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SUMMARY

Despite extensive studies, there are still many unanswered smoothened mutant embryos. Blocking maternal hedgehog
guestions regarding the mechanism of hedgehog signaling signaling by cyclopamine eliminates primary motoneurons,

and the phylogenic conservation of hedgehog function in
vertebrates. For example, whether hedgehog signaling in
vertebrates requiressmootheneds unclear, and the role of
hedgehog activity in zebrafish is controversial. We show
that inactivation of smoothenedy retroviral insertions in
zebrafish results in defects that are characteristic of
hedgehog deficiencies, including abnormalities in body size,
the central nervous system, adaxial mesoderm, cartilage
and pectoral fins. We demonstrate that, as ilDrosophila,

but not medial floor plate. Interestingly, even after

inhibition of maternal hedgehog activity, the midbrain

dopaminergic neurons still form, and looping of the heart
does not randomize in the mutants. We also found
decreased proliferation and increased apoptosis in the
mutants. Taken together, these data demonstrate the
conserved role of vertebratesmoothenedn the hedgehog
signaling pathway, and reveal similarities and differences
of hedgehog function between teleosts and amniotes.

vertebrate smootheneds essential for hedgehog signaling,

and functions upstream of protein kinase A. Further

analySiS Of neural tube defeCtS reVealed the absence Of Key words: Zebrafish, Hedgehog' Smoothened’ Floor p|a’[e’
lateral floor plate and secondary motoneurons, but the Motoneuron, Dopaminergic neurons, Left-right asymmetry,
presence of medial floor plate and primary motoneurons in  Apoptosis, Cell proliferation

INTRODUCTION neural tube in amniotes. During neurogenesisjc hedgehog
(shh from prechordal plate and notochord plays a key role in
Hedgehog (Hh) is a family of secreted glycoproteins that plathe specification of the ventral cell types, such as floor plate
a central role in the patterning of a variety of tissues and organ&P) and motoneurons (MNs) (Chiang et al., 1996; Ericson et
including CNS, somites, limbs, bones, skin, lungs and tested., 1996; Marti et al., 1995; Roelink et al., 1994; Roelink et
(Hammerschmidt et al., 1997; Murone et al., 1999). Thesal., 1995), oligodendrocytes (Orentas et al., 1999; Poncet et al.,
glycoproteins are expressed in and secreted from a subsetl®96; Pringle et al., 1996), ventral midbrain dopaminergic
cells in various tissues. It is thought that diffusion of the(DA) neurons and ventral hindbrain serotonergic (5-HT)
proteins creates a concentration gradient that induceseurons (Hynes et al., 1995; Hynes et al., 2000; Wang et al.,
surrounding cells to adopt appropriate fates. Several membrah@95; Ye et al., 1998). Mice that lack a mammalian homologue
and intracellular proteins are important for transducing the Hbf ci, Gli2, also do not develop FP and have fewer ventral
signal in the target cells. Genetic screen®iosophilahave  midbrain DA neurons. Although its ectopic expression also
identified patched(ptc), smoothenedsma, fused(fu), cubitus  induces FP and MN markers in zebrafish as it does in mice
interruptus (ci) as crucial components of the Hh signaling(Krauss et al., 1993yhhdoes not seem to be as important in
machinery. It is thought that Hh binds to the transmembrangatterning the neural tube in the fish. For example, in the
protein Ptc, that this causes dissociation of the Ptc-Smzebrafisrshhmutant,sonic yousyy, both MN and medial FP
complex at the membrane, and that the free Smo prote(MFP) are present, although the lateral FP (LFP) cells are
initiates intracellular signaling events including activation ofmissing and axonal guidance of MNs is abnormal (Brand et al.,
Fused protein and conversion of Ci from a transcriptional996; Schauerte et al., 1998). It has not been reported whether
repressor to an activator. Protein kinase A also modulates Hhidbrain DA neurons are affectedsgumutants. The reason
activity. Homologues of all these genes have been identified fior the differences between mice and zebrafish is uncertain.
vertebrates, and several of them have been shown to pl&®ne proposed reason for the phenotypic differenceshbf
similar roles in Hh signaling. mutants is that there might be greater functional redundancy of
A well-characterized role of Hh activity is patterning of theHh genes in zebrafish (Placzek et al., 2000). In additishito



2386 W. Chen, S. Burgess and N. Hopkins

zebrafish has two additional Hh genes that are expressed in thieus, Hh activity is required for the specification of PMNs and
axial midline organizers: the FP specifggy-winkle hedgehog SMNSs, but not midbrain DA neurons or MFP. Hh activity is
(twhh) (Ekker et al., 1995) and the notochord speeiticidina  also required for the proliferation and survival of diverse cell
hedgehogehh (Currie and Ingham, 1996). It is conceivable types.

that twhh and ehh may compensate fahhin syu mutants.

Indeed, blocking ofhh signaling by injectingptcl mRNA

resulted in more severe defects in slow muscle developmeMATER'ALS AND METHODS

than observed isyu (Lewis et al., 1999b), and morpholino
antisense oligos o$hh and twhh have synergistic action in
inhibition of Hh signaling (Nasevicius and Ekker, 2000)

Fish raising and handling

Zebrafish were raised, maintained andembryos were screened as

. N - lescribed (Amsterdam et al., 1999; Westerfield, 1993). Fish embryos
Alternatively, hedgehog activity may not be essential for Iv”:Fdnd larvae were staged according to Kimmel et al. (Kimmel et al.,

induction in zebrafish (thauerte etal, 19.98)' A mutant .thal 95). For mRNA injection, dechorionated embryos were injected
completely lacks Hh activity would help clarify Hh function in it 3.5 | synthetic mRNA ofwhh (100 ngfil), shh(100 ngfil), or
the development of MFP and MN. protein kinase inhibitor (PKI; 50 ng) and raised in fish water until

