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SUMMARY

We describe a new zebrafish mutation,neckless,and  expression in the nervous system is a non-cell autonomous
present evidence that it inactivates retinaldehyde effect, reflecting a requirement for retinoic acid signalling
dehydrogenase type 2, an enzyme involved in retinoic acid from adjacent paraxial mesoderm. Together, our results
biosynthesis. neckless embryos are characterised by a demonstrate a conserved role for retinaldehyde
truncation of the anteroposterior axis anterior to the dehydrogenase type 2 in patterning the posterior cranial
somites, defects in midline mesendodermal tissues and mesoderm of the vertebrate embryo and provide definitive
absence of pectoral fins. At a similar anteroposterior level evidence for an involvement of endogenous retinoic acid in
within the nervous system, expression of theetinoic acid  signalling between the paraxial mesoderm and neural tube.
receptor a and hoxb4 genes is delayed and significantly

reduced. Consistent with a primary defect in retinoic acid

signalling, some of these defects imecklessmutants can be  key words: Zebrafish, Anteroposterior patterning, Vitamin A
rescued by application of exogenous retinoic acid. We use deficiency, Retinoic acid, Retinoic acid receptor, Craniofacial
mosaic analysis to show that the reduction inhoxb4  development, Neural cresgldh2, hoxb4

INTRODUCTION fore- and midbrain-specific gene expression and the expansion
of the expression domains of more caudally restricted genes
In all vertebrates, inductive cellular interactions result in stabléreviewed by Durston et al., 1998; Gavalas and Krumlauf,
differences in cell states between head, trunk and tafl000). These effects correlate well with the distribution of
derivatives. In particular, anteroposterior (AP) patterning of thendogenous RA: both in chick and mouse emfrRA is
neural tube is regulated by signals from organiser-derivedetected only after gastrulation with a sharp anterior boundary
tissues, such as the notochord and prechordal plate, and fratthe level of the first somite, and at high concentrations caudal
paraxial mesoderm (reviewed by Jessell, 2000; Stern artd this boundary (Mendelsohn et al., 1991; Rossant et al., 1991;
Foley, 1998). Somites clearly influence posterior identities o€olbert et al., 1995; Horton and Maden, 1995; Maden et al.,
cells in the neural tube. In heterotopic grafts of hindbrain o1998). Similarly, in zebrafish the anterior trunk corgdiigh
somites, neural cells can be respecified to more posteritgvels of RA (Marsh-Armstrong et al., 1995).
identities when juxtaposed to posterior mesoderm (Grapin- Depriving embryos of RA causes a variety of developmental
Botton et al., 1995; Itasaki et al., 1996; Stern et al., 1991). Idefects, among them neural crest cell death, the absence of
the posterior head region, putative posteriorising factors hadanb buds and posterior branchial arches, small somites, and
been implicated in patterning both the identities of hindbrairhindbrain segmentation defects, which collectively are known
rhombomeres and of neural crest-derived pharyngeal archas vitamin A-deficient (VAD) syndrome (Morriss-Kay and
(Gould et al., 1998; Muhr et al., 1999; Wendling et al., 2000)Sokolova, 1996; Maden et al., 1996; Dickman et al., 1997;
Retinoids are prime candidates for such posteriorising/laden et al., 2000). In the hindbrain, embryonic RA depletion
factors since they can have a wide range of effects on AReads to graded phenotypic effects: with decreasing amounts
patterning in the developing central nervous system (CNShf RA, expression of genes normally restricted anteriorly
limbs and neural crest. Exposure of embryos to an excess pfogressively extends posteriorly until finally, in the absence
retinoic acid (RA) inhibits anterior development in the neurabf RA signalling, embryos lack rhombomeric and gene
tube and craniofacial mesenchyme through the suppression @fpression boundaries posterior to rhombomere 3 (Blumberg
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et al., 1997; Dickman et al., 1997; Dupe et al., 1999; Kolm ethe lack of expression dfoxb4in the CNS is due to defects

al., 1997; van der Wees et al., 1998; White et al., 1998; White@ RA signalling from the paraxial mesoderm. Our findings

et al., 2000). suggest a model in which RA directs AP patterning directly in
The effects of RA and other retinoids are mediated througthe mesoderm, and that these cells, in turn, indirectly pattern

nuclear receptors of the RAR and RXR families which acthe neural tube.

as ligand-activated transcriptional regulators (reviewed by

Mangelsdorf et al., 1995). Inactivation of single receptors in

mice has revealed extensive receptor redundancy, whiATERIALS AND METHODS

compound mutations in some receptors recapitulate the

phenotypic defects observed in VAD, including the disruptiorZebrafish husbandry

of AP patterning in the cranial neural crest and hindbraimondon wild-type and WIK strains of zebrafish were reared and

(Dupe et al., 1999; Kastner et al., 1994; Kastner et al., 1997taged at 28.5°C (Kimmel et al., 1995).

These complex phenotypes are not surprising, given t _

widespread distribution of RA and expression of its receptor ._Uta_nt screening ) _ _ )

For example, zebrafisRARr and RARy (rara and rarg — Diploid F2 progeny of male fish mutagenised with ethyhitrosourea

- - . - (ENU)(Mullins et al., 1994; Solnica-Krezel et al., 1994) from a
Zebrafish Information Network) expression show little overlap_Lonolon wild-type background (Currie et al., 1999) were fixed at 24

RARx IS expressed in parax'al mesoderm, posterior h'ndb.ra'ﬂours postfertilisation (hpf) and hybridised with probes Kmx20
and spinal cord, where&ARyis expressed more anteriorly in (oxtoby and Jowett, 1993)ax2(Krauss et al., 19925hh(Krauss et
head mesenchyme and in the brain (Joore et al., 1994). 3|, 1993) ananyoD(Weinberg et al., 1996). In situ hybridisation was
AP patterning of the CNS is mediated through the regulategerformed essentially as previously described (Begemann and
expression of Hox genes, which are expressed with discrete Aigham, 2000), using 24-well plates. For double in situ hybridisations,
expression boundaries within the developing neural tube arsfrongly expressed transcripts were labelled with fluorescein and
adjacent mesoderm. Binding sites for RA receptors have be@qtected withp-iodo nitrotetrazolium violet (INT)/5-bromo-4-chloro-
characterised in the regulatory regioniokal, hoxblhoxb4 3-‘|ndolyphosphate (BCIP), and V\(eakly expressed ones were labelled
andhoxd4 and shown to confer RA-mediated gene activationVith NBT/BCIP (Roche Diagnostics).
in vivc: and in \{_itro (sl\ljlggeﬁtilrrgtth?t 1RéA9 gir&ctly_ regul?tels T&)}( Mapping and linkage testing
gene franscription (Marshafl et al., » vornson et al., 1126 was outcrossed to the WIK strain and the pooled DNA frem F
Dupe et al., 1997; Gould et al., 1998; Studer et al., 1998). Thugemozygous mutants and siblings was analysed using SSLPs. An
the spatial distribution of RA and its receptors are all thoughtST (GenBank Accession Numbers, Al476832 and Al477235) that
to be critical for regulating Hox gene expression in the neurahapped between 211119 and z8693 on the LN54 radiation hybrid
tube. panel (Hukriede et al., 1999), was shown to encméh2 by
The biosynthesis of RA involves the sequential conversiogequence similarity to other vertebr&aldh2genes. Linkage was
of vitamin A into retinaldehyde, which is then oxidised to RA.determined by RFLP analysis of pooled cDNAs, from 40 ‘London

