. This
which these genes and tissues are most sensitive to retinaadses the possibility that re-introduction of either the ligand or
signaling disruptions correlates precisely with the time duringlownstream targets can restore gene expression, enable neural
which RA is synthesized (based 8hDHG6 expression from crest cell survival and thus rescue the morphological defects.
stage 10 to stage 12) in epithelial cells of the presumptive FN®/e use two separate strategies to reverse the antagonist-
These data provide strong evidence that retinoid signalingpduced phenotype. We re-introduce eithertralivs RA, or
is required during initial stages of forebrain and FNPFGF2/SHH proteins, into antagonist-treated embryos. Quite

morphogenesis. strikingly, both the ligand and downstream targets are sufficient

. ) to restore gene expression and reverse the RAR/RXR
The forebrain and FNP defects arise through antagonist-induced defects. As the alterations in gene
significant molecular and cellular changes expression and the resulting craniofacial dysmorphologies do

In this study, we provide a molecular and cellular dissection afiot resolve simply by dissipation of the antagonists after
the downstream consequences of disrupting a localized retinoidmoval of the beads, we conclude that the rescue is a
signaling event. We show that retinoids mediate expression abnsequence of reinitiating retinoid-mediated signaling
both FGF8 andSHHn the forebrain and FNP. In the absencepathways that are required for proper morphogenesis of the
of these molecules, and most probably additional downstreaforebrain and FNP.
effectors, there is an increase in programmed cell death and a o . ] ]
reduction in cell proliferation. These cellular alterations areéA model for retinoid-mediated craniofacial
consistent with previous reports, which indicate that FGF8 an@iorphogenesis
SHH act as survival factors in the brain and other facialraditionally, the forebrain has been viewed as a type of
primordia (Ahlgren and Bronner-Fraser, 1999; Hu and Helmsscaffold upon which the face develops, and this observation has
1999; Lee et al., 1997; Martinez et al., 1999; Rowitch et alled to the notion that forebrain defects are always accompanied
1999; Shamim et al., 1999; Trumpp et al., 1999; Wechslehy facial defects due primarily to mechanical influences of one
Reya and Scott, 1999). Consistent with these data, otissue on the other (DeMyer, 1964). Although the brain must
experiments demonstrate that FGF8 and SHH act as survivakearly play a substantial physical role in shaping the face,
factors for the FNP neural crest, and also show that theur results demonstrate that the forebrain and FNP are also
expression of these molecules depends upon retinoid signalirigtimately linked because both structures depend upon the
By analyzing the effects of antagonist treatments at earlgame local retinoid signaling event to mediate their early
time points, we show that the loss 6GF8 and SHH  morphogenesis. Previous reports have shown that secreted
expression precedes detectable cellular and morphologicictors such as FGF8 and SHH play important roles before and
abnormalities and, therefore, reflects actual decreases dhuring patterning of the neural plate (Chiang et al., 1996; Sun
MRNA levels rather than a loss of epithelial cells viaet al., 1999; Ye et al., 1998). We demonstrate that these FGF8
programmed cell death. Moreover, we find that expression @nd SHH signaling pathways are also required during initial
OTX2is maintained, and that ®AX6is expanded throughout stages of forebrain and FNP morphogenesis. Moreover, we
the dysmorphic tissues at 72 hours (Fig. 6H,M). This resukhow that as in the limb, the expression of these molecules
serves as an important control demonstrating that the loss dépends upon retinoid signaling, which supports the
expression oFGF8, SHH, and other genes is a consequencebservation that there is remarkable conservation of signaling
of RAR/RXR antagonist-induced misregulation, rather than gpathways mediated by these morphogens across multiple organ
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systems (Schneider et al., 1999). Specifically, our resultSGF8andSHH.For exampleRARxy andRARyare detected in
indicate that FGF8 and SHH are downstream targets of retinottle rostral head of mice (Dolle et al., 1990; Ruberte et al.,
signaling in the rostral head, as they are sufficient to rescue ti®91) and a double null mutation in these receptors (Lohnes et
defects caused by RAR/RXR antagonists. What our results dd., 1994) produces craniofacial defects similar to those that
not address, however, is how tAR&F8 and SHH expression result from RAR/RXR antagonist treatments. Regardless of
domains are initially established in the forebrain and FNRwhich retinoid receptors are functioning in the rostral head, the
These genes may be induced independentlyGEs8 can still  use of pan-specific antagonists blocks all of them and causes
be detected in mice that la8HH (Chiang et al., 1996). Once a loss of FGF8 and SHH expression. The maintenance of
FGF8 and SHH are induced, however, they function throughFGF8andSHHexpression is required for survival of the neural
reciprocal interactions (Crossley et al., 1996; Grieshammer etest mesenchyme. A loss of gene expression at this step
al., 1996; Sun et al., 2000; Ye et al., 1998). For this reason, vieads to increased programmed cell death and decreased
use FGF and SHH together to rescue the RAR/RXPRroliferation in the neural crest. The continued expression of
antagonist-induced phenotype, but in principle, each factdfGF8andSHHenables the forebrain and FNP to undergo their
alone may be sufficient. This might be especially true givematterned outgrowth.
that a loss of function in eithdfGF8 or SHH generates a ) o )
phenotype similar to that in RAR/RXR antagonist-treatedPisruptions to retinoid signaling may account for a
embryos (Chiang et al., 1996; Trumpp et al., 1999). Unravelinfgnge of craniofacial malformations
the precise roles of these molecules will be critical tdSuperficially, the defects that arise after RAR/RXR antagonist
understanding rostral head development. treatments resemble craniofacial malformations associated
We propose that morphogenesis of the forebrain and FNWRith holoprosencephaly (HPE). HPE is a condition that
depends upon local synthesis of RA in the rostral head. Thiacludes a failure of formation and/or bilateralization of the
retinoid signaling event initiates a regulatory cascade thabstral end of the neural tube, as well as cyclopia (Wallis and
coordinates forebrain and FNP morphogenesis (Fig. 8Muenke, 1999). A fundamental aspect of HPE pathogenesis is
Migrating neural crest cells, which interpose themselveshat the defect originates very early in development during
between the epithelia of the forebrain and FNP, and whick
express several retinoid receptors includR@RB and RXRy, A
are probably targets of RA signaling. We hypothesize that
retinoid-dependent signal (currently unidentified) emanate
from the neural crest mesenchyme and signals to the forebré|isthmus ~ midbrain forebrain
and FNP epithelia, maintaining their expressioi-GF8 and
SHH. Alternatively, if retinoid receptors other than the ones we
examined are present in the forebrain and FNP epithelia, the ) neural crest

