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SUMMARY

In the present study, we have applied an antagonist
treatment to the chick embryo in ovo in order to

branchial arches. Embryos treated by these antagonists
show a severe reduction and dysmorphogenesis of the

demonstrate and dissect the essential roles of the endothelin hypobranchial skeleton, as well as heart and aortic arch

type A (ETA) receptor in the embryonic development. We

derivative defects. This phenotype is very similar to that

have cloned, sequenced and expressed the cDNA of theobtained in mice by gene inactivations oET-1 and ETA.

chick ETA receptor and shown that its affinity for
endothelin antagonists is very similar to that shown by its
mammalian counterparts. We have studied the spatio-
temporal expression pattern of this receptor by in situ
hybridization and shown that there is a high level of its
MRNA within the mesenchyme of the branchial arches at
E3-E5, in keeping with the direct effect of endothelin-1 (ET-
1) on the fate of this region of the embryo. Unlike the
endothelin type B (ETB) receptor mRNA, ETA mRNA is
not expressed in neural crest cells during emigration from
the neural tube, but is detected in neural crest-derived
ectomesenchyme of the branchial arches. Finally, the
functional involvement of this receptor in craniofacial and

These results are observed with ETA antagonists but not
with an ETB antagonist, and are dependent on the dose of
the antagonists used and on the time of application to the
embryo. Altogether, these data strongly show that the ET-
1/ETA pathway, in chicken as in mammals, is a major
factor involved directly and functionally in morphogenesis
of the face and heart.

This  experimental model of pharmacological
inactivation of a gene product described in this study offers
a simple and rapid alternative to gene inactivation in
mouse. This strategy can be applied to other ligand-
receptor systems and extended to compounds of various
chemical and functional natures.

cardiovascular organogenesis was assessed by selectively

inactivating the ETA receptor with specific antagonists
applied during the time period corresponding to the
expression of the ETA receptor and colonisation of the

Key words: Endothelin system, ET&allus gallus, Neural crest cell,
Craniofacial development, Cardiovascular development

INTRODUCTION

The body plan organisation and morphogenesis of the orgaimglow and outflow tract of the heart (Lyons,

participate in the functional development of the head
musculature and skeleton (Schilling, 1997), and/or of the
1996).

result from the sequential activation and spatio-tempordlUnexpectedly among many other factors, the genes of the
combinatorial expression of various genes, includingendothelin system emerged as key factors in patterning these
transcription factors, growth factors and their associatedtructures by affecting specifically some subsets of neural crest
receptors. Each member of these families play a crucial arfliC) cells.

specific role in patterning various structures. Thus, whereas theEndothelins are a family of peptide hormones with three
Hox genes are involved in the antero-posterior positioning anethembers, endothelin-1, endothelin-2 and endothelin-3 (ET-1,
are master genes of body plan in vertebrate developmeRfl-2 and ET-3) encoded by three distinct genes (Inoue et al.,
(Krumlauf, 1994), members of the basic helix-loop-helix1989). The mature peptide ET-1 (21 amino acids) was initially
family, for instance, are factors controlling the fate of suctcharacterized by its potent vasoconstrictive properties (N.
lineage as muscles, hematopoietic cells or neurons (Lee, 199¥anagisawa et al., 1988). The effects of the ET peptides are
As to the ligands and associated receptors, they operate mogsttediated through two known distinct specific endothelin
through interactions between ligand-producing and target cellsgceptors. In mammals, based on their binding affinities for the
allowing the latter to grow, migrate, condense, differentiate onative and synthetic ligands, they have been classified as type
undertake apoptosis. By gene inactivation, superactivation @& and type B receptors (ETA and ETB). The ETA receptor has
antisense inhibition, numerous genes have been shown #ohigh affinity for ET-1 and ET-2 and a low affinity for ET-3,
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whereas the ETB receptor does not discriminate between théATERIALS AND METHODS

three endothelin isoforms. In mammalian species, both

receptors have been cloned and characterized (for a review ggening, library screening and sequencing of the chicken

Sakurai et al., 1992). These receptors belong to the G-protei7A receptor (CETA)

coupled receptor family and activate the phospholipase €rimers Aa and Ba were directed at regions that are the most
pathway, leading to an inositol phosphate accumulation amgpnserved at the nucleotide level between amphibian and mammalian
subsequent Ga release. In non-mammalian classes ofETA receptors. The sequences were AaJACCAGAACAAAT-
vertebrates, an ETA receptor (Kumar et al., 1994) and anoth&ATGAGG-3" and Ba, 5GAGGCATGACTGGAAACAATT-3.
atypical receptor, called ETC (Kare et al., 1993), have bee NA was synthesized from chicken heart RNA, and PCR was

| d in X h in birds t B relat erformed as follows: 32 cycles of denaturation at 95°C for 1 minute,
cloned in Xenopus, whereas In birds two type relate nealing at 50°C for 1 minute, extension at 72°C for 1 minute,

sequences have been published so far (Nataf et al., 1998jowed by a 10 minute elongation at 72°C. PCR products of the
Lecoin et al., 1998). expected size were TA-subcloned into pcRIl (Invitrogen). The
The targeted gene inactivation of ET-1 results in aequences of all inserts showed significant homology with the ETA
significant reduction in size of the mandible and tongueeceptor cDNAs previously cloned in other species. The chick PCR
(Kurihara et al., 1994) and in aortic arch malformations anéhsert was3?P-labelled by random priming and used for primary
various heart defects (Kurihara et al., 1995a). More recentlgcreening of approximatelyx10° phages of a chicken fibroblast
a similar phenotype in mice with an inactivated ETA receptofDNA library constructed in Uni-Zap XR Vector (Stratagene). Among
gene was reported (Clouthier et al., 1998). Thus the ETROsitive clones, four were screened through two additional rounds and

. : s ; : excised using helper phage as pBluescript SK-plasmid. Agarose gel
l/ET.AI Slgr&allngd_pathilllvgy 'S” |(;1vqlvedd T ﬂ][e patt?l_mmgtr?felectrophoresis revealed that the clones had inserts of 1.4-3 kb. The 3
cranial and caraiac celi-aerivea structures. TWo o€y, c5ne was sequenced in its entirety on both strands using the

components of the endothelin system, ET-3 and ETB, Welgqeoxynucleotide sequencing technique and confirmed by automatic
also inactivated by homologous recombination in micesequencing using the Applied Biosystems 377 DNA Sequencer and
(Baynash et al., 1994; Hosoda et al., 1994). Null mic&Ter  the dye deoxy-terminator chemistry.