At least two cytosolic alcohol dehydrogenases (ADH), otild type’ and nis/nls embryos (oligonucleotides:’-BACTGCC-
microsomal retinol dehydrogenases, catalyse the fir QCCAGAGGTGAAGAACGAC-3 and 3-ACGGCCATTGCCGG-

step, while the second step requires cytosolic retin CATTTTGAATC-3'). Pst restriction of the amplificates generated

restriction fragment length polymorphism (RFLP) of 0.6 and 0.77
dehydrogengses, members of the aldehyde dehydmgen%eln nis/nls an?j of 1.46 Eb irﬁ) V\%|d tyF;)e, ovv(ing du)e to a missense
(ALDH) family (reviewed by Duester, 2000). Two aldehyde yytation innlsi26.
dehydrogenases, ALDH1 and ALDHG6/V1, are predominantly
expressed in spatially restricted domains of the head and retifiéoning of raldh2
and are unlikely to contribute to the high levels of RADegenerate primers against the peptide sequences IIPWNFP (5
posteriorly (Haselbeck et al., 1999; Maden et al., 1998)ATA/C/T ATA/C/T CCI TGG AACIT TTC/T CC-3) and PFGGFKM
In contrast, retinaldehyde dehydrogenase 2 (RALDH2), 45-CAT C/TTT A/GAA ICC ICC AIGAA IGG-3) were used to
nicotineamide  adenine  dinucleotide (NAD)-dependen?mp“fy a 0.9 klraldh2fragment by RT-PCR from 30 hours hpf wild-
dehydrogenase, is expressed posteriorly in a pattern thiype embryos. Fragments were subcloned into the pCR2.1-vector

. _ - e using the TOPO kit (Invitrogen) and sequenced, revealing one with
correlates with RA-mediated gene activation (Wang et al‘s'milarity to vertebrat&kaldh2 The fragment was screened against a

1996; Zhao et al., 1996; Niederreither et al., 1997; Berggren YLbrafish late somitogenesis stage cDNA library (Max-Planck-

al., 1999; Swindell et al., 1999). In mouse, loss-of-functionnstute for Molecular Genetics, Berlin) under stringent conditions to

mutations in Raldh2 mimic the most severe phenotypes gptain a full-length clone afaldh2 (ICRFp524L2053Q8)(GenBank

associated with VAD, implicatinRaldh2as the main source Accession Number, AF339837). Several cDNAs from different

of RA in the vertebrate embryo (Niederreither et al., 1999homozygousnls mutant embryos and London wild-type embryos

Niederreither et al., 2000). were obtained by RT-PCR and sequenced usaigh2-specific
We have characterised theeckless(nls) mutation in  Primers.

zebrafish, yvh|ch recap|tu!ate§ many aspects of VAD. We I'nlﬁetinoic acid treatments

nis to a missense mutation maldh2, structural analysis of

which predicts a non-functional protein. Consistent V.V'th. th ere incubated in the dark from late blastula stage onwards in varying
molecular nature O'r!ls“ we show that exogenous application dilutions (in embryo medium) of a1®M all-trans RA (Sigma)/10%

of RA rescues the fin and mesodermal defectdsmutants.  gthanol solution (from a 1M stock solution in DMSO). As controls,
We also show that zebrafish requiegdh2 for formation of  siplings were treated with equivalent concentrations of ethanol/DMSO
posterior head mesoderm and notochord, as well as for celbne. Mild teratogenic effects (e.g. disrupted heart development and
specification in the anterior spinal cord. Finally, we show thasmaller eyes) were observed at higher concentrations.

atches of 60-80 embryos from wild-typerds heterozygous parents
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mRNA rescue experiments Table 1. Notochord cell count in the head of wild type and
Full-length RALDH2 cDNA was cloned asSpé/Notl fragment into nls

the Xhd and Notl sites of pSP64TXB (Tada and Smith, 2000). The
resulting plasmid, pSP64T-RALDH2 was linearised witha and

Average number dflo tail-expressing cells

transcribed using the ‘SP6 mMessage mMachine’ kit (Ambion). 3 nPhenotype  Sample size)( Rostraltor3  r3-r5 r5-somite 1
of in vitro synthesised mRNA was injected into embryos at the oneWild type 14 9 73 97

to four-cell stage. nls 9 11 76 48
Morpholino injections Cell numbers expressing the nuclear No tail protein in 10-somite-old

Two partially overlapping morpholinos agaimatdh2 (5-gtt caa ctt ~ SMPryos. counterstained wikhox20andmyoR

cac tgg agg tca tc-and 3-gca gtt caa ctt cac tgg agg tca t+Bere

obtained from GeneTools, LLC, and solubilised in water at a stoc

concentration of 1 mM (8.5 mg/ml). 4-5 nl of 1:2, 1:4 and 1:10vesicle and the first somite is reduced compared with wild type
dilutions in water, respectively (approximately 4, 2 and 0.85 mg/ml(Fig. 1C,D). At 30 hpf mutants have weak heartbeats, swollen
were injected into one-cell stage embryos. The injected dilutionpericardial cavities and lack apical folds of the developing
resulted in strong (1:2) to weak (1:10) phenocopies oflse  pectoral fin buds. By 4 days, mutant larvae lack pectoral
phenotype. fins (Fig. 1E,F). Alcian staining of cartilage showed that
homozygotes lacked both a pectoral girdle and endoskeletal
Cartilage staining was performed as described (Schilling et al., 199 .Iements of the pectoral fins (see Fig. 6J). Body §hape and fin
TUNEL staining for apoptotic cells was performed as describedi€fects were 100% penetrantrits mutants either in AB or
previously (Williams et al., 2000). Labelled DNA was detected withbondon genetic backgrounds, whereas pericardial swelling had
alkaline phosphatase-coupled anti-fluorescein (Roche), followed by lower penetrance (data not shown).

NBT/BCIP (Roche) colour reaction. For live labelling of apoptosis, To investigate its mesodermal defects furtivax compared
dechorionated embryos were incubated in 5mg/ml Acridine Orangmarkers of different mediolateral regions (paraxial, lateral plate
(Sigma)/1% DMSO/PBS, washed in PBS and observed with and axial). Analysis ofnyoDandherlexpression revealed no
fluorescein filter set. Immunostaining was carried out according tgjfferences in the length of the somitic plate, or number of
Westerfield (Westerfield, 1995) with antibodies against No tai%omites formed, imls homozygotes (Fig. 1G-J). The nephric

(Schulte-Merker et al., 1994), myosin heavy chain (Dan-Goor et al - .