Hh signaling has also been implicated in patterning the lefidesired stages. For drug treatment, embryos at desired stages were
right (LR) axis. In chick, Shh is both necessary and sufficienéxposed to 10aM cyclopamine (from 20 mM stock in ethanol). To
for establishing the LR axis (Pagan-Westphal and Tabin, 1998jtop the treatment, embryos were rinsed at least three times in fish
So far, such a role for Hh appears to be unique for the chicwater. Embryos were then fixed with 4% p_araformaldehyde at room
Although alteration ofshh expression in frog and zebrafish tmperature for 4 hours, or at 4°C overnight. Fixed embryos were
embryos perturbs LR asymmetry (Chen et al., 1997; Sampaffysed with PBST (PBS + 0.1% Tween-20) and kept in PBST at 4°C
et al., 1997; Schilling et al., 1999), the necessity of Hh activit _nt|| use_f(_)r |mmunoh|stochem|stry, or in methanol at —20°C for in
. . . itu hybridization.
in this aspect of development remains to be demonstrated. Tn
the mouse, recent studies have found abnormal LR asymme{yoning and mapping of zebrafish ~ smo gene
n a S.hh mutant, most notably pulmpnary left ISOomerism Cloning of fish DNA flanking a pro-viral insert linked to the mutant
(Izraeli et al., 1999; Meyers and Martin, 1999; Tsukui et al.jhenotype was performed using inverse PCR as described
1999). However, such defects may be secondary to the midlig&@msterdam et al., 1999). The map location of the flanking sequence
defects or defects in lung development (Burdine and Schiefias determined by PCR analysis of DNAs from zebrafish/human RH
2000). In addition, no laterality defect has been reported ifradiation hybrid) panel from Research Genetics (Huntsville, AL)
mouse mutants d?tch, Gli, Gli2 Gli3 or Glil/Gli2. Thus, it (Kwok etal., 1999). The data was submitted to the Tlibingen zebrafish
remains unclear if Hh activity is essential for establishingadiation hybrid map service for determination of chromosomal
laterality in species other than chick. ocation. Full-length cDNA sequence of zebrafisimo gene was

In addition to patterning activity, several studies havePbt""'r}eoI by sequencing the_f3nd 5h R’TC'.E pmd”its‘.”fo”ow'“g
implicatedshhin regulating cell survival and proliferation. For manufacturer's instructions (Life Technologies, Rockville, MD).
example, ectopiShhin the dorsal neural tube in transgenic
mice induces overgrowth of the dorsal neural tube (Rowitch §}, pridization and TUNEL assay

al., 1999). Hh is also a mitogen for mouse retina in vitro an . '
zebrafish retina in vivo (Jensen and Wallace, 1997, Neumar@o)tal RNA was isolated from a pool of 10 phenotypic and 10 non

RT-PCR, immunohistochemistry, in situ

. enotypic embryos using Trizol reagents (Life Technologies,
and Nuesslein-Volhard, 2000; Stenkamp et al., 2000). Shh fro ckvil}llg, MD) an{j treatedgwith RNase-gfree DlElAse I (Boehrir?ger
Purkinje cells is essential for the growth of the externapannheim, Indianapolis, IL) according to manufacturers’
germinal layer (EGL) in the cerebellum (Dahmane and Ruizinstructions. cDNA was synthesized from the total RNA using oligo
i-Altaba, 1999; Wallace, 1999; Wechsler-Reya and ScotiiT primers and then used as template for PCR analysismofene
1999). Recent studies have also demonstrated that Shh activétypression (forward primer, CATTCCGCCTCCAGAGGAAAGG;
can modulate cell death in the developing chick embrydeverse primer, CTCAGTCAGCATCCCAATAGCTC). Expression of
(Ahigren and Bronner-Fraser, 1999; Oppenheim et al., 1999§:actin is used as a control (forward primer, CAGCATGGCTT-
In addition, Shi’~ mouse embryos appear much smaller tha TGCTCTGTATGG,; reverse primer, CTTGTCAGTGTACAGAGA-

. . CCCTG). In situ hybridization and TUNEL assays were carried
their littermates (Chiang et al., 1996), although the cause t as described (Becker et al., 1998). For BrdU uptake, about 10 nl

thls.has _not_been determlned. !Except for a deficiency of Cegl'leO mM BrdU was injected into the yolk of the embryos. Injected
proliferation in pectoral fin buds Byu(Neumann et al., 1999), embryos were incubated in fish water at 28.5°C for 2 hours before
little is known about Hh activity in the regulation of cell peing fixed. Immunohistochemistry was performed according to
division and cell death in zebrafish. Schier et al. except that the washing buffer contained PBS + 0.1%
In an ongoing large-scale insertional mutagenesis scrediwveen-20 + 0.5% Triton X-100 and the extravidin peroxidase staining
(Amsterdam et al., 1999), we have isolated two insertionaiit from Sigma was used (St Louis, MO) (Schier et al., 1996). Stained
mutants in the zebrafish that disrupt #raogene. We now embryos were embedded using the JB-4 plus embedding kit
report thatsmo is a crucial component of Hh signaling (Polysciences, Warrington, PA) and cut intpm serial sections. The
pathway. Thesmomutants ¢mg lack secondary MNs (SMNs) sections were st._euned v_wth Methylene BIue-Azure Il solution and
and LFP. Their primary MNs (PMNs) and midbrain DA counterstained with Basic Fuchsin. The following probes were used