3 or ETB genes exhibit severe aganglionose in the distal

colon, characteristic of the Hirschsprung's disease. Theloning and sequencing of a partial chicken ETB receptor

endothelin converting enzyme (ECE-1), necessary for th&ETB)

maturation of ET-1 and ET-3, has also been inactivategrimers Ab and Bb were designed on the basis of the previously

(Yanagisawa et al., 1998a) and the phenotype recapitulat@dblished partial sequence of the quail ETB receptor (Nataf et al.,

the malformations obtained by the genetic disruption of ET1996), i.e. Ab, 5GAGATCAAAGAGACCTTCAAG-3' and Bb, &

1/ETA and ET-3/ETB pathways. TGAGGAGCTGTACTTATTACTGG-3. cDNA was synthesized
The chick embryo is a well established experimental moddfom chicken brain RNA and PCR was performed as described above.

for studying the role of a gene in development, especially fof CR Products of the expected size were TA-subcloned into pcR2.1

NC cell derivatives. Thus, to further investigate the exac{lnvnr_ogen), and sequenced by the dideoxynucleotide sequencing

; . . chnique. One of the clones was used for in situ hybridization

function of ETA in processes that contribute to the head an periments.

cardiovascular organogenesis, we decided to inactivate the

ETA receptor in the chick embryo using receptor-type specifiginging and transduction assays

antagonists. .Alth.OUQh a high degree of similarity between thﬁor transient expression studies of the ETA receptor, the 3 kb cDNA
ET systems in birds and mammals was expected, there wag,&s subcloned into theotl andXhol sites of the expression vector
need to validate the potential of this experimental model iRcDNA3-zeo (Invitrogen). COS-7 cells were grown in Dulbecco’s
comparing results for the endothelin system with those ohodified Eagle’s medium supplemented with 10% fetal calf serum, 1
mammals. mM glutamine, 100 units/ml penicillin and 1Q@/ml streptomycin
Here we present a detailed analysis of the moleculaat 37°C in a humidified 5% COncubator. Transfections were
structure, pharmacology and early temporo-spatiaperformed when the monolayer reached 90-95% of confluence with
embryo. This first series of experiments permitted the‘l’ransfected cells were |mmed|at(_ely seeded in 24-well or 12-well
selection of an inhibitor that could antagonize the Chicker{flates fo_r subsequent assays, which were carried out 72 hours after
- h . ransfection.
ETA receptor efficiently and provided evidence of the

L el 129-labelled ET-1 was prepared by chloramine-T iodination and
similarity of the ET system in birds and mammals. Thes@urified by HPLC. Binding assays were performed on intact

results allowed us to use a strategy of in ovo receptQfansfected COS-7 cells 72 hours after transfection in the 24-well
inactivation of the ET-1-ETA system in the chicken plates. Competition binding experiments were carried out for 1 hour
embryo. In ovo, specific blockade of the ETA receptor wast 22°C using 0.2 nM23-ET-1 and increasing concentrations of

assessed by experiments using a specific ETA receptwearious ligands: bosentan and Ro46-8443 (from Hoffmann-La Roche)
antagonist, a mixed ETA/ETB antagonist or a specific ETBnd RU69986 (from Hoechst Marion Roussel). Each experiment was
antagonist, as a control. The data presented here proviagrformed at least in duplicate. Bln.dl_ng data were analyzed wlth a
independent and complementary evidence that ETA is t n-linear, least-squares, curve-fitting procedure, Ebda-Ligand

: : Isevier-Biosoft, Cambridge, UK).
receptor of the endothelin system required for norma Inositol phosphate production was measured to determine the

mqrphqgeness of the face _and cardiovascular _system f[]nctionality of the receptor. As previously described (Torrens et al.,
chick, in the same way as in mammals. In addition, thgggg) cOS cells, subcultured in 12-weli plates, were labelled with
strategy pursued identified the period of time during whichy |,ci/ml [3H]myo-inositol for 24 hours. Cells were subsequently
the ET-1/ETA pathway is crucial for the patterning ofincubated with increasing concentrations of ET-1 at 37°C for 30
ectomensenchymal derivatives. minutes in the presence of 10 mM LiCl. The tot&H]jnositol
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phosphate fraction was eluted on a Dowex anion exchang@ESULTS

resin (AG’ 1-X8 resin, Bio-Rad) and measured in a scintillation

counter. Cloning and sequence analysis of the chicken type
Chicken embryos A endothelin receptor

For all the following studies, approximately 600 white Leghorn PCR primers cor_respondlng o regions of ETA conserved
chicken eggs were obtained from a commercial farm and incubated @NONg other species were used to amplify an 837 bp fragment
38°C in a humidified atmosphere. Stages are given according f60m adult chicken heart cDNA. This PCR fragment was used
Hamburger and Hamilton (HH) (Hamburger and Hamilton, 1951) o@s a probe for screening a chicken fibroblast cDNA library. A
refer to the embryonic day of incubation (E). At the time of dissection3 kb clone was isolated, containing a 1266 nucleotide open
chicken embryos were fixed by 4% paraformaldehyde in PBS or AFAeading frame, along with’ @nd 3 untranslated regions. The
(5% acetic acid, 20% of 4% paraformaldehyde in PBS, 75% ethanoorthern blot analysis of the chick endothelin type A receptor

d_ehydratgo! an_d embedqled in paraffin for hi_stological_analysis or ifevealed two transcripts of approximately 2.5 and 3.5 kb,
situ hybridization experiments. Tissue sectionsu( thick) were — yagiting from alternative polyadenylation, splicing or
mounted on silanated slides. Gross anatomical observations and fﬂgnscription (data not shown) !

observations of internal malformations were made before or afte The ded d tei fth ded ETA t
fixation and dissection. Internal malformations were confirmed both € deduceq protein sequence ol the encode receptor

histologically (Hematoxylin/Eosin counterstaining) and after clearingcNSists of 421 amino acid residues with a calculated molecular

the embryos. mass of approximately 48 kDa. The receptor possesses most
_ o o o features common to G protein-coupled receptors, including a
Riboprobe transcription and in situ hybridization seven-transmembrane domain topology, serine and threonine