1990) and the cell-surface protein DM-GRASP (Zn8; Trevarrow et aI.tmeeS' W.hICh Qerll\/elfrom Igt?ral pllate mespderrq and express

1990). Embryos were cleared in 70% glycerol, mounted on bridgeE]‘?‘X2 are |n\_/ar|anty ocated lateral to somite 3nis, as in

coverslips and photographed on a Zeiss Axioplan microscope.  Wild type (Fig. 1K,M). By contrastnls mutants have fewer
notochord cells, visualised using an anti-No tail antibody in the

Mosaic analysis posterior head (Fig. 1G-J; see Table 1). At 12 hpf the number
Donor embryos were injected at the one-cell stage with 2.5% lysinef No tail-positive cells between r5 and somite 1 is reduced by
fixable tetramethyl-rhodamin-dextran and 3.0% lysine fixable biotinapproximately 50% inls (Table 1). The number of developing
dextran ¥ 100.000)(Molecular Probes) dissolved in 0.2 M KCI. gnterior somites is unchanged, as expressiorhaic6 is
Transplants were done blindly, and donor genotypes determined at ggtected up to the boundary between the fourth and fifth
hpf. At late blastula stages, groups of 10-30 donor cells wergsmjtes innls as in wild type (Molven et al., 1990; Prince et

transplanted into unlabelled host embryos of the same stage a e :
placed either along the margins of the blastoderm, which gives rise %" 1998a). ThL_anIs mutants .eXh'b't ea_rly defect_s in both
araxial and axial mesoderm in the region that will form the

the mesendoderm, or further away from the margin in regions th . )

give rise to neural ectoderm (Kimmel et al., 1990). Transplanted celROSterior head and pectoral fins.

were labelled using a peroxidase-coupled avidin (Vector Labs) an L .

detected with diaminobenzidine (for brightfield microscopy) or a~ Mmutationin raldh2 co-segregates with  nis

fluorescent tyramide substrate (Renaissance TSA kit; Duport/sing bulked segregant analysis we mapgetietween SSLPs

Biotechnology Systems), and examined for fluorescence. 711119 and z8693 on LG7 (Fig. 2B,C). This location coincides
with that of an EST predicted to encode a close relative of
mammalian Raldh2 As the nls phenotype shows some

Histology

RESULTS similarities to that of VAD quail andRaldh2 mutant mouse
embryosRaldh2seemed a good candidate for thegene. We

Mutation of the neckless gene disrupts posterior sequenced a full-length cDNA encoding zebrafath2 (Fig.

head mesoderm and pectoral fin development 2A) and six independent isolates of RALDH2 cDNAs from

The neckless(nls) mutation was isolated in an in situ homozygousnls embryos that all contain a point mutation
hybridisation screen of ENU-mutagenised zebrafish through i{&5ly204Arg) (Fig. 2D). This creates a fortuitdRst restriction
effects on gene expression along the AP axis (Fig. 1; Currie site with which we confirmed linkage tds by RFLP analysis

al., 1999). Simultaneous detectionkobx20expression in the (Fig. 2E). Glycine 204 is one of 23 residues that are invariant
hindbrain andnyoDexpression in somite precursors reveals aamong 16 NAD and/or NADP-linked aldehyde dehydrogenases
reduction in the spacing between rhombomere 5 (r5) and theith wide substrate preferences, as well as types with distinct
first somite as early as the tailbud stage in 25% of the progespecificities for metabolic aldehyde intermediates, particularly
of nls heterozygotes (Fig. 1G-N). Tm#s'26 allele is inherited semialdehydes (Perozich et al., 1999) and forms the core of a
in a Mendelian fashion as a recessive lethal trait antbop-forming sequence motif that lies within the NAD-binding
homozygotes die between 4-6 days postfertilisation. At 18 hpflomain of the molecule. Modelling the structural effects of
the posterior head in mutants is thickened just anterior to thaubstituting glycine 204 with arginine by comparison with the
first somite (Fig. 1A,B), and the distance between the otitertiary structure of rat RALDH2 (Lamb and Newcomer, 1999)
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Fig. 1.Mesodermal and fin defects i
nls mutant embryos. (A,B) Lateral
views of living 17-somite stage wild-
type (A) andnls mutant (B) embryos,
photographed with Nomarski optics
showing a kink at the head-trunk
boundary imls. (C,D) Higher
magpnification view of the posterior
head, showing proximity of the first
somite to the otic vesicle ims (D).
(E,F) Dorsal views of living 4-day-ol
wild-type (E) anchls mutant (F)
larvae showing absence of pectoral
fins (arrow) innls. (G-N) Dorsal view
of embryos labelled with in situ
hybridisation and flat-mounted to
show reduction in the distance
between thé&rox20andmyoD
expression domains (brackets)
betweemls mutants (1,J,M,N) and
wild types (G,H,K,L).

(G-J) Immunohistochemical co-
localisation of the No tail protein
(brown) withkrox2Q myoDand the presomitic markéer-1in nls mutants. At the five-somite stage (G,1), expressidkraf20is slightly
delayed in rhombomere (r) 5 (arrows). At the 10-somite stage (H,J), posterior head deflectseimore pronounced akwbx20expression in
r5 has recovered. Arrowheads denote migrating neural crest cells from r5 that appear ndan@, M) Co-localisation of the pronephric
markerpax2reveals that its anteriormost extension in the lateral mesoderm is located lateral to somite 3 in both wilchtgifareos).
(L,N) Co-localisation ohoxc6(purple) withkrox20andmyoD(brown) at the ten-somite stage reveals an anterior linmibxé6expression at
the somite 4/5 boundary in both wild type amisl(arrowheads). Note the loss of clear separation between the first two somisgiin

Ot, otic vesicle; s1, somite 1. Anterior is towards the left. Scale baprsda A,B.

suggest that this mutation prevents a secondary structure theinsRA, the main constituent of retinoids in zebrafish
allows interaction of the protein with the co-enzyme NAD (dateembryos (Costaridis et al., 1996), we investigated whether or
not shown). Owing to the tight spacing of glycine 204 withinnot exogenous RA can rescue the mesodermal and fin defects
its surroundings, replacing this residue with arginine appears tamused byls. Two early fin markerdpx5.1, which labels the

be sterically prohibitive and would create a protein of reducedntire pectoral fin field (Begemann and Ingham, 2000), as well

or no activity. asshh a marker of posterior fin mesenchyme (Krauss et al,

. ) ) o 1993), are undetectable in the presumptive fin mesenchyme of
Morpholino-mediated translational inhibition of nls homozygotes (Fig. 3C,E,G-I). Exposure to tedlasRA
RALDH2 phenocopies nls rescued caudal head mesoderm development at 12 and 17 hpf

To investigate whether loss of RALDH2 activity could account(Fig. 3B; Table 2), as well as the pectoral fin expression of
for thenls phenotype, we injecte@ldh2-specific morpholino  thx5.1at 36 hpf (Fig.3J,L), consistent with timés mutation
antisense oligonucleotides into wild-type embryos and assay@dusing a reduction or loss of RA signalling.

the ensuing effects by in situ hybridisation with appropriate To confirm that the molecular lesion inls/raldh2 is
marker probes. Injection of either 8.5 or 17 ng ofrdddh2- responsible for thals mutant phenotype, we injected in vitro
morpholino resulted in a strong reduction in the space betweéranscribedraldh2 mRNA into one- to four-celhls embryos
thekrox20andmyoDexpression domains at 12 hpf relative toand assayed for the rescuelnf5.1expression in the pectoral
wild type (Fig. 3A), a phenotype indistinguishable from thatfin buds, as well as for development of an apical fin fold. The
of nls26 embryos at the same stage (Fig. 11). On average, Toncentration of injectedaldh2 mRNA was progressively
out of 101 embryos injected with both concentrations andeduced until overexpression phenotypes, similar to those
either morpholino exhibited this phenotype. Moreover, distincobserved in RA-treated embryos, were no longer observed.
rhombomeres r3 and r5 can be observed in the injectethis concentration (approx. 500 pg per embryo) was used to
embryos. At 24 hpf, the post-otic head is shortenedtlaxisl  assay phenotypic rescue in batches of embryos derived from a
expression in the pectoral fin buds is abolished (not showngross betweenls-heterozygotes (Table 3). Partial or complete
We never observed phenotypes stronger than those exhibitezstoration oftbx5.1expression was seen in 83% of mutants
by nls?6 homozygotes, indicating that the#s26 mutation is  (30/36 expectedls embryos), indicating that wild-typaldh2
equivalent to the loss of RALDH2 activity. Injection of 34 ngis sufficient to rescuals embryos.