. . . r in situ hybridization in this study: ptcl (Concordet et al., 1996),
neurons are reduced in number. However, the induction of MF h (Krauss et al., 1993), twhh (Ekker et al., 1995), myoD (Weinberg

is normal. Blocking maternal Hh activity by cyclopamine gt 5. 1996), collagen 2al (Yan et al., 1995) and axial (Strahle et al.,
eliminates PMNs without affecting MFP induction. 1993). The antibodies used were MF-20, anti-islet-1/2 (4D5) and anti-
Interestingly, no randomization of heart looping was observegngrailed (4D9) (Developmental Studies Hybridoma Bank, University
in the mutants even after inhibition of maternal Hh activity.of lowa, lowa City, I1A); anti-acetylated tubulin and anti-BrdU (clone
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BU33) (Sigma); zn-5 and znp-1 (University of Oregon, Eugene, OR)1996; van den Heuvel and Ingham, 1996), the zebrafish Smo

and anti-tyrosine hydroxylase (DiaSorin, Stillwater, MN). protein contains seven putative transmembrane domains. Its
overall similarity to other vertebrate Smo proteins is 64% to
66% (Fig. 1B). Excluding the most divergent region in the

RESULTS middle of the C-terminal cytoplasmic tail (from amino acid 697
- o to 793), the predicted zebrafish Smo is 77% identical to other

Identification of smo mutants and characterization vertebrate Smo proteins. Between zebrafish and fly Smo, there

of the smo gene is a 30% overall similarity and 43% identity in the first 614

In an ongoing large-scale insertional mutagenesis screemino acids.
(Amsterdam et al., 1999), we found two insertional mutant The two insertional alleles are probably null. We failed to
alleles in the zebrafissmogene. One was found i family ~ detectsmomRNA in the mutant embryos either by RT-PCR
229, the other in family 1640. We named the musamy and  (Fig. 1C) or in situ hybridization (Fig. 2J). Even if low levels
the two allelessmd229 and smdi164d according to the of smo mRNA escaped detection by both methods, such
Zebrafish Nomenclature Guidelines (Westerfield, 1993). AsnRNAs would not be likely to make functional proteins, as
homozygotes of the two alleles display identical phenotypedioth alleles carry a 6 kb proviral insertion in the first coding
we have not distinguished them in this paper. Sequen@xon that encodes the signal peptide essential for the
analysis of the genomic DNA flanking the mutagenic proviraprocessing of Smo protein.
insertions indicated that the integration sites are both in the first ) o
coding exon and are 327 bp apart (Fig. 1A). Using a radiatiofmo mutants display phenotypes characteristic of
hybrid panel (Kwok et al., 1999), temogene was placed defective Hh signaling
between 49.6 and 54.3 cM from the top of LG4 (submittedhe phenotype a§momutants is consistent with disruption of
marker unpl464 on the Tubingen map of the zebrafishh signaling. Allsmoembryos display morphological defects
genome). that are characteristic of the chemically induced U-type
We obtained the full-length sequence of the zebrafish  zebrafish mutants, to which both thieh mutantsyuand the
cDNA by 5- and 3-RACE (Accession Number AY029808). gli2 mutant you-too (yot) belong (Brand et al., 1996). The
The cDNA encodes a protein of 822 amino acids. Comparisgohenotypes include U-shaped somites that lack a horizontal
of the amino acid sequence of zebrafisioto all knownsmo  myoseptum, a reduced FP, a ventrally curved body (data not
genes in the public databases revealed extensive homologhown) and a mild posterior cyclopia (Fig. 1D). The mutants
Like other Smo proteins (Alcedo et al., 1996; Stone et alhave a small head with severe craniofacial defects and no

A B Percent Similarity
. . Fly Fish |Chick |Mouse | Rat |Hi

smo?¥  smo10 Fly 98| 295 [301 | 304 [307
F [ § [ Fa[1268 660 [642 | 660 | 661 |

W e izia A [ cna1326 | 386 73.5 | 738 [ 728

; o :
— o }—t/}— Exon2 —— Mouse| 124.3 | 356 | 24.0 98.5 | 922
Rat[123.7 | 287 | 45 92.5
Human| 1236 | 350 | 231 | 69 | 67
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Fig. 1. Homozygotes of two insertional mutant alleles in the zebrafighgene display phenotypes characteristic of a Hh signaling deficiency.
Unless specified otherwise, wild type is above and anterior is on the left in each panel in all figures. (A) A schematicf dnaviimg alleles
indicating the locations and orientations of the proviral insertions. (B) Sequence pair distances of all known Smo prgt#iesQisstal

method with PAM250 residue weight table. Zebrafish column and row are highlighted. (C) RT-PCR analysis showing temtzaoRbA in

the mutantsB-act,3-actin. (D) Ventral view of Alcian Blue-stained wild-type and mutant embryos at 120 hpf showing small head, posterior
cyclopia, and absence of cartilaginous jaw and brachial arches (arrow), much reduced cleithria (black arrowhead), arfchabtmat éirts
(white arrowhead) in the mutant. pf, pectoral fin; cl, cleithrium. (E) Posterior view of wild-type and mutant embryos aftéd upbke-

mount in situ hybridization with antisense myoD probes showing the lack of adaxial mesoderm in the mutants (arrows). lane smtedia.

(F) Flattened dorsal view of head region of acetylat¢dbulin antibody stained wild-type and mutant embryos at 24 hpf, showing the absence
of all three commissures in the forebrain and midbrain (arrow). ac, anterior commissure; pc, posterior commissure; piccposhHsure.