[35S]UTP-_Iab§IIed endothelin receptor riboprobes were synthesizegesidues that may be phosphorylated, cysteine residues in the
from partial (in pcRIl) or full-length (in pBluescript S cETA,  carboxy terminal tail as a putative palmitoylated cluster, and

hybridization protocol was as previously described (Sibony et a"comparison between the cETA receptor and other published
1995). Briefly, it comprised a microwave heating pre-treatment t(irETA receptors is shown in Fig. 1

enhance the hybridization signal (12 minutes in a citric acid buffe

in a microwave oven) followed by digestion for 20 minutes with : P
Proteinase K. Tissu)e sections ywerge incubated overnight witIE’harmElCOIOglcal characterization of the CETA

[35S]UTP-labelled probe in a humid chamber at 50°C. Slides werkeceptor on COS cells

washed in solutions of varying degrees of stringency (frer8SC ~ Binding of 129-ET-1 to COS-7 cells transfected with the full-
with 50% formamide at 55°C to xISSC at room temperature) and length chick ETA cDNA was specific, saturable and of high
digested with RNase A (2ig/ml) to remove the nonhybridized affinity (K¢=250 pM, data not shown). Competitive binding
single-stranded RNA. Macroscopic autoradiography was obtainegxperiments in these cells showed that this receptor belongs to
on Biomax film (Kodak) after 1-3 days, and microscopicthe type A endothelin receptor family. The cloned cETA
?}é’é%?lg'o%?grhéxbgogdfg'Ti?nége frsg'rﬂei It% ';Tsvie'Lgu'iligzs”|§JgPreceptor displayed ETA selective binding properties to natural
developed, fixed and stained with Toluidine Blue before examinatio%lenge;i/g:hfitllé ll[%zng.?_ ,;[\hg[chStrgr?mlIr?wratr?wr:?:lsm?r:g rg?flilr?i?yEfI'rA\
under bright or dark field with a Leitz microscope. the chicken ETA was higher for ET-1 and ET-2 than for ET-3
Drug administration in ovo (Table 1). Inositol phosphate stimulation increased in a dose-
Eggs were incubated vertically with the air chamber at the top. Alependant manner with increasing concentrations of ET-1
small window was opened in the shell and auB®live oil drop  (effective concentration producing half-maximal response
was introduced onto the shell membrane at 24 (stage HH4-7), 48Cs0)=0.2 nM), and only weakly with ET-3 (Eg=5.1 nM).
(HH11-14), 72 (HH18-21) or 96 (HH23-24) hours of incubation.  For the in ovo experiments, from among more than a dozen
The oil contained a suspension of the endothelin antagonists at tBBmpounds known for their binding properties to the
desirgd concentration. Control embryos received oil only. The she ammalian ET receptors, three synthetic ligands with well-
opening was sealed with tape and the eggs were returned to thg., ' ang different antagonistic properties in mammals were

incubator until dissection. Each egg was given a number, whic . . . .
identified it to its treatment group. At the end of the experiment (E§elected. Their properties were first studied on cETA expressed

or E12), the anatomical observation of the embryos was mad8 COS cells (Table 1). RU69986, an ETA specific antagonist,
blind without knowledge of the treatment received by the embryos2nd bosentan (Ro47-0203), a mixed type of antagonist, were
Only embryos alive at the time of observation were included in thi€hosen to work in vivo because of their high affinity for the
study. CETA receptor and their effect on ET-1-induced inositol

Table 1. Pharmacological characterization of the chicken ETA receptor

Ki (nM)
Endogenous ligands Antagonists
ET-1 ET-2 ET-3 RU69986 Bosentan R046-8443
Chicken ETA* 0.8 1.3 311 1.7 5.2 116
Mammalian ETA** 0.9 7.2 900 13 4.7 1100

*Data obtained by competition é#3-labelled ET-1 binding with various compounds in COS-7 cells expressing cETA.
**Data published by Arai et al. (1990) for the ETs; Clozel et al. (1994) for bosentan; Breu et al. (1996) for Ro46-8443 and personal communication (J. P.
Vevert) for RU69986.
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phosphate production. At 1M, ECso of the ET-1 was shifted mandible components of the beak in treated embryos ranged
from 0.2 to 5.7 nM with RU69986 and 4.4 nM with bosentanfrom the total absence of mandible to a shorter and slighltly
In contrast, the mammalian ETB-specific antagonist Ro46erooked lower beak (Fig. 3A-C)), with a stunted or missing
8443 has a very low affinity for the cloned cETA receptortongue and a thicker and shortened neck. The shape of the
(Table 1) and, consequently, does not significantly decrease tbpening of the otic vesicle also appeared modified by the
inositol phosphate production. It was

therefore chosen as a negative control.

XenopusETA - - - MGGNI LRFTVLLVLAG AVSSSFGE- - - - - -~ - - - - YYQNRTDASTDFTM_NRSH
Dlstrlbutlon Of endothelln receptors humanETA - - - METLCLRASFW.ALVGECVI SDNPER- - - - - - == - - - - - YSTNLSNHVDDFTTFRGTE
in the chick embryo chi ckenETA - - - NEALYLRVSSLLLLLGFVLCDSSDK- - - - -~ - - - - - - - YATNWSDVG YLPTSSG E
i < TR S ) = L
We have studied the mRNA express humanETB MQPPPSL CGPAL VAL VL ACGL SR WEEERGFPPDRATP- LLQTAE! MIPPTKTLWPKGSN
pattern of both the chick ETA and E XENOpUSETC - - - MATVI LFVAWVACLMVGVCYGEFQT- - - - - - - - - - - QUNFPDI SNPSGELNGEPAHR
receptors from E1 to ES, particula ETA TSPVRKG\R S AD- - LOPEKTKI NHVFKYI NTI LSCTI FI | GWGN
: : : xenopus - G a -
‘Zlozf_:us'zr;g on neural and cardiac linea humanETA LSFLVTTHQPTN: - - - - - LVLPSNGSMHNYCPQQTKI TSAFKY! NTVI SCTI FI VGWEN
ig. 2). :
. chi ckenETA VSN- - QTVKCSQQTKI AETFKY! NTVVSCA! FI VGWGN
From HH8 to HH18, no expression of-