raldh2-morpholino did, however, cause neural necrosis, which

we interpret to be a nonspecific effect. nis/raldh2 is expressed in early trunk paraxial
mesoderm
Exogenous RA or RALDH2 activity rescues aspects To investigate the spatial and temporal patternsisifaldh2
of the nls mutant phenotype expression during embryogenesis, we used whole-mount in

As RALDH2 catalyses the last step in the synthesis of allsitu hybridisation.raldh2 mRNA is first detectable at 30%



Patterning defects in raldh2 mutant zebrafish 3085

hRALDEZ MTSSKIEMPG EVKADPAALM ASLHLLPSPT PNLEIKYTKI FINNEWQNSE ncnwmn &0 LG 7
mRALDHZ Q
CRALDHZ
SRALPES { ;mwp . 24959
3 -pools P P, F-pools
hRALDH2 36.7 24999
mRALDH2 = E X E
CRALDN2 X . = EE 3
SRALDH2 § 3588 ¢ 3 3588
T € ez & 5 ¥ {#% ¢
hRALDH2
MRALDHZ
CRALDN2 205 _, . 210
SRALDH2 40.2 —— 211119 195 = =180
130 -
hRALDEZ
mRALDH2 -4 /R,
mip 415 [T nis/RALDH2
=RALDH2 z8693
hRALDNZ (cM)
MRALDH2
CRALDHZ
sRALDH2
BRALDNZ E
mAALDHZ D
CRALDH2 ity
=RALDHZ wi pe
M +/+ nis/nls M
BRALDHZ
mRALDNZ
CRALDH2 i
ZRALDNZ r“l
BRALDH2 f |||
mRALDHZ \
CRALDEZ
SRALDHZ Akl
o ABCTOCOUOAANCACS AGCTOCAGGAACACS
DH2 Ser Cys ?f‘y Asn Thr Ser Cys .RX.‘ Asn Thr
€RALDH2 *- - -
ERALDH2 B i [iestrand ’ fi-atrand

Fig. 2.Cloning and mapping of zebrafisls/raldh2 (A) Comparison of the predicted RALDH2 amino acid sequence of human (Accession
Number, 094788), mouse (Q62148), chick (093344) and zebrafish proteins. Zebrafish RALDH2 protein has 79% amino acid iél&¥ity and
similarity to the human protein. Sequence conservation within the first 20 amino acids suggests that RALDH2 proteins rslayelofitoam

the first methionine, rather than methionine 20; the 19 N-terminal amino acids for the mouse and chick proteins wererdehegdcibiNA
sequences. Underlined sequences correspond to primers used for RT-PCR cloning. Alignment was performed using PILEUP.i(B)fSchemat
part of linkage group 7 (LG7), showing this/raldh2map position in relation to SSLP markers. Data were combined with those from the
meiotic and LN54 radiation hybrid panels to determine the position of the raldh2 E&B.&@) Linkage analysis with SSLP primers on

genomic DNA frommls, outcrossed to the WIK strain. In parental strains, primer pair z11119 amplified a single band of 205 base pairs (bp) in
the heterozygousis carriers and two bands of 195 bp and 130 bp, in WIK2lprégeny, these primers amplified the 205 bp fragment in only
homozygousils/nisembryos, demonstrating linkage to this marker. Likewise, SSLP marker z4999 amplifies a fragment of 210 bp in
heterozygousls/+ parents, and a fragment of 200 bp in WIK (a fragment of 180 bp is amplified in both strains). These primers amplified only
the 210 bp fragment in pools of homozygouss embryos, whereas sibling embryos contained both fragments. Albissclosely linked to

SSLP markers 211119 and z4999, and to 211894 and z8693 (not shown, see Materials and Methods). (D) A single point nhatiagian in al
independently subcloned cDNAs within this open reading frame, generates a missense mutation ¥ @iyArg2%4 (asterisk), located in a

loop structure. (EPst restriction of PCR-fragments, amplified usireddh2-specific primers, of cDNA pools of 40 London wild-type (+/+)
andnls/nlsembryos, respectively, generates RFLPs of 0.6 and 0.7 7rik&/ints and of 1.46 kb in wild type. M, molecular weight marker.

Table 2. Pharmacological rescue afls embryos by RA treatment

A. Rescue of pectoral fin development*

’ RA treated Control (DMSO/ethanol-treated)

Concentration (M) and

sample sizen) Wild type nls Sample sizen) Wild type nls

109 (n=122) 91 (75%) 31 (25%) n=56 48 (86%) 8 (14%)

108 (n=126) 97 (77%) 29 (23%) n=59 41 (69.5%) 18 (30.5%)

107 (n=115) 104 (92%) 11 (8%) n=54 39 (72%) 15 (28%)

107 (n=56) 53 (94%) 3 (6%) n=59 40 (68%) 19 (32%)
B. Rescue of caudal head mesodermi

1076 (n=56) 55 (98%) 1 (2%) n=59 46 (78%) 13 (22%)

5x1077 (n=55) 55 (100%) 0 (0%) n=53 42 (79%) 11 (21%)

*Treated embryos were classified at 36 hpf for the presence (wild type + redgumdabsencen(s) of pectoral fin buds. Embryos from a wild type
crosstreated under identical conditions did not show alterations to pectoral fins upon RA treatment.

tEmbryos were classified by in situ hybridisation at 12 hpf(i4) and 17 hpf (3107 M) for distance betweekrox20andmyoDexpression. In all
experiments, teratogenic effects were observed when treated Wit FOA.

epiboly in an open ring along the blastoderm margin (Fig. 4A)Expression persists in posterior and lateral mesoderm during
Upon gastrulatiorraldh2is expressed in involuting cells at the gastrulation and remains excluded from notochord precursors
margin that will form mesendoderm (Fig. 4B,C), but is(Fig. 4D). By 15 hpf, expression is found in forming somites,

excluded from the most dorsal cells of the embryonic shieldas well as in lateral plate mesoderm extending into the cranial
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Fig. 3.raldh2 morpholino induced phenocopies and rescue of
mesodermal and pectoral fin developmentlgthrough RA
application. (A,B) Expression ¢&frox20andmyoD, dorsal views.

(A\) Injection of araldh2-morpholino into wild-type phenocopies the
mesodermal defects iis. (B) 1076 M RA rescues mesoderm
development imls (12 hpf); brackets indicate the postotic head.
(C-L) Wild-type (middle panels) ands (right panels) embryos in
dorsal (E-J) or lateral (C,D,K,L) view, anterior towards the left.
(C-F) In situ hybridisation reveals an absencthrb.lexpression
which marks forelimb mesoderm, mts at the 12-somite stage (C,D),
as well as later during fin outgrowth at 28 hpf (E,F). (G,H) At 32 hpf,
shhexpression, a marker for posterior fin mesenchyme, is absent in
nlsembryos. (J,L) 36 hpf, DM RA rescuesbx5.1expression in

region and in the pronephric anlage (Fig. 4E). Somite
expression persists throughout segmentation (Fig. 4F,G,l,J)
becoming progressively restricted to the somite periphery. By
32 hpf, nils/raldh2is expressed in subsets of the pharyngeal
arch mesenchyme adjacent to the otic vesicle (Fig. 4H,K) and
in the posterior mesenchyme of the forming pectoral fins (Fig.
4N). Other sites of expression are the endoderm (not shown),
cells in somites 1-3 adjacent to the notochord and spinal cord
(Fig. 4L), the dorsal retina and choroid fissure (Fig. 40), and
motoneurones that innervate the pectoral fins (Fig. 4M and data
not shown). Surprisingly, we found that imls embryos the
expression ofls/raldh2is upregulated in somites and in the
cervical mesoderm that flanks the posterior hindbrain (Fig. 4P-
S), whereas expression is absent in structures that are reduced
in the mutant (see below).