(G) Ventral view of Zn-5 stained wild-type and mutant embryos at 48 hpf showing failure of optic chiasm formation in thermriant

(arrow). Anterior points upwards. oc, optic chiasm; on, optic nerve.
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&

Fig. 2. Expression o6momRNA during early zebrafish development. (A,B) Side views of a two-cell stage (A) and a 128-cell stage (B) embryo
showing maternal expression. (C) Lateral view of an embryo at 5 1/2 hpf showing general expression with a shallow dorgeddientral

Arrow points to the future organizer region. (D,E) Lateral views of wild-type (D) and mutant (E) embryos at 8 hpf showirexprgksion in

the future head (arrowhead) and tail (arrow) regions. Note much lower but detectable expression in the mutant. (F) Lafexahiliewd

stage embryo showing expressiorsafomRNA in the head (arrowhead) and tail (arrow) regions. (G) Dorsal view of an embryo at 14 hpf
demonstrating expression in the midline, adaxial mesoderm and somitic mesoderm. (H,l) Expression in wild-type embryodratt2s hpf

head region (H), higher levels of expression are seen in the tectum (arrowhead), epiphysis, ventral forebrain and mipgecadmakfial bud

(arrow). In the trunk region, higher levels of expression are found in the neural tube, somites and gut. (J) Laterahviganbémbryo at 26

hpf showing the absence homRNA expression.

outgrowth from the pectoral fin buds (Fig. 1D). The mutantgorebrain and midbrain in 24 hour old mutants do not form
also lack the endoskelatal discs and actinotrichs in the pectot@ig. 1F). Axonal guidance of the optic nerve is also abnormal,
fins, although reduced cleithria are present (Fig. 1D), similaa phenotype similar tgot (Brand et al., 1996; Karlstrom et al.,
to syd* (Neumann et al., 1999). Although the heart of thel999). In contrast to the optic nerves of wild-type embryos that
mutant embryos keeps beating for up to 4 days of developmermtoss the midline to form the optic chiasm, the optic nerves of
there are few blood cells in the heart and no blood cellmwutant embryos usually do not cross the midline. Rather, they
circulating in the body. Most of the mutant embryos haveend to stop on the way to the midline (Fig. 1G). In most cases,
disintegrated by the end of day 4, although occasionally, songefraction of the retinal ganglion axons do reach the tectum of
mutants can survive to day 6. the ipsilateral side. Occasionally, some axons in one optic
Analysis of the mutant byin situ RNA hybridization nerve will find their way to the contralateral side. In none of
and immunohistochemistry revealed additional defectshese cases, however, do such axons make the correct turn and
characteristic of a Hh signaling deficiency. The mutants haveeach the tectum. In contrast, axons of the Mauthner neurons
no myoD expression in adaxial tissue (Fig. 1E), have greatland commissural neurons in the hindbrain do cross the midline
reduced slow muscle fibers prior to 24 hours postfertilizatiomormally (data not shown). Taken together, these phenotypes
(hpf), and no muscle pioneer cells (data not shown). All theuggest that lack agimofunction in the zebrafish may result in
above phenotypes resemble that of the chemically inducediefective Hh signaling.
zebrafish slow-muscle-omitted’smy mutant, whose slow ) )
muscle defects can be rescued bysrabmRNA (Barresi et Expression of smo mRNA during early development
al., 2000). Additionally, all three major commissures in theThe expression oémo mRNA during early development is

g

A B

E

Fig. 3. Essential and conserved role of vertebsa®in Hh signaling. (A,B) Lateral view of wild-type and mutant embryos at 24 hpf (A) and
12 hpf (B) demonstrating the absencemfl expression in the mutants. (C4&E-1expression in response to manipulation of Hh signaling
components in wild-type and mutant embryos indicates a conserved soiiofthe pathway in zebrafish. Embryos were injected at one- to
two-cell stages anpitclexpression is determined at 12 hpf. 88hmRNA injection. (D)twhhmRNA injection. (E) PKI mRNA injection.
Arrows indicate ectopic expression.
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Fig. 4. MFP development is
independent of Hh activity in
zebrafish. (A,B) Lateral view of wilc
type and mutant embryos at 24 hpf
showing FP markers such stsh(A)
andaxial (B) are present at reducec
levels insmoembryos. (C) Close up
dorsal view ofaxial expression in
embryos at 24 hpf, indicating the la
of LFP and the presence of MFP in
the mutant. (D) Expression akial is
markedly reduced in mutant embry
at 35 hpf. Axial can be seen in a sn
region in the ventral midbrain
(arrow). (E) Lateral view of the
expression of the MFP marker type
collagen 1a (col2al) at 30 hpf
indicating the fragmentation of MFF
in the mutant (arrow). (F) Lateral
view of col2alexpression at 24 hpf
indicating that 10QuM cyclopamine
treatment from 4 to 10 hpf accelers
gap formation but did not eliminate
the development of MFP. Arrows
indicate gaps. (G) Side view pfcl
expression in wild embryos at 10 hi.
with (bottom) or without (top) 100 mM cyclopamine treatment showing that the treatment completely eliminates Hh activitg. (IS f
ptclexpression in the same batches of embryos as in (G) but sampled 2 hours after washing off cyclopamine, which indichtgsrthig inhi
reversible.

very dynamic. It appears that there is an abundant materrhomRNA and lack the two higher expression domains (Fig.
supply of smo mRNA (Fig. 2A,B). During early gastrula 2E), a pattern that presumably arises at this stage, owing to the
stagessmomRNA is widely expressed. As epiboly continues,incomplete degradation of materrmhomRNA and the lack

a shallow dorsoventral gradient emo mRNA expression of zygotic expression &fmomRNA. At the tail bud stagemo
begins to appear around the embryonic shield stage (5-6 hpflRNA cannot be detected by in situ hybridization in mutant
with higher levels seen in the future organizer region (Fig. 2Cembryos (data not shown). In wild-type embryos at this stage,
At 70% epiboly, one may be able to distinguish wild-type fromsmo mRNA is only found in the neural plate and axial
smoembryos by the levels and pattern of expression. Althougmesoderm, with higher levels seen in the future head and
smomRNA is distributed broadly, its concentration is muchtail domains. No expression was found in ventrolateral non-
higher in the future head and tail regions in wild-type embryoseuronal ectodermal tissues (Fig. 2F). As somitogenesis
(Fig. 2D). However, mutant embryos exhibit lower levels ofproceeds, the expression domain on the dorsal side expands