. QUAI | ETB  mmmmommmmmm oo El KETFKY! NTWSCLVFVLG | GN
type A receptor was detected in the eml humanETB ASLARSLAPAEVPKGDRTAGSPPRTI SPPPOQGP! El KETFKY! NTWSCLVFVLG | GN
(Fig, ZB), whereas in the same embryos xenopusETC | VQLDSI QNNGALNVBTGNVLNVBPPPPSPCL SRAKI RHAFKYVTTI LSCVI FLVGE VAN
ETB receptor appeared in the NC cell xenopusETA  ATLLR! | YQNKCVRNGPNALI ASLALGDLI Y1 VI DI Pl | VFKLLGQRWPFDQSPVGAFLC
soon as they emigrate from the neural - hunanETA ATLLRI | YQNKCVRNGPNAL | ASLALGDLI YWI DLPI NVFKLLAGRWPFDHNDFGVFLC
(NT) (Fig. 2C). ETA mRNA-positive cel chi ckenETA  ATLLRI | YONKCVRNGPNALI ASLALGDLI YI VI DI Pl | VYKLLAQKWPFGDSEFGQFLC
appeared first in branchial arches arc quai | ETB STLLRI | YKNKOVRNGPNI LI ASLALGDLLH | I DI Pl SVYKLLAEDVPF- - - - - GVEMC
E3, and the in situ hybridization signal v humanETB STLLRI | YKNKOVRNGPNI LI ASLALGDLLH VI DI Pl NVYKLLAEDWPF- - - - - GAEMC
located in the mesectodermal c xenopusETC  STLLRI | YKNKCVRNGPNVLI ASLALGDLFYI LI Al PI | SI SPWLSTGHS- - - - - - EYI'Y
surrounding the arteries and was abse xenopusETA  KLVPFI QKASVG TVLNLCAL SVDRYRAVPSWERVQGSG PLI TAI El | S| WLSFVLAI
the aortic arch endothelium (Fig. 2D-F) humanETA KLFPFLQKSSVG TVLNLCALSVDRYRAVASWSRVQG G PLVTAI EI AS| W LSFI LAl
a mirror image to ETB mRNA (Fig. 2C chi ckenETA  KFLPFI QKASVG TVLNLCAL SVDRYRAVASWSRVQG G PM TAI EI FSI W.LSFI LAl
There was also no ETA hybridization sig ﬂuai I ETB KLVPFI QKASVG TVLSLCALSI DRYRAVASWER! KG GVPKWTAVEI VLI W/ SWLAV
: - ; umanETB KLVPFI QKASVG TVLSLCALSI DRYRAVASWER! KG GVPKWIAVE! VLI VWVSVWLAY
|(r'1:_thezép'):|)thellum of the branchial arcl xenopusETC  QLVHLYR - - ARVYSLSLCALS| DRYRAVASVIKR! RS G PVRKAI ELTLI WAVAI | VAV

ig. 2E,F).
In the developing heart (Fig. 2H-J), xenopusETA  PEAl GFVM/PFEYRGEQFRTOVFHATSP- - FMVFYKNAKDWAL FGL YFCVPLACTGVFYT

hunanETA PEAI GFVWPFEYRGGEQHKTCMLNAT SK- - FVMEFYQDVKDWAL FGFYFCVPLVCTAI FYT

two receptor types were also expresse i
chi ckenETA  PEAI GFAVWPFRYKDESYVTCMLNPTNK- - FMLFYKDAKDWAL FGFYFCOVPLACTAI FYT

different tissues: ETA was confined to

; ; quai | ETB PEAI AFDM TMEYRGKDLRI CLLHPTQKTSFMVEYKQAKDWALFSFYFCLPLAI TALFYT
myocardium  (Fig. 2I) and ETB w hunmanETB PEAI GFDI | TMDYKGSYLRI CLL HPVQKTAFMFYKTAKDVWAL FSFYFCLPLAI TAFFYT
restricted to the endocardium (Fig. : xenopusETC  PEAI AFNLVELDFRGQTI LVCM. PMEQTSDFVRFYQEVKVWWAL FGFYFCLPLACTGVFYT

Whereas ETB was very strongly expres
. | struct h dorsal xenopusETA  MMITCEM.HQRKGSLRI ALSEHLKQRREVAKTVFCLWI FALOWFPLHLSRI | KNT- - - - -
In neural structures sucn as aorsa humanETA LMIGEM_NRRNGSLR! AL SEHLKQRREVAKTVFCLWI FALOWFPLHLSRI LKKT- - - - -

ganglia or sympathetic ganglia, ETA v chi CkenETA  LMTCEM_NRRNSNLRI ALSEH.KQRREVAKTVFCLVWI FALONFPLH SR LKKM - - - -
confined in the Cephallc reglon to the v quai | ETB LMICEMLRKKSG M) ALNDHL KQRREVAKTVFCLVLVFALCW.PLHLSRI LKLT- - - - -

of the perineural vasculature but was hunanETB LMTCEM_RKKSG- M) ALNDHLKQRREVAKTVFCLVLVFALCW.PLHLSRI LKLT- - - - -
detected in the neuroepithelium itself (F xenopusETC  LMBCEMLSI KNG MRI ALNDHVKQRREVAKTVFCLWWI FALOW.PLHVSSI FVRLSATVK
. XenopusETA - ---1 YNELDPSRCELLS- - - - - FLLVMDFI SI NLAALNSCI NPI AL YFVSKKFKNCFQS
2K) '
In most other organs, ETB was confil humanETA - - - - VYNENDKNRCELLS- - - - - FLLLMDY! Gi NLATMNSCI NPI AL YFVSKKFKNCFCS
essentially within neural structures and chi ckenETA - - - - VYNERDPGRCELLS- - - - - FLLPLDY! SI NLATMNSCI NPI AL YFVSKKFKNCFQS

endothelium. ETA had a more diffu
distribution, mostly in the mesodern
components of various organs such as

quai | ETB - - | YDQKDPNRCELLS- - - - - FFLVMDYI G NVASLNSCI NPI ALYLVSKRFQNCFKS
hunanETB - - - - LYNQNDPNRCELLS- - - - - FLLVLDYI G NVASLNSCI NPI ALYLVSKRFKNCFKS
xenopusETC  RACI LKNKRSCI MAEI QTGVNYQLLM/IWNYTG NVASLNSCI GPVAL YFVSRKFKNCFQS

bronchi (Fig. 2L,M), pharyngeal digesti xenopusETA  CLCOCC- QBKTHI NTAPMNVTSI QAKNHDGNY- - - YGADRSI HKDSI N
tube and anterior gut, and also mesoneg humanETA CLOCOCYQSKSLMISVPMNGTS! QAKNHDQNN- - - HNTDRSSHKDSMN
(data not Shown) chi ckenETA CLCCCCSQSKSLATSVPMNGT S| QAKNCQELNN- - - HNTDRSSHKDSI N

quai | ETB CLCOWCQBKD- LLSLEERQ SCLKFKANDHG- - - - YDNFRSSNKYSSS
hunanETB CLCCWCQBFEEKQBLEEKQ- SCLKFKANDHG: - - - YDNFRSSNKYSSS