Craniofacial skeletal and muscle defects in nls

To determine the later consequences of the embryonic
patterning defects inls for larval development, we examined
skeletal and muscle anatomy. In all vertebrates, cells of the
cranial mesoderm give rise to the pharyngeal and limb
musculature (Noden, 1983; Schilling and Kimmel, 1994),
which express the myogenic marker myosin heavy chain (Fig.
5A-D). In zebrafish larvae at 72 hpf, pharyngeal muscles can
be identified by their segmental attachments and positions
along the dorsoventral axis within each pharyngeal arch
(Schilling and Kimmel, 1997)nls mutants develop normal
patterns of muscles in the first two arches, the mandibular and
hyoid, as well as extraocular muscles, while muscles of the five
branchial arches (i.e. dorsal pharyngeal wall muscles, rectus
ventralis, transversus ventralis), which derive from posterior
head mesoderm, are absent (Fig. 5B,D). Consistent with the
molecular data indicating that the identities of anterior somites
are unaffected imls, we found that the sternohyal muscles,
which are thought to originate from myoblast populations
within the somites 1-3 (Schilling and Kimmel, 1997), are
present (Fig. 5D).

Defects in the branchial musculaturenlamutants correlate
with defects in the neural crest-derived head skeleton, which
can also be identified by their segmental locations (Fig. 5E,F).
Alcian Blue staining showed that cartilages of the mandibular
and hyoid arches are presentnis, though reduced in size

nls pectoral fin buds (arrow); rescued fin buds often develop apical compared with wild type. In contrast, skeletal elements in the
folds (L, arrow), although never as progressed in growth as in wild- branchial arches are reduced or absent (from dorsal to ventral

type siblings. these include the ceratobranchials and hyobranchials in arches

Table 3. Injection of RALDH2 mRNA rescuestbx5.1expression innls

Number of observed phenotypes

Total number Wild type Weak expression No expression
Experiment of embryos (% of total) (% of total) (% of total)
A 40 29 6 5
B 21 13 7 0
Cc 45 38 7 0
D 40 32 7 1
Sum 146 (100%) 112 (77%) 27 (18%) 6 (4%)
Theoretically expected 146 (100%) 110 (75%) 0 36 (25%)

Microinjection of RALDH2mRNA into the progeny aflsWIK heterozygous parents. Selected embryos with missing or partial expresgizh.bin the
pectoral fin buds was assayed at 24 hpf. Putatively rescued animals were genotyped and confirmeusisdnearygotes using SSLP markers. Expression in
pectoral fins was assayed as ‘weak’ when less strong than retinal expression in the same specimen. Percentages rouadst 184hgmajected batches
were kept as controls.
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Fig. 4. Expression ofaldh2in wild-type andneckless
embryos. (A-O) In situ hybridisation to deteatdh2 mRNA
in wild types. (A) Expression in marginal cells at 30% epik
(B) Dorsal view showing expression in the germ ring of the
gastrula at 70% epiboly and absence of dorsal expressior
(C) Lateral view at 85% epiboly, showing expression in de
involuted cells of the hypoblast. (D) Dorsal view at tail buc
stage showing expression in the presomitic mesoderm.
(E) Dorsal view at the 12-somite stage showing expressio
somites and lateral plate mesoderm (arrows). (F) Lateral »
at 17 hpf showing expression in the anterior of each somi
(arrows denote levels of sections in 1,J). (G) Lateral view &
hpf, showing expression at somite boundaries, dorsal and
ventral somite extremities, and pronephric mesoderm (pn
(H) Dorsal view at 32 hpf, showing expression in the eyes
in mesenchyme flanking the otic vesicle (m1 and m2), pe«
fin buds (pec) and somites (arrows denote levels of sectio
K,L). (I-M) Transverse sections at 17 hpf (1,J), 32 hpf (K,L
and 60 hpf (M), showing expression in the distal myotome
not adaxial cells (I, somite 14-level) (n, notochord), in the
periphery of mature somites (J, somite 7 level), adjacent t
otic vesicle (ov) (K), and in pectoral fin and somitic mesoc
adjacent to the spinal cord (sc) (L, somite 3 level).

(M) Expression in ventral motoneurones (mn) and dorsal
spinal cord neurones at pectoral fin level. (N) Dorsolateral
view at 30 hpf, showing expression in posterior pectoral fi
buds (blue), double-stained fitxx5.1(orange). (O) Lateral
view at 33 hpf showing expression in the dorsal retina anc
anterior to the choroid fissure (arrowhead). (P-S) Co-
localisation ofkrox20andraldh2 at 19 hpf in wild types (P,Q)
and innls (R,S). (P,R) Lateral views showing upregulation of somitic expressiols @mbryos, (Q,S) Dorsal views of same embryos showing
upregulatedaldh2 expression in lateral plate mesodernmimmutants (arrows); broadenkmbx20expression in the hindbrain distinguisims
from wild-type embryos.

4-7, and an axial row of basibranchials in arches 4 and Expression in these arches appeared only slightly reduced by 40
whereas these elements are still present in branchial arch Hpf (Fig. 5J,9. To test the possibility that the branchial neural
The expressivity of this phenotype is dependent on the genetitest cells undergo apoptotic cell death, we labelled dying cells
background, so that in individual outcrossed lineslsf® all in nls mutants with whole-mount TUNEL staining or Acridine
five branchial arches may be deleted. All cartilage elements @range (Fig. 6C,D). At 24 hpf, we observed increased cell death
the pectoral skeleton are also consistently absent. The defetisils mutants in the anterior notochord and the third and fourth
in branchial arch morphogenesigiils are mirrored by the lack branchial arches (Fig. 3K'), indicating that survival of

of formation of endodermally derived pharyngeal pouches thaiosterior branchial neural crest cells requirkss

form the prospective gill slits (Fig. 4G,H). Thus, the early ) ]

defects at the head/trunk boundary during somitogenesis in Hindbrain defects in  nls mutants

correlate with later defects in the formation of tissues derivedo investigate whether the mesodermal defectslimare

from all three germ layers in the pharyngeal segments as weltcompanied by defects in the neurectoderm, we examined the

as the pectoral fins that form in this location. expression of a number of genes that mark specific AP regions
. of the hindbrain. Expression kfox2Q which marks r3 and r5,
Neural crest defects in  nis mutants is initially weaker in r5 at tailbud stage, but subsequently