RA might also signal through them and maintain expression ﬁ>
\__/ o gl 0O SHH
—

Stage 11

neuroepithelium

facial ectoderm

H FGF8
Fig. 8.A proposed model for the molecular regulation of forebrain =§f’5’5§‘ RXRy
and FNP morphogenesis via epithelial-mesenchymal signaling
interactions. (A) Spatial relations of tissues and expression domain
in the rostral head are shown in a schematic sagittal section throug
stage 11 embryd=-GF8 (pink) andSHH (yellow) are expressed in
the neuroepithelium and FNP ectodeRARB andRXRy (blue) are
detected in neural crest mesenchyme,A0dH6 (green) is
localized to ventral FNP ectoderm. The black dashed box indicates
area drawn at higher magnification in B, where we propose the
retinoid-mediated signaling events occur. (Step 1) Between stage 1(
and stage 12, RA is synthesized in FNP ectoderm (based on
expression oALDH6), and signals through receptors in neural crest
cells that populate the FNP (based on expressi®A&S and
RXR)). Blocking this step between stage 10 and stage 12 either by C
citral inhibition of RA biosynthesis or by antagonizing the receptors,
has similar downstream consequences. (Step 2) We hypothesize th{
a retinoid-dependent signal (currently unidentified) emanates from
the neural crest mesenchyme and signals to the forebrain and FNP
epithelia, maintaining expression®&F8 andSHH Alternatively, if
retinoid receptors other than the ones we examined are present in :Ie midbrain
forebrain and FNP epithelia, then RA might also signal through the
and maintain expression BGF8 andSHH. (Step 3) The
maintenance dfFGF8 andSHHexpression is required for survival of
the neural crest mesenchyme. A loss of gene expression at this ste
leads to increased programmed cell death and decreased
proliferation. (C) Similar patterns of gene expression are observed i
embryos through stage 20. (Step 4) The continued expression of
FGF8andSHHenables the forebrain and FNP to undergo their
patterned outgrowth.

notochord

Stage 11
(magnified)

RA signals to neural crest

@

Neural crest maintains SHH and FGF8
in facial ectoderm and neuroepithelium

®

FGF8 and SHH maintain survival
and proliferation of neural crest

Stage 20

FGF8 and SHH maintain outgrowth
of frontonasal process
and forebrain

forebrain

_—
b frontonasal
process

hindbrain ( N__ mandible
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gastrulation (Roessler and Muenke, 1999). Our treatments,expression patterns by in situ hybridization. Ntolecular and Cellular
however, are administered at later stages following neurulation,Methods in Developmental Toxicologgd. G. P. Daston), pp. 23-48. Boca
and after bilateral subdivision of the forebrain and eye field, Raton, FL: CRC Press.