PhenOtype of the embryos xenopuseETC ~ CLCOWCHRPTLTI TPVDEKGSGGEKWKANGHDL DL DRSSSRL SNKYSSS

submitted to endothelin antagonists
In embryos treated with RU69986 Fig. 1. Sequence comparaison of cETA with other ET receptors. The chicken ETA
receptor displays 76% identity with human ETA (Elshourbagy et al., 1993), 70% with
gﬁtsaen(;??sts (erI;eS e(I:Et-i(/Aél )Orat EEAZ/E-! Xenopus ETA (Kumar et al., 1994), 65% with partial quail ETB (Nataf et al., 1996) 64%
g ! P Yy . \ identity with human ETB (Sakamoto et al., 1991) and 51% with Xenopus ETC receptor
bserved at E9 or E12, the f Y P P
observed at or , the first appa (Karne et al., 1993). The cETA sequence has been deposited in the GenBank Data

features were a partial or complete abs: Library under accession number AF040634. The respective accession numbers of the
of lower beak, occasionally associated\  other sequences are L06622 (hETA), U06633 (XETA), X99295 (QETB), S44866 (hETB)
less conspicuous malformations of and L20299 (XETC). Sequences were aligned using ClustalW from the Wisconsin GCG

upper beak. The malformations of package.



treatment with a widening of its hole (data
shown). These external malformations v
used to evaluate the result of the treatme
is noteworthy that the mortality rate v
similar in control and treated embryos and
in all groups, most of the embryos died be
or on the day of treatment. Taking into accc
all the apparent anomalies of the head,
penetrance of the defects reached 709
RU69986- or bosentan-treated embi
surviving at E12 (Table 2). With oil-, Ro4
8443 (an ETB-specific antagonist)- or Saf
Angll (angiotensin receptor antagoni:
treated embryos, none of the anatorn
features ascribed to bosentan or RUG6¢
were observed (Table 2). This cle¢
demonstrated that the observed phenot
were due to the specific blockade of the |
receptor and not to ETB or any other unrel.
receptor.

The external phenotype of each tre:
embryo was followed by the examination
internal structures after specific staining
clearing of the embryos (Fig. 3D-l
permitting the precise identification of whi
hypobranchial skeletal elements w
missing, deformed or reduced in size in
treated embryos. Compared to con
embryos, no malformations were detecte
axial or limb skeleton, except for
accentuated curvature of the cervical pa
the spinal column, probably due
mispatterning of neck muscles, wh
produced a thickening and shortening of
neck (data not shown). In the lower jaw, k
Meckel's cartilage and its associa
covering dermal bones were absent in
most affected embryos (Fig. 3F), which w
the majority of treated embryos. Inde
these structures appeared as small dots
site where they normally bud to build par
the mandible skeleton. In the less affe
embryos (Figs 3E, 4A), the Mecke
cartilage as well as the dermal bo
(angular, surangular, opercular or dent
were present but dramatically reducec
length. Among components of the hi
internal skeleton, the hyoid apparatus
subject to severe deformations and
reduction up to a complete lack of some
its components (Figs 3E,F, 4B). 1
epibranchial cartilage was never obsel
after treatment, whereas the basibranc
ceratobranchial, basihyal and
entoglossum cartilages presented var
degrees of gross dysmorphogenesis suc
widening or flattening, and they never lay
the same plane as in control embryos (
4B). Moreover, two additionnal cartilaginc
structures developed occasionally from
rostral part of the ceratobranchial in tree
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Fig. 2.In situ hybridization analysis of cETA and cETB expression. (A-C) E2.5; B
and C are enlarged views of the boxed area in A. ETA is not detectable (B). ETB is
mostly expressed in the neural crest cells emigrating along the medioventral
pathway (short arrows in C); a weak signal is also observed in the floor plate (long
arrow in C). At E3 (D-J), ETA (D-F and H,l) and ETB (G,J) are expressed in the
branchial arches and the heart. ETA mRNA is expressed only in the mesenchyme of
the branchial arches (D-F), whereas ETB mRNA is detected in the endothelium of
the aortic arches (G). Neither ETA nor ETB are expressed in the ectodermal or
endodermal epithelia of the arches (D-G). In the heart (H-J), myocardium (l,J,
arrows) expresses ETA receptor mRNA (l) and endocardium (1,J, arrowheads) ETB
mMRNA (J). The enteric ganglia, which derive from the vagal neural crest cells, are
ETA negative (l), but are strongly ETB-positive (J). At E5, the wall of the

capillaries (arrowheads) lining the outer aspect of the neuroepithelium (itself ETA-
negative) expresses ETA mRNA (K, arrowheads). (L,M) Mesenchymal cells of the
main bronchi are positive for ETA (M). b, bronchi; gi, gastrointestinal tract; ne,
neuroepithelium; nt, neural tube; oe, oesophagus, s, somite. Bagsnl@cept

for F and G, 2Qum).
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Fig. 3. Effects of endothelin antagonist
treatment on the craniofacial development
of the chick embryo. (A-C) External
appareance of the head of a control (A) and
of two RU69986-treated embryos, partially
(B) or fully (C) affected. Alcian Blue and
Alizarin Red skeletal preparation of
embryos (D,E,F) correspond, respectively,
to (A,B,C). The Meckel’s cartilage (white
arrow) is reduced or absent and the hyoid *
bone is severely affected (black arrowhead)
in the treated embryos (E,F).