To investigate the embryonic basis of defects in the neural credftecomes indistinguishable from wild type (Fig. 1G-J).
derived cartilages of the larva, we analysed markers of botBxpression ofvalentino (Moens et al., 1998), which marks
premigratory and migrating neural crest populations. We fountb/r6, is expanded by 30m along the AP axis inls mutants

no differences in the expression of markers of premigratorgFig. 6A,B). Likewise, eph-b2 expression which marks r7
crest innls, such asnail2 which marks most neural crest cells (Durbin et al., 1998) is slightly expanded in nls as compared
at 12 hpf (data not shown) knox2Q which marks a small group to wild type between 14-15 hpf (Fig. 6C,D). Thus, posterior
of cells that emigrate from r5 at 13 hpf (see Fig. 1H,J). Ithombomere territories appear to be established in the
contrast, expression afix2, which marks all three migrating appropriate locations inls mutants, but are slightly enlarged
streams of neural crest and persists in the arch primordia, tiglative to their wild-type counterparts. Consistent with this,
disrupted specifically in the most posterior stream that will fornrwe found thahoxb3 which in wild type is strongly expressed
the branchial cartilages. Precursors of the mandibular and hyaiid a stripe that includes r5/r6, is expressed in a similar but
arches appeared to migrate normally (Fig.'bldnd dIx2  expanded r5/r6 domain ims mutants (Fig. 6E-H).
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Fig. 5. Cartilage, muscle and neural
crest defects inls. (A-D) Anti-
myosin immunostaining of muscles
whole-mounted wild-type (A,C) and
nls (B,D) embryos at 3.5 days. As
shown in lateral view (A,B), in wild
types, both dorsal and ventral musc
of the mandibular and hyoid arches
are present, but shortenedhis,
which is clearer for the ventral
muscles in ventral view (compare C
with D). In branchial arches both
dorsal pharyngeal wall muscles anc
the transverse ventral muscles (blac
asterisks) are absentnis (white
asterisk). (E,F) Alcian Blue staining
cartilages in whole-mounted wild tyj
(E) andnls mutants (F) at 120 hpf,
ventral views. Wild types form five
ceratobranchial elements (asterisks
and innlsall but the first are deleted
as are the small hypobranchial and
basibranchial cartilages in these
segments at the midline. Note the
absence of the pectoral fin skeleton
(pec). (G,H) Immunostaining of
branchial pouches with Zn8 antibod
Pouches 3 and 4 are absentls
Whole-mount in situ hybridisation of
wild-type (I-L) andnls embryos
(I"-L'". (1,I") Dorsolateral views aodllx2
expression in three streams of
migrating cranial neural crest in both wild type amsl(m, mandibular; h, hyoid; b, branchial stream).’\Ldteral views at 40 hpf showing

dix2 expression in arch primordia. Expression in the branchial arches is fist(K,K') Lateral views at 32 hpf showing TUNEL staining of
apoptotic cells in the lens and trigeminal ganglion of wild-type embryos (arrowhead), as well as in migrating neurasdrettecbanchial

arches imls mutants (K, arrow). (L,L') Dorsal views at 24 hpf, showing Acridine Orange staining of apoptotic cells in the anterior end of the
notochord imls (L', arrows). ah and ao, dorsal hyoideal muscles; cb, ceratobranchial; ima, intermandibularis anterior; imp, intermandibularis
posterior; ih, interhyoideus; h, heart; hh, hyohyoideus; lap and do, dorsal mandibular muscles; sh, sternohyoideusapén, pector

In contrast, we found a much stronger defecthaxb4  expression for neuronal patterning in the posterior hindbrain
expression, which in wild-type extends throughout thewe used a combination of neuronal markers and dye labelling
posterior neurectoderm up to a boundary between r6 and t&chniques. A subset of interneurones expiiess (Dheen et
(Prince et al., 1998a). Imisembryoshoxb4expression cannot al., 1999). Imls, expression in these interneurones is strongly
be detected in this region before 15-16 hpf, although it iseduced at 36 hpf (Fig. 6P,R). We also retrogradely labelled the
expressed normally in the somitic mesoderm and in the tailbudrge primary reticulospinal interneurones of the hindbrain
(Fig. 61,J; and not shown). By 16 hpf, howevéigxb4d  with rhodamine-dextran by injection into the spinal cord; these
expression is established at a more or less appropriate positiare variably disrupted in the caudal hindbraimisf mutants
in the neural tube, although it does not extend caudally towarddata not shown). Likewise, spinal motoneurones that innervate
the tailbud (Fig. 6K,L). the pectoral fin bud are reducedhis, as revealed by labelling

RARs are autonomously required for the neural induction ofvith the Zn8 antibody (Fig. 6S,T). The loss of hindbrain
hoxdl by mesodermal signals in in vitro conjugates frominterneurones, as well as neuronal subpopulations in the rostral
Xenopuswhile in the chickHoxb4is a direct target of RAR  spinal cord, correlates with the restricted defects in gene
(Kolm et al., 1997; Gould et al., 1998). To test if the defect irexpression at this AP level, such as the failure to initiakb4
hoxb4expression imls might be due to a disruption in RAR expression. Thus, neural defects are milder compared with
expression, we analysed the distribution of bB#Rx and  complete loss of RA signalling, as in tRaldh2’~ mouse,
RAR/mMRNA (Joore et al., 1994). We detected no defects imvhere the caudal hindbrain is absent due to misspecification to
RAR/ in nls (not shown); howeverRARx expression is a more rostral fate.
downregulated precisely in the region of the neural tube ] o o
disrupted in mutants. By contraB#ARx expression outside the RALDH2 is required in the mesoderm for initiation of
CNS in the mesoderm appears to be slightly upregulated, aft@xb4 expression in neural ectoderm
expression in the tailbud is unaffected (Fig. 6M,N). Thus;To determine the cellular requirement fols function, we
defects inRARx regulation innls correlate with the defects in transplanted cells from embryos labelled with a lineage tracer
expression ohoxb4 into unlabeled hosts at the gastrula stage (Fig. 7). First, we

To examine the consequences of these changes in gemsked ifnls cells can contribute to tissues disrupted inritse
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Fig. 6. Hindbrain patterning in wild-type armds embryos. In situ
hybridisation of wild type (upper panels in A,C,E,G,I,K,M,0,Q.S)
andnls (lower panels in B,D,F,H,J,L,N,P,R,T) embryos with markers
expressed in the hindbrain and spinal cord. (A&gntino

expression in r5/r6 is expanded along the AP axis (see also r3-r7 in
Figs 2D,F,J)myoDexpression abuts r7 in wild type and r6 and r7 in
nis. (C,D) Expression oéphrin b2appears normal in r4 and r7 in

nis. (E-H) hoxb3expression in r5/r6 and in the migrating postotic
neural crest (arrows in G,H). (I-lboxb4expression (blue) in the
neural tube is absent in a 12 mig embryo;krox20expression (red)

is expandedmyoD(red) counterstain identifieds embryos (1,J). At

16 hpf, neurahoxb4expression is initiated with an anterior
expression boundary at r6/r7 (arrowheads), yet it is not fully
expanded caudally (K.L). (M,NRARx is expressed caudally to the
ré/r7 boundary in the neural tube (arrows) in wild typleembryos

are devoid of neural expression, while expression is unaffected or
slightly elevated in more rostral regions of the neural tube
(arrowheads). (O-R)px-cexpression in interneurones of the anterior
spinal cord (arrows) is reducedrits; (Q,R) cross sections shaiax-

c expression in the spinal cord (arrows). (S,T) Immunostaining with
the Zn8 antibody of spinal cord neurones at the level of the pectoral
fins (arrows) shows loss of these neuroneadsroy, otic vesicle.
Embryonic stages: 24 hpf in A,B,E-H; 10 somite stage in C,D; 12
hpfin ,J,M,N; 16 hpf in K,L; 33 hpfin O-T. Lateral (C-F,I-L,0,P)
and dorsal (A,B,G,H,M,N,S,T) views, anterior towards the left.