Fig. 5.Maternal and zygotismofunction 20 hrs 24 hrs 48 hrs
in MN development. (A,D,G) Lateral rb : . (

views of islet-1/2 antibody staining
showing MNs in wild-type (A)smo
mutant (D) and cyclopamine treated wilc
type (G) embryos at 20 hpf. Mutant
embryos have a decreased number of
PMNs (arrow). The decrease becomes
more severe in the caudal spinal cord.
Cyclopamine treatment during gastrulati
completely eliminates PMN formation (C
(B,E) Flattened lateral views of acetylate r 3
o-tubulin staining showing axons of
primary neurons at 24 hpf. The axons of
caudal PMN (CaP) in each hemisegmer
extend down (B, arrow), while CaP axor
in the mutant branch and extend randon
(E, arrow). (C,F,H) Lateral views of Islet-
1/2 antibody stained embryos at 48 hpf.
large number of SMNs are seen in the
wild-type embryos (C, arrow), whereas few can been seen in the mutant (F, arrow). The PMNs disappear almost completetyofTreatme
embryos with cyclopamine during gastrulation in wild-type embryos also leads to the absence of SMN formation (H, arroaddedpa,
primary motoneuron axons; pmn, primary motoneuron; smn, secondary motoneuron; rb, Rohon-Beard neurons.
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laterally to adaxial mesoderm and somites (Fig. 2G). At 26 hp
high levels of expression are found in the ventral diencephalo
the epiphysis, the tectum and the pectoral fin buds (Fig. 2H,I
No smomRNA is detected in the mutant embryos at this stag
(Fig. 2J).

The role of smo in the Hh pathway is conserved

To determine if Hh signaling is indeed defective, as indicate
by the phenotype afmomutants, we studied the expression of
Hh target genes. Remarkably, expression of gted gene
(Concordet et al., 1996) is almost completely missing in thi
smoembryos as early as the tailbud stage (Fig. 3A,B and da
not shown), except for a small ventral midbrain region afte
prolonged staining (Fig. 3A). Thptcl phenotype is more
severe than that afyu andyot, in which ptcl expression is
greatly reduced but nevertheless detectable in the trunk regi
(Concordet et al., 1996; Lewis et al., 1999a; Lewis et al.
1999b). The lack optcl expression resembles that srhu
mutants (Barresi et al., 2000). We also found decrease
expression ofxial (foxa2 — Zebrafish Information Network;
Fig. 4B-D) andnetrin la genes (data not shown) in the
mutants. Thus, thesmo gene product is required for the Fig. 6.Midbrain DA neuron specification is independent of Smo and
expression of Hh target genes, and thus presumably Hith activity. All are ventral views of anti-TH stained embryos at 48
signaling. hpf. Anterior is upwards. (A,B) Specification of midbrain DA

We next investigated whether the role of the vertetwate ~ N€urons is normal ismomutant embryos (B), but the number is
gene in Hh signgling is similar to that Drosophila We only about half that in wild-type embryos (A). (C,D) Inhibition of Hh

o7 . activity during gastrulation does not impair the specification of
injected synthetic MRNA ohh (K_rauss et al._, 1993ywhh midbrgin DA%gurons in either wild-typg (C)or mputant (D) embryos.
(Ekker et al., 1995) and dominant negative PKA (PKI)arrows indicate ventral midbrain DA neurons.

(Hammerschmidt et al., 1996) into one- to two-cell stage

embryos and assayett1expression at 12 or 24 hpf by in situ

hybridization. In wild-type embryoshh twhh and PKI all  induction of MFP proceeds, while the development of LFP
induce ectopic overexpression @tcl (Fig. 3C-E, top). fails, similar tosyuandyot (Odenthal et al., 2000; Schauerte
However, injection ofshh mRNA andtwhh mRNA did not et al., 1998). Although not required for the initiationasdal
induce ptcl expression in the mutants (Fig. 3C,D, bottom),gene expression, the function of #raogene is necessary for
whereas injection of PKI mRNA did bring about ectopicl  its maintenance. At 35 hpf, except for a small region in the
expression in mutant embryos (Fig. 3E, bottom). Thus, as i~
Drosophila smogene product functions downstream of Hh A
proteins and upstream of PKA. Furthermore, these data sugg:
that there is only one functionamogene at these stages in
zebrafish. However, we can not exclude the possibility the .
there may be othemaorelated genes in the zebrafish genome
that function at later stages of development. Hesoesi229
and smd1640 gre among the first known loss-of-function
mutants of a vertebramogene. As they appear to abolish
Hh signaling during early development, they are usefu
reagents for analyzing the function of the Hh pathway ir
zebrafish, and for resolving the controversies that surround tt
discrepancies of Hh function in mouse and zebrafish.

smo is not required for MFP development

f
Although the FP appears absent in mutants by visual inspectic { ‘f_
of live embryos, it is not completely missing in the mutants.
Several FP markers, includirstph (Fig. 4A), axial (zebrafish Fig. 7._Hh activity and heart Iooping._AII are vgntral views of MF-
HNF3B; Strahle et al., 1993; Fig. 4B,3kd4 (foxa— Zebrafish 20-st§uned gmbryos at 48 hpf. Vgntr!cle is stallned Qarkgr than aorta.
Information Networktwhh andnetrin 1a(data not shown) are Antce:;'%rezz'i’t‘ésnggp’;ﬁgfgé@gf’x‘n'(;‘rdr;‘c;itt?e'gotﬂg%ggﬁcg;or?m ants
all present in the midline cells at the position of FP in mutant;" . T
embryos, albeit at lower levels than in wild-type embryos(D’C) always loops to the right, as in wild-type embryos (A).