embryos and not in controls (Fig. 4B). Specific staining ofn treated embryos compared to control embryos. In addition,
cartilages and bones revealed that in absence of externa¢ looked at the distribution of the smooth musclactin at
malformations (30% of the treated embryos), most embryothe same age. The immunostaining for this marker was quite
still displayed a dysmorphogenesis of the hyoid apparatusimilar in both control and treated embryos (Fig. 5D,E).
that was quite similar to that described above for the most
affected embryos. Dose and time-dependency of the phenotype
The dissection of the neck and thoracic region revealed thBeside being antagonist specific, the phenotype described
in most of the treated embryos the thyroid is hypoplastic oabove also depended on the dose and the time of ETA
one or both sides. Likewise, the development of the thymus &ntagonist administration.
affected by the treatment (data not shown). To further validate the in ovo pharmacological inactivation
The heart and its associated vasculature were examinefithe ETA receptor, we performed a dose-response curve (Fig.
anatomically (Fig. 5A) and histologically at E9 or E12 in both6A). The penetrance of the phenotype in embryos treated with
control and RU69986 (Fig. 5B,C) or bosentan-treated (ndETA-specific antagonists was enhanced with increasing
shown) embryos. A wide range of -cardiovascularconcentrations of the drug from 0 to 10 mg/ml, reaching a
malformations was recorded. There was no commonlplateau at a dose of 5 mg/ml. The highest dose of 10 mg/ml
observed pattern of defects, with the exception of a ventriculaltid not increase the penetrance in living embryos (68+4%)
septum defect often associated with a persistent truncu®mpared to embryos treated with 5 mg/ml (70+£8%), but rather
arteriosus (Fig. 5B,C). Various abnormalities of outflow tractended to be lethal. This lethality can be explained by toxicicity
including aorta, carotids and subclavian arteries were apparenit the higher doses, but the possibility of an aggravated
such as the loss of an artery or, conversely, one or seveggienotype, ultimately leading to embryonic death, cannot be
additional vessels or abnormal bifurcations in the great vessatsled out.
of the thoracic region. When observed at E4 (2 days after
treatment), the aortic arch arteries, which give rise to the g

vessels of the outflow tract, appeared normal in size and st A B
Table 2. Summary of morphological defects ? A
Treatment Skeletal morphological ‘ a
Embryos defects in live embryos ’ : -
Drug (death) Dose Embryos % / 3 -
Vehicle 10 (2) None 0 0
RU69986 15(2) 5 mg/ml 8 62 CONTROL RUB998E CONTROL RUB998E
(ETA antagonist)
Bosentan 16 (4) 5 mg/mi 8 67
(mixed antagonist)
R046-8443 16 (5) 5 mg/ml 0 0
(ETB antaganist) Fig. 4. Morphological t of the hypob hial skelet f
ig. 4.Morphological aspect of the obranchial skeleton o
Sar-1lé Angll 10(2) 5mg/ml 0 0 9 P 9 P yp

control (left) and RU69986-treated embryos (right). The lower jaw
and the hyoid apparatus were dissected from E12 control or treated
embryos. (A) Whereas the cartilage and bone elements of the
These data are representative of a typical experiment performed at E2 of mandible of the control embryo (left) are completely normal, the
incubation and observed at E12. There is no significant difference inthe ~ Meckel's cartilage of the treated embryo (right) is greatly reduced
extent of mortality between embryos treated with vehicle or drug. Only the and covered by strongly deformed or absent dermal bones.
live embryos were further investigated for internal morphological and/or (B) Compared to the control (left), the hyoid apparatus is highly
histological analysis. abnormal and curved as a result of the RU69986 treatment (right).

(angiotensin
antagonist)
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Fig. 6. Characterization of a dose- and time-dependent effect of the
antagonist treatment. (A) Percentage of malformations after

Fig. 5. Cardiovascular defects. (A) Gross anatomy at E12 of the hedfatment of embryos by 0, 0.1, 0.3, 1, 5 or 10 mg/ml of bosentan in
of a control embryo (left) and a RU69986-treated embryo (right). ~ Suspension in a 30l oil drop. (B) Percentage of malformations

The ventricles are smaller in the treated embryo, in contrast to the according to the time of treatment by 5 mg/ml of RU69986 or
auricles, which look distended. (B,C) Histological analysis of a heartPosentan (24, 48, 72 or 96 hours of incubation). For A and B, the

of a RU69986-treated embryo. A ventricular septum defect (arrow) i§1alformations observed are those described in detail in the Results
visible and also an abnormally dilated atrium. Note also the lack of @nd are based on the external apparence of the beak of the embryos

septation between the aorta and the pulmonary arteries. The two &t E9 or E12. Values represent meanzs.e.m. of two or three
asterisks in B mark on the valvule two thickened and abnormally ~ independent experiments.
long leaflets. (D,E) Alpha-actin immunostaining of smooth muscles.
Used as a marker of vessel wall differentiation, at Exttin has
(sagittal sections) a similar expression pattern in aortic arch arteriesj, - ,pation was much less severe and penetrant (28+7% and
of both control (D) and RU69986 (E) embryos. A, atrium; V, 30+5%, respectively). None of the embryos treated at 96 hours
ventricle. Bars, 200 m. .
were affected by the treatment. To summarize, the frequency
of craniofacial malformations increased from 28% to 70% and
then decreased to 0% for a treatment beginning at 24, 48, 72
In order to determine the most sensitive developmentar 96 hours of incubation. In keeping with the rise and drop in
stage(s) to the antagonist treatment, we undertook a time-frarpercentage of affected embryos, there was a tendency for an
experiment (Fig. 6B). We administered a single dose (5 mg/mihcreased and then a diminished severity of the malformations
of ETA antagonist at different development ages (from 24 tobserved.
96 hours of incubation). At E2 (48 hours of incubation), the These results confirm the specificity of the malformations
treatment induced the maximum percentage (70+8%) dhduced by the blockade of the ETA receptor. More
defects in the craniofacial structures of the embryos and al$mportantly, they show that there is a narrow time window that
the most severe malformations. At this stage, almost alf critical for achieving a normal development and patterning
embryos had a complete regression of the lower beak. Thof the neural crest-derived structures in branchial arches, which
phenotype observed after treatment at 24 or 72 hours depend on the ET-1/ETA pathway.
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DISCUSSION the invasion of the branchial arches, NC cells express only ETB
receptor mRNA, and no ETA. It is only at E3, at the time of
One of the most powerful, useful and elegant means afolonization of the branchial arches by the cranial NC cells,
determining the function of a gene of interest is the techniquihat these cells split into two lineages that react differently to
of gene disruption by homologous recombination.the anti-HNK1 antibody (Le Douarin et al., 1992). Neural type
Nevertheless, because it is time and labour consumingells, HNK1 positive, remain ETB positive and mesectodermal
irreversible and restricted to the mouse, other approaches hasalls, HNK1 negative, become ETA positive (our unpublished
been developed in other species, in vivo or ex vivo, such asbservation).
gene inactivation by antisense oligonucleotide, or gene product These data have allowed us to select several non-peptidic
inhibition by administration of drugs. In the well-studied antagonists that have been applied at stages of cCETA expression
chicken embryo model, commonly used techniques are thte pharmacologically inactivate the ETA pathway in the chick
local implantation of beads soaked with products of interesembryo. This strategy is efficient, reproducible and selective
the transfection of retrovirus overexpressing genes of intereanhd permits the production of a large number of individuals
or the treatment of the whole embryo in culture. displaying a characteristic phenotype.