. Ll rman, E., Haffner-Krausz, R., Gorivodsky, M. and Lonai, P.(1999).
Therefore, we Interpret the RAR/RXR antagon|5t'|nduce Fgfr2 is required for limb outgrowth and lung-branching morphogenesis.

morphological defects to be severe forebrain hypoplasia and aproc. Natl. Acad. Sci. US96, 11895-11899.

subsequent fusion of the optic vesicles due to a collapse of tBeibaker, K., McMillan, M., Neuman, T. and Nornes, H. O.(1996). All-
midline, and not HPE. trans retinoic acid affects the expression of orphan receptors COUP-TF |

Collectively, our results reveal how a single signaling event ggg COUP-TF Il in the developing neural tubev. Brain Res93, 198-

can serve as a common mOFPhogenetiC switch .th%hambon, P.(1996). A decade of molecular biology of retinoic acid receptors.

synchronizes and enables the formation of structures as distinCEASEB J.10, 940-954.

as the brain and FNP. The coordinated growth of the forebraighiang, C., Litingtung, Y., Lee, E., Young, K. E., Corden, J. L., Westphal,

and face has been observed in the clinical study of humant: anld I?((_eacgy, P. ﬁ-(gggﬁ)- CVC'OF}'a and defegg‘ée %X'a' %a“em'”g in
. . . . mice lacking Sonic hedgehog gene functiNiature 407-413.

malformations.  Forebrain i_a‘nd facial dysmorphOIOgle%ohn, M. J., Izpisua-Belmonte, J. C., Abud, H., Heath, J. K. and Tickle,

frequenﬂy co-segregate (Gorlin et al., 19_90) and our resul_ts C. (1995). Fibroblast growth factors induce additional limb development

indicate that coincident defects in the brain and FNP can, infrom the flank of chick embryo€ell 80, 739-746.

fact, arise from disruptions to a single pathway. Furthermore;ouly, G. F., Coltey, P. M. and Le Douarin, N. M(1993). The triple origin

these experiments demonstrate that there is a critical period irfiflikzgg‘ 4hzigher vertebrates: a study in quail-chick chimdbaselopment

which morphogenesis O_f t_he fo_rebrayn and '_:NP '_S mo%rossley, P. H., Minowada, G., MacArthur, C. A. and Martin, G. R.(1996).
dependent upon retinoid signaling. This discrete Roles for FGF8 in the induction, initiation, and maintenance of chick limb
developmental window correlates precisely with the timing of developmentCell 84, 127-136.

RA production in the FNP ectoderm (based AbDH6 DeMyer, W. (1964). The face predicts the brain: diagnostic significance of

expression) and the presence of at least two retinoid receptor§§;£? E‘géaf'zggom'a"es for holoprosencephaly (arhinencepPegiatrics

(RARB and RXR) in adjacent populations of neural crestpgje, p, Ruberte, E., Leroy, P., Morriss-Kay, G. and Chambon, £1990).
mesenchyme. Forebrain and FNP-derived tissues are sensitivRetinoic acid receptors and cellular retinoid binding proteins. 1. A
to disruptions in retinoid signaling during their early systematic study of their differential pattern of transcription during mouse
deveIOpmem (from stage 10_12)' but they become surprising Oggti?oge(g%%ge\ézﬁﬁﬁse?f1rgtirl1£j3;jlelh§/trogenases regulating vitamin A
Insensitive by ,Stage 14 (Table 1)' Alth,OUQh the treatments_ m functibn: production of visual pigment and retinoic addr. J. Biochem.

be less effective at later stages, owing to an increase in theye7 4315-4324.

number of cells that express retinoid receptors, we believe thischele, G., Tickle, C. and Alberts, B. M.(1984). Microcontrolled release

is unlikely, as doses of antagonists four times greater than thosef biologically active compounds in chick embryos: beads of 200-microns
used at stage 10 fail to elicit a morphological defect diameter for the local release of retinoidsal. Biochem142, 542-555.

Furth th . itivity to inhibiti g tinoid Eichele, G., Tickle, C. and Alberts, B. M(1985). Studies on the mechanism
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