. . -F) Inhibition of Hh activity by cyclopamine during gastrulation
Close inspection revealed that all of these markers were presejals not randomize heart looping. Morphology of the hearts are

only in the MFP in the mutants. The two columns of cellsseverely affected by the treatment in both wild-type (D,E) and
flanking the MFP (the LFP) are absent in the mutants (Fig. 4Chutants (F). Occasionally, the hearts of some treated embryos do not
Thus, in the absence of zebrafish zygatico function the  loop (E). However, reversal of looping has not been observed.
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ventral midbrainaxial expression is entirely missing (Fig. 4D).
Zygotic smo function also appears to be essential for A
maintaining the integrity of MFP. At 30 hpf or later, small gaps
are often present in the MFP sihoembryos, but not in the
wild-type embryos (Fig. 4E). Thus, zygotic functionsofois

not required for the induction, but is required for the
maintenance of the MFP, as well as the maintenanesiaff
expression.

It is possible that maternamomRNA is responsible for
the induction of MFP in the mutants, as FP induction ma
take place in the embryonic organizer (Le Douarin anc
Halpern, 2000) andmomRNA is still detectable in mutant
embryos at 70% epiboly. To determine if MFP formation is
a function of maternasmomRNA, we used a morpholino
antisense oligo that is specific for zebrafsshg the PKA
activators forskolin and IBMX, and cyclopamine, a specific
inhibitor of Hh signaling that may act as a Smo antagonis
(Cooper et al., 1998; Incardona et al., 1998; Taipale et al
2000), to block early Hh activity. We found that only
cyclopamine treatment can completely eliminapgcl
expression. Although treating embryos in| 8@ or 100uM
of cyclopamine from 4 to 10 hpf completely inhibited the
expressionptcl in wild-type embryos (Fig. 4G), caused
fusion of the eyes in the mutant embryos (for example, se
E;?é_65%a;r?d75|:|_)|’)’a}?gigonrgglpertee\%:,:rll\l/lblzltpe?rgﬂn':lfgrer\ﬁrl]%p(rr:%r?tFig. 8.smoand. regulation of cell proliferation gnd cell death..
4F). However, the drug treatment accelerated the appearan Egul‘;;zﬁl iﬁ%ﬁfﬁ?ﬁg@,ﬂa&éﬁshﬂZhgf;'g?aiggr}ffeauﬂﬁrease
and increased the severity of gap formation in MFP in thg

. . ridine Orange. Embryos in B are stained using the TUNEL
mutants. Gaps are readily detectable at 24 hpf in the treatgghiocol. (C,D) Decreased cell proliferationsmomutants at 28

mutants (Fig. 4F). Prolonged treatment, from 2 hpf to 24 hphpf. Embryos were labeled with BrdU and stained using an anti-
did not inhibit MFP formation either (data not shown), BrdU antibody. (C) Representative cross sections of the cervical
whereas starting treatment before 2 hpf led to arrest andgion of stained embryos that show fewer labeled cells as well as
disintegration of the embryos at mid-gastrula stages. Takédpwer total cell numbers in the mutant. The border of the spinal cord
together, our data suggest that MFP formation in zebrafish igoutlined. (D) Graph that summarizes the cell proliferation data in

likely to be independent of Hh activity, whereas MEpthe cervical spinal cord of three wild-type and three mutant embryos.
maintenance does require Hh activity ' Mitotic index is the percentage of BrdU-labeled cells in the neural

tube. Error bar shows s.d.
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Development of both PMN and SMN requires Hh