Validation of the experimental model Similar phenotype obtained by pharmacological

Since the main aim of our study was to inactivate the produ&iockade of the chicken ETA receptor and
of the ETAgene in ovo and within the whole embryo, weinactivation of ET-1 or ETA genes in mice
designed a pharmacological blockade of this receptor bETA receptor inactivation as operated here by an antagonist
administration of antagonists using a simple and non-toxiigand produces a phenotype comparable to thaEBil
route. The endothelin system was particularly suited to thiKurihara et al., 1994, 1995a,b) BT A (Clouthier et al., 1998)
approach, because of both its involvement in earlyull mice. However, it is worth noting that a very high
development and the existence of various available selectivecidence of malformations is obtained with a single injection
antagonists. However, such a study required the followingf antagonist in the chick embryo, whereas HEL1 gene
important preconditions: (1) molecular cloning of the receptorinactivation in mice required the continuous administration of
(2) pharmacological studies to select antagonists with higanti-ET-1 antibody or a selective ETA receptor antagonist in
affinity, selectivity, biodisponibility and slow metabolism; and pregnant mice to reach a high degree of malformation
(3) determination of the expression pattern of the receptdqKurihara et al., 1995a). In the present study, the administration
during embryonic development. These prerequisites foof an ETA-specific antagonist (RU69986) or an ETA/ETB
exploring the similarity of the avian endothelin system withantagonist (bosentan) induced all the anomalies observed,
that of the mammals appeared necessary in view of the nowhich did not appear after the administration of a mammalian
systematic conservation between these two classes BffB antagonist (Ro46-8443) or an endothelin-unrelated
vertebrates. antagonist (Sar-1fRAngll). It is most likely that the phenotype
Indeed, the endothelin type A receptor is conserved betweésn not due to toxicity because of (1) the total similarity of
birds and mammals, since the complete sequence of the cETalformations obtained after ETA blockade in chick and ETA
receptor that we report displays a high identity with thanactivation in mice, and the absence of the same
sequence of the mammalian endothelin ETA receptors. Imalformations with non-specific or unrelated antagonists; (2)
addition, the pharmacological assays reported here cleartile use of ETA antagonists with distinct chemical structures
demonstrate that the binding parameters and the antagon{pbsentan and RU69986), which yield the same phenotype; (3)
properties of the ligands used in this study are conservetie inability of bosentan to bind to 40 other receptors (Clozel
between avian and mammalian ETA receptors, whereas aviah al., 1994). In addition, the dose-response effects and the
chicken angiotensin Il (Kempf et al., 1996) and bradykinintime-frame experiments confirmed the validity and efficacy of
(Schroeder et al., 1997) receptors, for instance, behawharmacological treatment for this purpose. All the previous
differently towards mammalian antagonists. In order tadata are in favor of a direct effect of the antagonists via the
determine the optimal period of treatment to inactivate the ETATA receptor, although we cannot exclude the possibility of an
receptor with antagonists at an early stage of development, virdirect effect via undetermined pathways.
established the spatio-temporal expression pattern of the Since the phenotypes obtained after inactivation of ETA by
endothelin receptors. At the earliest stage studied, NC cells thatspecific antagonist in the chicken andEJy1 or ETAgene
emigrate from the NT have already become ETB-positiveinactivation in the mouse appear identical, we can conclude
whereas they are still ETA-negative along both the dorsolater#tat, in all cases, the ET-1/ETA pathway is involved. Most of
and medioventral pathways of migration. Compared to théhe defects are observed in tissues or organs derived from the
human (Brand et al., 1998) and mouse embryos (Clouthier btanchial arches and, more precisely, from the
al., 1998), the ETA mRNA expression is delayed in the chickectomesenchyme of all branchial arches. Thus, the disrupted
embryo: in the mammalian embryo both ETA and ETB appeallevelopment of the first (mandibular) and second (hyoid)
almost simultaneously in early migrating NC cells (andarches results in abnormalities in the hypobranchial skeletal
possibly in the same cells in human), whereas in the chioklements. The functional blockade of the ETA receptor by
embryo, ETA receptor is detected only after NC cells ofantagonist treatment in this study or inactivations ofEfel
mesectodermal lineage have reached the branchial arches.(Kurihara et al., 1994) deTA (Clouthier et al., 1998) genes in
contrast, ETB expression is detected in cells as early as statpg mouse studies suppressed the stimulus responsible for the
HHB8 when they emigrate from the NT, an observation that hadifferentiation and/or proliferation of the cephalic NC cells
already been reported in quail (Nataf et al., 1996). Thus, beforithin the branchial arches. The hyoid apparatus is affected in
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almost all treated embryos, while the antagonist treatment hasts on NC cells by altering their migration, proliferation
a smaller impact on the ectomesenchymal cells of thand/or differentiation. The recent studies of gene inactivation
mandibular arch, which contribute to the Meckel’s cartilageof ET-1, ETA or ECE-1 (Kurihara et al., 1994, 1995a; Clouthier
and membrane bones of the lower jaw. The wider the origin @t al., 1998; H. Yanagisawa et al., 1998a) failed to solve this
the ectomesenchyme, the more severe the defects aftmrestion. The present pharmacological blockade of the ETA
treatment. Indeed, the hyoid bone derives from all theeceptor could not fully clarify this problem either. However,
rhombomeres and the posterior mesencephalon, whereas oolyr study not only rules out the effect of the endothelin system
the posterior half of the mesencephalon and rhombomeres 1p8 migratory NC cells, but also shows the time dependance of
and 3 (partly) contribute to the mandible (Lumsden et al., 1991he endothelin effect. Indeed, in this study, we show the
Couly et al., 1996). existence of a critical, narrow and specific temporal window
Organ defects resulting from ETA receptor blockade in thébetween E3 and E4) for the ETA-dependent craniofacial
other arches were also observed with a cumulative penetrancgyanogenesis and arch remodelling. Before the beginning of
of almost 100%. The heart and its associated vasculature dhgs sensitive period, both the absence of the ETA receptor in
very often affected with variable and heterogeneousnigrating NC (and adjacent) cells in the chick embryo and the
phenotypes (ventricular septum defect, no outflow septatiomppearance of this receptor around E3, when the cells have
missing or surnumerary vessels) which, here again, isached the branchial arches, rule out a role of the ET-1/ETA
consistent with the results obtained by gene inactivati@Tef pathway on the migration of the NC cells. Surprisingly, the
1 (Kurihara et al., 1995a) andTA (Clouthier et al., 1998). insensivity of the migration process to ET-1/ETA pathway has
Moreover, in our experimental model, most of the treatedlso been shown recently in mice, despite the presence of ETA
embryos have abnormal thyroid and thymus, as also reporteeceptor in migrating NC cells in mouse embryo (Yanagisawa
in mutant mice (Kurihara et al., 1995b). The pharyngeal archt al., 1998c). Since NC cells migrate normally to the branchial
patterning is similarly (partly or totally) disrupted by arches, ETA may be crucial only in postmigratory NC cells
inactivation of numerous genes such as, for instance, Hox-1d8ter they colonize the branchial arches. Epithelio-
(Chisaka and Capecchi, 1991), MFH-1 (lida et al., 1997)mesenchymal interactions would be impaired by either the
RARs (Lohnes et al., 1994) or also teratogenic administratioabsence of ET-1 production from the branchial arch epithelium
of retinoic acid (Richman, 1992). These results demonstraii&urihara et al., 1995a), or the absence (Clouthier et al., 1998)
that all these genes are not only expressed but the geoe the blockade (this study) of the ETA receptor in
products are functional and essential for the participation afctomesenchyme. Preliminary attempts at comparing control
pharyngeal derivatives of NC cells to the organogenesis of alind antagonist treated embryos at E4 (2 days after treatment)
these organs and structures. All these mispatternings were aladicate that neither the hybridization signal for the cETA
previously obtained by ablation of the cardiac NC cells, whichieceptor mRNA (our unpublished observation), nor the
migrate to the third, fourth and sixth pharyngeal arches (Kirbgxpression ofi-actin, taken in this study as one among many
and Waldo, 1995). possible functional markers of differentiation, are modified by
Because the gene inactivation is total from the beginning dhe treatment at this stage. This last observation may suggest
embryonic development, this method does not reveal anythirthat the early alteration of the NC cells (between E3 and E4)
about the temporal window of sensitivity to ET-1 signal of theonly has repercussions on a later process of arch remodelling,
branchial ectomesenchyme. The pharmacological ‘knocks previously proposed after ablation of cardiac NC cells
down’ is more versatile and allows gene product inactivatiofWaldo et al., 1996).
for limited periods of time. We reasoned that the delay between Clearly, if the migration process can be ruled out, the
E2, when the embryos were treated with the antagonists, afishdamental question of proliferative versus differentiating
E3, when the mesectodermal cells of the branchial archesles of the ET-1/ETA system will require much more
express ETA receptor, allows for the diffusion of the antagonisxtensive and precisely targeted studies, as already discussed
suspension from the oil to the target cells and the functionah the ETAgene inactivation studies (Clouthier et al., 1998; H.
inactivation of the receptor. In fact, this is confirmed by the lowvanagisawa et al., 1998b). Furthermore, unravelling the order
incidence of malformations observed in embryos treated at 2f events downstream of the ETA stimulation remains a major
hours of incubation. This lower incidence can be explained bghallenge. For example, further studies are necessary to
the extended delay (48 hours) between the treatment and ttietermine whether the effects of ET-1 via ETA are restricted
period of sensitivity at the stage of colonisation of the branchidb ectomesenchymal cells (ETA positive) of the branchial
arches, a delay during which extensive diffusion in the wholarches or, alternatively, if they extend through and beyond
egg and metabolism of the active compound can occuthese last ones to neighbouring cells (ETA negative) to convey
Conversely, treatment at or later than 72 hours of incubatioimformation that will direct their fate.
may be too late for the antagonist to reach the target cellsata ] )
time when they are still fully sensitive to ET-1. Therefore, weFunctionality of the ETA and ETB receptors in
can conclude that the mesectodermal cells of the branchidevelopment
arches have a very limited period of sensitivity to endothelinThe treatment of embryos with a selective antagonist to ETA
between E3 and E4, the same period during which thRU69986) or with a mixed antagonist to ETA and ETB
branchial arch epithelium expresses the corresponding ligarfdosentan) generates the same anatomical and histological