We then used such mesodermal grafts to determine whether
the defects ithoxb4expression in the neural tuberd$ mutants
(Fig. 7D,E) might reflect defects in a non-autonomous signal
from surrounding mesoderm that requinels/raldh2 With
reference to fate maps of head mesoderm (Kimmel et al., 1990),
we transplanted mesodermal precursors from biotin-dextran
mutation, such as the posterior head mesoderm, and axidbelled wild-type donors into unlabeled mutant hosts at the
paraxial and posterior hindbrain. In an otherwise wild-typegastrula stage. In many cases these transplanted cells spread
embryo, donor derivedls cells were found to be able to spreadwidely along one side of mutant host embryos and often form
widely throughout the neural ectoderm of the hindbrain andnuscles in the anterior somites adjacent to the region in which
anterior spinal cord (Fig. 7A,B,l; Table 4). In other caseshoxb4is normally expressed (Fig. 7F-H). In 71% of cases in
mutant cells readily populated regions of the paraxial (Figwhich wild-type cells populated this regionrifs, we observed
7A") and axial (Fig. 7C) mesoderm of the head (Table 4)a partial recovery of earlyoxb4expression several hours before
Likewise, transplants of wild type mesoderm ints mutants 15 hpf (Table 4). Control transplants of mutant mesoderm into
were able to populate the anterior somites (Fig. 7F). nishosts had no such effect boxb4expression (Fig. 7G). Thus,

Fig. 7.Induction of neurahoxb4expression imls
by transplanted wild-type somitic mesoderm.
(A-C) In a wild-type hoshls mutant donor cells
(brown) contribute to hindbrain (A), spinal corc
(A,B), paraxial mesoderm (Aarrow) and
notochord (C) at the head/trunk boundary. In s
hybridisation detects expressionkodx20in the
hindbrain (r3, r5) andhyoDin somites (s1,s2).
(D,E) krox20andhoxb4expression in wild type
andnls mutants. (F-G) Fluorescent images of
donor cells and bright field images of hosts aft
stained for expression &fox20andhoxb4 wild-
type cells populating paraxial mesoderm of
anterior somites and individual spinal cord
neurones in a 15 hpils embryo (F); rescue of
neural expression ¢foxb4by wild-type cells (B;
nis cells transplanted to the anterior somitic wt

mesoderm of alshost (G) are not able to induce

neuralhoxb4expression (G. (H) Another example of rescue of neurakb4expression by transplanted wild-type cells (brown staining) in
somites of anls host. Note that both sides of the neural tube are rescuédrid H, although wild-type cells are unilaterally distributed. (1)
Example of a 15 hpils embryo with a massive contribution of wild-type donor cells (brown staining) to the hindbrain and spirtdbzbrd.
expression is not induced in either donor or host-derived neural ectoderm. Dorsal views.
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Table 4. Fates of transplanted cells in mosaic embryos
Fates scored

Phenotypes
Transplant and Somites 1-5 and
sample sizen) Donor Host Hoxb4 positive head mesoderm Neural tube Notochord
Paraxial mesoderrm€51)
(n=21) Wild type Wild type 10/10 (100%) 10/11 (91%) -
(n=14) Wwild type nls 5/7 (71%) 717 (100%) - -
(n=10) nls Wild type 6/6 (100%) 4/4 (100%) -
(n=6) nls nls 0/4 (0%) 1/2 (50%) -
Axial mesodermr{=21)
(n=11) Wild type Wild type 3/3 (100%) - - 7/8 (88%)
(n=6) Wild type nls 0/2 (0%) - - 3/4 (75%)
(n=4) nls Wild type - - - 4/4 (100%)
Neural ectodermn=33)
(n=18) Wild type Wild type 6/6 (100%) - 11/12 (92%)
(n=9) Wild type nls 0/4 (0%) - 4/5 (80%) -
(n=6) nls Wild type 2/2 (100%) - 4/4 (100%)

Transplants were scored at 12-13 hpftforb4expression by in situ hybridisation and at 24 hpf for contributions to mesodermal or neural derivatives at the
head/trunk boundary.