activity mutant embryos are disorganized (Fig. 5E). Thus, zygotic
The Hh pathway also plays an important role in thefunction of thesmogene is not essential for the specification
development of MN in amniotes. We therefore investigateaf early-born PMN in the anterior spinal cord. However, it is
MN development insmo mutants. Unlike amniotes, teleosts important for guiding axons of those PMNs to the correct
and amphibians have two types of MN: PMNs and SMNdargets, and for the formation of the late-born PMN in the
(Eisen, 1991; Myers, 1985). The latter are thought to be thgosterior spinal cord.
equivalent of the lateral MN column in amniotes. dmo The induction of PMNs in the anterior spinal cord ingh®
mutant embryos, SMNs are absent, as indicated by the lack wiutants could be a function of matersahomRNA. So we
Islet-1 and Zn-5 antibody staining in ventral spinal cord at 3@&xamined the development of PMNs in cyclopamine-treated
or 48 hpf (Fig. 5F and data not shown). Therefore,sthe  embryos. Neither wild-type nor mutant embryos treated from
gene is essential for the development of SMNs. 4-10 hpf displayed any muscle contraction. Few PMNs or
The lack of Islet-1 staining at 36 hpf also suggests that th8MNs were detectable in these embryos using Islet-1 antibody
function of thesmogene is required for PMN development. (Fig. 5G,H). Thus, the Hh pathway is essential for both PMN
However, irregular spontaneous local contractions andnd SMN development in zebrafish, and matesnedmRNA
occasional body ‘wiggles’ have been observed from 20 to 28 responsible for the formation of the early-born PMNs. This
hours of development in the mutant embryos. This promptediso explains the increasing severity of PMN defects from
us to look at PMNs at earlier stages. At 20 hpf, wild-typeostral to caudal. As development proceeds and maternal
embryos have three to four PMNs in each hemisegment (FighRNA is depleted, more defects might be expected to occur
5A). However, mutant embryos only have two or three PMNsn the later-developing caudal neural tube.
per hemisegment in the anterior half of the spinal cord and one ) _
or none in the posterior spinal cord (Fig. 5D). In addition,The development of midbrain DA neurons does not
unlike PMNs in wild-type embryos, which each extends arequire Hh activity
axon along a specific path (Fig. 5B), axons of these PMNSs iHh activity has been implicated in the development of ventral
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midbrain DA neurons in rat and mouse brain explants (Hynedifference between wild-type and mutant embryos (Fig. 8D).
et al., 1995; Wang et al., 1995; Ye et al., 1998). However, it i$herefore, loss amofunction leads to an overall increase of
not known if Hh activity is necessary for the specification ofcell death and decrease of cell proliferation. Consequently, the
these neurons in vivo. We therefore examined the role of thmutant embryos become progressively smaller compared with
smogene in the development of ventral midbrain DA neurongheir wild-type counterparts.
using tyrosine hydroxylase (TH) antibody. Surprisingly, except
for the sympathetic ganglia, all the TH-positive cell types (Guo
et al., 1999), including midbrain DA neurons are presesinia  DISCUSSION
mutants at 24 and 48 hpf (Fig. 6A,C and data not shown%_.| . .
Therefore, zygotic Hh activity is not essential for theHh and FP development in zebrafish
specification of midbrain DA neurons. Nevertheless, in thdespite extensive studies, the mechanism of FP development
mutants, the number of midbrain DA neurons is reduced teemains controversial (Le Douarin and Halpern, 2000; Placzek
about a half of that in wild-type embryos. Furthermore.et al., 2000). Part of the controversy is centered on the role of
cyclopamine treatment from 4 to 10 hpf did not prevent DAHh activity in FP development. Loss 8hhor Gli2 function
neurons from forming (Fig. 6B,D). Thus, Hh activity is notin mice abolishes the FP, supporting the model in which FP is
required for the specification of DA neurons in zebrafish.  induced by notochord-derived Hh activity. In contrast, loss of

] shh or gli2 in zebrafish only partially eliminates FP, thus
Development of LR asymmetry of the heart is casting doubts on the simple Hh induction model (Le Douarin
independent of Hh activity in zebrafish and Halpern, 2000; Schauerte et al., 1998). The large
The requirement for Hh signaling in patterning the LR axiscontribution of maternal mRNA in early zebrafish development
differs from species to species (Burdine and Schier, 2000; Yosind the existence of multiple midline Hh genes make the
1999). The LR axis is normal in the zebrafi$thmutantsyu  zebrafish results less than completely convincing (Placzek et
(Chen et al., 1997). However, the aforementioned functionall.,, 2000). Our data suggest that MFP formation may be
redundancy and maternal activity may mask a requirement fandependent of Hh activity (Fig. 4). We showed that loss of
Hh signaling activity in patterning laterality in zebrafish. Wesmofunction abolishes Hh activity, but not MFP, even after
therefore investigated laterality in tsenomutants. We chose inhibition of maternal Hh activity by cyclopamine. Although
to examine heart asymmetry, as it can easily be determined &0 uM cyclopamine may not have completely eliminated Hh
visual inspection and by antibody staining. In zebrafish, as iactivity, it should have prevented MFP from forming, as FP
all other vertebrates, the ventricle of the heart loops to the rigiduction requires higher Hh activity than is needed for MN
(Fig. 7A). Of the more than Simomutants analyzed, although development (Roelink et al., 1995). These results are consistent
some have abnormal heart morphology, none display reversedth the theory that, in contrast to mouse, zebrafish MFP does
looping of the heart (Fig. 7B,C). As pericardiac edema is aot require Hh activity. Instead, functions of other zebrafish
typical mutant-associated phenotype, it is uncertain whethgenes, such asyg oep and sur, are required for MFP
the morphological heart defect is directly due to the lossnaf  development (Odenthal et al., 2000; Schauerte et al., 1998). We
function in the heart, or secondary to the edema. Cyclopamirgannot exclude the possibility that the administration of
treatment of the embryos during gastrulation worsens theyclopamine is not early enough to inhibit the induction of
morphological abnormalities in the heart tube (Fig. 7D-F). INMFP by Hh activity. Although it was suggested recently that
a few cases (5/71 in +/? and 2/24-ir), the ventricle remains cyclopamine may act as a Smo antagonist (Taipale et al., 2000),
in the medial position (Fig. 7E). Nevertheless, reversal of headirect binding of cyclopamine to Smo has not been
looping has not been found. Thus, Hh signaling activity is notlemonstrated. Therefore, the mechanism of cyclopamine

essential for LR cardiac polarity in zebrafish. inhibition, and thus the latency of its effect are uncertain.
) _ Combined with the uncertainty of the timing of MFP induction,
Extensive CNS cell death in  smo mutants it is formally possible that MFP induction had taken place