ET-1 (Nataf et al., 1998). defects and at equal dose, with approximately the same
o ) ] penetrance of the phenotype. Nevertheless, since bosentan
Cellular deficiency in the branchial arches binds to ETB receptor on chicken membrane preparations (our

A major question is to know whether ET-1 via its ETA receptounpublished observation), one might have expected a larger
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range of defects after bosentan treatment corresponding to tak, 1997). In other words, attention should now turn to genes
blockade of the ETB receptor, which is essential to thevhose inactivation produce phenotypes close or similar to that
development of the myenteric ganglia and epidermabf the ETA inactivation. As previously pointed out for retinoid
melanocytes. However, neither the gene inactivatioBT8  involvement in development (Dickman et al., 1997), a variety
(Hosoda et al., 1994) n&T-3(Baynash et al., 1994) in mouse, of approaches and models will be required to dissect the
nor bosentan treatment in chicken embryo at early stagesnderlying mechanisms of morphogenesis. Both the gene
induced obvious defects in other ETB-positive neurainactivation, where the gene is knocked out throughout the
structures such as dorsal root or sympathetic ganglia. Likewisdevelopment, and the pharmacological blockade, where the
in ET-14- mice, no apparent anomalies were observed iproduct is temporarily ‘knocked down’ as used in the present
neural tissues, although they expressed ETB receptor mRNgtudy, will help to clarify the interactions among growth factors
very early in development and ET-1 can bind ETB with highsuch as endothelins, protein kinase and transcription factors in
affinity. This apparent lack of effect of ETB blockade suggestegulating gene expression and cell differentiation during
that the ET-1-ET-3/ETB pathway may not be functional ahormal and abnormal embryonic development.

these early stages of development, in spite of the abundance of

ETB mRNA expression_ The same question arises as to theThis work is dedicated_ to the memory_ of Etie_nne_WoIff .(1904-
functionality of the ETA receptor in the NC cells migrating 1996), a great embryologist and teratologist who inspired this study.
rom the NT 10 the branchial arches: uether these cells e 240072 ek JL 1. W, 6 & Wonat 1 ool
express ETA, as in mamm_als, or_not, a§ in chick, they'do néioussel for the gift of RU69986 and radiolabelled ET-1, and to
Seem t.o be ET-1 responsive u.nt” the time they 00'0”'2? th artine Clozel (Hoffmann-La Roche) for providing us with a
branchial arches. Further studies are needed to explain thgnerous supply of Bosentan and Ro46-8443.

apparent lack of function of both receptor signaling in these

neural-crest derivatives.
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