the activity ofnls/raldh2in paraxial mesoderm is necessary formilder forms of VAD in rat embryos (White et al., 2000) and
hoxb4expression in the adjacent neural ectoderm. of the partial rescue &aldh2’~ mice by maternal application
of RA (Niederreither et al., 2000), and suggests that the
posterior hindbrain and anterior spinal cord are most sensitive
DISCUSSION to a reduction in RA levels.
The fact that thenls phenotype is closer to the effects of
Using a marker-based screening strategy we have identifiedtenuation, rather than elimination of RA signalling in
nls, a new mutation in the zebrafish that disrupts patterningmniote embryos could be explained if thg?6 allele behaves
along the AP axis of the embryo. Linkage analysis, togetheas a hypomorph, the mutant protein retaining residual
with morpholino phenocopying and phenotypic rescue by RAenzymatic activity. Against this, however, structural modelling
andraldh2 mRNA injection, strongly suggest that a missensepredicts that the glycine-to-arginine substitution founull&?5
mutation in a conserved glycine residue of the RA metabolieould result in a complete loss of activity, a view supported
enzyme RALDH2, causing a reduction in RA activity underliesby our finding thanlsis precisely phenocopied by morpholino-
the nls phenotype. Mutant embryos reveal a complexmediated translational inhibition of thaldh2 gene that we
requirement fomnls/raldh2in the formation of both axial and have cloned. This raises the possibility that zebrafish may
paraxial mesoderm, survival of neural crest cells anghossess a secoraldh2gene that can partially compensate for
specification of cells in the hindbrain at the head/trunkhe loss oils/raldh2 a possibility consistent with the finding
boundary. By generating genetically mosaic embryos we hawbat many teleost genes are duplicated (Amores et al., 1998).
adduced in vivo evidence for mesodermally derived RA- ) )
dependent signals that pattern the CNS. We suggest a modefestricted requirement for  nis/raldh2 at the
in which RA production in the paraxial mesoderm underliedead/trunk boundary
both short- and long-range effects of RA signalling on the hea®A has been proposed to act as a graded posteriorising signal
mesoderm and CNS. The model predicts a direct local role fahroughout the AP axis of the CNS (reviewed by Gavalas and
RARx in hoxb4regulation in the neural tube in response to RA-Krumlauf, 2000). Mutation ofils/raldh2and reduction of RA
signalling from the forming somites. In addition, it postulatesn zebrafish through pharmacological inhibition of aldehyde
a limited influence of RA signalling not only on the neuraldehydrogenases (Perz-Edwards et al., 2001), however, suggest
ectoderm, but also on the head mesoderm, with importatihat RA acts in a more localised manner. From tail bud stages
secondary consequences for hindbrain and neural creshwards,nls/raldh2 expression is confined to trunk and tail
patterning. mesoderm, yet defects inls are largely in the posterior
The combination of hindbrain, neural crest and limb defectiead. Thusls/raldh2 and, by inference, RA produced in
characteristic ofhls mutant embryos is similar to that causedpresumptive somites may act at only a short distance and at
by targeted inactivation dRaldh2in the mouse (Niederreither high concentrations. Perhaps only cells in close proximity to
et al., 1999), as well as by VAD in the quail (Maden et al.the source of RA are able to respond, while others require
1996; Gale et al., 1999) and rat (White et al., 2000) embryoslifferent posteriorising signals, such as members of the
The hindbrain defects inls embryos are, however, less severefibroblast growth factor and Wnt families.
than in these other cases: in both the mutant and VAD embryos,Defects in paraxial mesoderm ms/raldh2 mutants may
rhombomere-specific characteristics caudal to r4 are disruptegcondarily cause its hindbrain defects through loss of local
whereas innls, posterior rhombomeres appear slightly posteriorising induction (Itasaki et al., 1996l mutants lack
expanded and only neurones near the hindbrain-spinal comdesoderm between the level of r5 and somite 1 at the beginning
boundary are disrupted. This phenotype is reminiscent of thef somitogenesis, suggesting tmdd/raldh2 activity must be
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required during gastrulation; this correlates well with the earlyarliest markers of the fin fielthx5.1,is not expressed in the
zygotic expression ofnlgraldh2 in the germ ring of lateral plate mesoderm imls mutants. This phenotype
gastrulating embryos, which forms the mesendoderm (Kimmedorrelates well with expression pfs/raldh2in this region of
et al., 1990). In VAD quail embryos, a similar defect has beethe mesoderm between the 6- and 12-somite stage (12-15 hpf).
accounted for by apoptosis of mesodermal cells within the firsaldh2 expression precedes (not shown) and is then maintained
somite during a brief period in early somitogenesis (Maden eturing outgrowth of the apical fold at the posterior of the
al., 1997). Such patterns of apoptosis were not observepectoral fin bud (Fig. 3R). As we have shownHtoxb4in the
however, during gastrulation stages rifs. Moreover, the neural tubenls/raldh2may also be required for the expression
mesodermal deficiency mis/raldh2occurs in a much broader of Hox genes in the prospective fin field, thus being involved
region anterior to the somites, and includes both axial anieh setting up limb position along the AP axis of the lateral plate
paraxial cells. Our molecular analysis rules out the possibilitynesoderm (Cohn et al., 1997). A common model of limb-field
that the posterior head mesoderm is transformed into mordetermination proposes a function for fibroblast growth factors
caudal tissues, as anterior-most somiteslindevelop with  (FGFs) as limb inducers and locates the source of limb
their normal identities. RA may instead be involved ininducing activity in the intermediate mesoderm (reviewed in
maintaining cell proliferation at the head/trunk boundaryMartin, 1998). RA induces FGF or generates competence of
though we currently have no direct evidence for such an effedhe flank to respond, and FGFs are capable of inducing ectopic
Surprisingly, we find defects not only in the paraxiallimb buds in the lateral plate mesoderm of the chick flank.
mesoderm ofls, but also in the notochord, a structure that israldh2 may thus be required for the local induction of an FGF
known to influence patterning of the overlying neural tubeor another inducing signal.
Although the notochord has not been implicated specifically in ) )
AP patterning of the hindbrain, recent evidence in zebrafish hd€ role of the mesoderm in neural patterning
shown that some Hox genes are expressed in AP restrictddlarge body of evidence has previously implicated RA in
domains near the head/trunk boundary (Prince et al., 1998bhediating signals from the mesoderm to the neural tube. In
nis/raldh2is not expressed in the notochord, suggesting thatenopustissue recombination experiments have demonstrated
the effects on its development are non-autonomous, which &requirement for RARs in the ectoderm for induction of Hox
supported by our mosaic results. Our data suggest that, similgene expression through mesoderm-derived signals (Kolm
to its restricted influences on the posterior hindbrain, RAet al., 1997). Conversely, upregulation of RA during
signalling from the somites acts locally on axial as well asomitogenesis has been shown to be required for cultured
paraxial mesoderm. paraxial mesoderm to induce cells of spinal cord fate, while
Correlated with these spatially restricted phenotypes in thiess of this inducing capacity by freeze-thawing paraxial cells
mesoderm and nervous systemls mutants later exhibit can be restored through administration of RA (Muhr et al.,
defects in branchial arches. Again these are confined to tl€©99). In line with these data, transgeRi&R3-lacZ reporter
posterior head and recapitulate the branchial hypoplasia tonstructs (where the RA-responsive element of RAES-
chick embryos treated with pan-RAR antagonists and igene has been fused to theZ reporter gene) (Balkan et al.,
Raldh2deficient mice (Niederreither et al., 1999; Wendling et1992; Mendelsohn et al., 1991; Rossant et al., 1991; Zimmer,
al., 2000). In this case, howevBaldh2appears to be required 1992), as well as similar reporter constructs in zebrafish
for cell survival in the neural crest-derived skeleton. Crest cell@Marsh-Armstrong et al., 1995; Perz-Edwards et al., 2001), are
are apoptotic in the pharyngeal primordiallg, as they are in activated in the neural tube. Such activation of neural RA-
VAD andRaldh27~ mice (Maden et al., 1996; Niederreither et responsive genes can be explained by diffusion of RA from the
al., 1999). The correlation between the loss of posterior hegzhraxial mesoderm. While the lack of detectatle'raldh2
mesoderm and posterior archesiismutants further suggests mRNA in the prospective neural tube during gastrulation and
that apoptosis may be a secondary consequence of earlgmgmentation stages is highly suggestive of a non-autonomous
defects in posterior head mesoderm and/or endoderraction of RA, the results of our mosaic analyses provide the
Patterning of cranial neural crest has been shown to respondfist conclusive evidence for this mode of action.
both mesenchymal-mesenchymal interactions with mesoderfiransplantation of wild-type cells into the somitic mesoderm
as well as epithelial-mesenchymal interactions withof nls embryos restores earhoxb4expression, whereas that
surrounding endoderm in the arches (Trainor and Krumlaubf nls cells in the same position does not. Likewisés
2000; Tyler and Hall, 1977). Alternatively, crest cells mayectodermal cells intercalate normally into a wild-type CNS in
require nis/raldh2 directly for their survival, as crest cells thehoxb4expressing domain, suggesting thistraldh2is not
appear to be particularly sensitive to alterations of RA levelgequired for cells to take on the identity of this region of the
(Ellies et al., 1997). RAR/RARp double mutant mice have neural tube.
hypoplastic posterior branchial arches similar to those seen in Our analysis ohoxb4expression imls reveals that, as in
ablations of postotic neural crest in chick embryos (Dupe et athe amniote embryo (Gould et al., 1998), the zebrdutstb4
1999; Ghyselinck et al., 1997), despite the normal generatiagene follows a biphasic mode of transcriptional regulation. The
and migration of crest. Thus, the developmental deficienciefirst phase establishes neural expression and depenalsio?
observed in the pharyngeal regiomtgfare likely to be caused activity, while the second phase is independentatdh2.
by local defects in postotic mesoderm and endoderm, rath@hese regulatory steps are linked to neural promoter elements
than by a long-range graded requirement for RA. that regulatehoxb4expression in chick and mouse embryos,
Another striking aspect of thds phenotype is the complete one of which acts before rhombomere formation and one of
lack of pectoral fin budsls/raldh2is required early during which acts later in maintenance of expression. Activation of
pectoral fin induction locally in the fin field, as one of thethe early neural enhancer is mediated by RA response elements
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