Similar toshiT/~ mouse embryosmomutants are smaller than before the inhibitory effects of cyclopamine were established
wild-type. The difference in size becomes more apparent as our experiments, even when cyclopamine is added at 2 hpf.
development proceeds. To understand the cause(s) of tAs embryos exposed to 1QM cyclopamine prior to 2 hpf
phenotype, we studied cell proliferation and cell death in 1-daglied at mid-gastrula stages, it may not be possible to conclude
old mutant embryos. At 26 hpf, Acridine Orange and TUNELunequivocally whether MFP induction requires Hh activity in
staining revealed a marked increase of cell death in the mutargbrafish using this pharmacological approach. In the future,
embryos, particularly in the CNS (Fig. 8A,B). Using BrdU definitive answer might be obtained if one could generate
incorporation to label dividing cells, we found that although &ertile smohomozygous females by rescuing with injectet
similar pattern of cell proliferation is seen in mutant and wild-mRNA, as has been done for several other zebrafish mutants
type embryos, there is a marked difference in the number ¢Gritsman et al., 1999; Mintzer et al., 2001; Pogoda et al.,
proliferating cells (Fig. 8C,D and data not shown). Analysis oR000; Sirotkin et al., 2000). Analysis of the fate of MFP cells
serial transverse sections indicates that there are twice as mamynaternal-zygotismomutants would be definitive. However,
proliferating cells per section in the CNS of wild-type embryoggiven the central roles of Hh activity in development, however,
than in comparable regions in the mutants. For example, theiteremain to be seen if rescue sshomutants will be possible.

are about 20 dividing cells per section of the cervical spinal An unexpected finding from our analysis is the requirement
cord in the wild-type embryos, versus only about nine in thef Hh activity in the maintenance of MFP (Fig. 4). dmo
mutant embryos (Fig. 8C,D). When normalized to the totamutants, the MFP becomes discontinuous after 30 hpf, and
number of spinal cells in the section, there is still a markedxpression of MFP markeaxial disappears by 35 hpf.
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Furthermore, block of early Hh activity by cyclopamine The treatment probably impairs the specification of ventral
accelerates the appearance of the gaps. Such a function of tdke. So, even if Hh signaling resumes at the time of the last
has not been reported in the mouse because FP is absentafl cycle (Fig. 4H), PMNs and SMNs still fail to form (Fig.
mutants that lackShh and Gli2. The mechanism of the 5H). The axonal misguidance of PMN is probably due to
maintenance function of Smo is uncertain. The gaps might badefects in somite development, such as factors from adaxial
due to a discordance of the growth rate of MFP and neural tuberesoderm like thaliw gene product (Zeller and Granato,

a slower proliferation of MFP cells might lead to gap formation1999).

by the tension created by the greater neural tube growth. Another surprising result from our study is the requirement
However, analysis of the distribution of BrdU-labeled cells didof Hh activity in PMN maintenance. Although PMNs form in
not provide us conclusive evidence for a dorsal/ventral mitotithe mutants, most of them disappear by 48 hpf, whereas all the
disparity (Fig. 8; data not shown). Alternatively, the gaps mayMNs survive to adulthood in wild-type zebrafish (Westerfield
develop because MFP cells might be more prone to apoptoss al., 1986). Previous data have indicated that Hh activity
in the absence of Hh activity. Although we have shown aseems to be no longer necessary for MNs after their birth
overall increase of apoptosis and decrease of cell division ifEricson et al., 1996). The survival role of Hh activity in the
the smo embryos (Fig. 8), more detailed analysis of thesaneural tube seems not to be specific for PMNs, however. An
activities in MFP cells and neural tube is necessary toverall increase of cell death in and out of the neural tube was

understand why the gaps form in the mutants. observed in the mutants (Fig. 8). The requirement of Hh
_ _ _ ) activity for the survival of neuronal and non-neuronal cell types
Hh signaling and MN development in zebrafish has been observed in chick embryos (Ahlgren and Bronner-

The role of Hh activity in MN development was not well Fraser, 1999; Oppenheim et al., 1999). Whether or not the cell
defined previously in zebrafish. Several lines of evidence hawairvival function ofsmois a direct or secondary effect of Hh
suggested the importance of Hh activity in MN specificationremains to be determined.
In flh;cycdouble mutants, in which the expressiomsiafy twhh The new functions of Hh activity in MFP and PMN
and ehhis absent at the beginning of somitogenesis, PMNlevelopment revealed in our analyses demonstrate a useful
number is dramatically reduced, particularly in the posteriofeature of zebrafish in determining functions of genes essential
most segments (Beattie et al., 1997). The PMNs in anteridor early patterning. Although the presence of matesnab
segments oflh;cyc mutants were thought to be resultsbih ~ mRNA and the rapid development of zebrafish complicated the
expression in the axial mesoderm, albeit at greatly reducezhalysis of the mutant phenotypes, they allowed us to uncover
levels, at the end of gastrulation (Beattie et al., 1997)he requirement of Hh activity in maintaining MFP and PMNs
Similarly, in syucyc double mutants that lack bo#hhand in late stages of development. Such a function ofthegene
twhh function, the number of PMNs is markedly decreasedwould have been masked in a conventional mouse mutant
particularly in the caudal spinal cord (Odenthal et al., 2000)reated by homologous recombination in embryonic stem (ES)
The residual PMNs isyuycycdouble mutants were thought to cells. Thus, in some ways, tsenomutants in fish behave as
be a result of normathh expression ocyc function in the if they were partially ‘conditional’. In the case of MN
mutants (Odenthal et al., 2000). Likmomutants, SMNs fail development, the maternemnomRNA permits the formation
to form in syuycyc double mutants (Beattie et al., 1997). Theof PMNSs, and the lack of zygotsmomRNA unveils its roles
similar MN phenotypes iamq syucycandflh;cycmutants are in later development.
consistent with the notions thatomutants completely lack o o
Hh activity from the onset of segmentation, and gt twhh ~ Hh signaling and DA neuron specification
andehhhave overlapping functions. Unlike previous studies|n contrast to the current model, our data indicate that Hh
the study here clearly demonstrates for the first time thactivity is not required in ventral midbrain DA neuron
absolute requirement of Hh activity for MN induction in specification, at least in zebrafish. It is believed that Shh from
zebrafish. Thus, at the level of MN development, the role athe ventral neural tube and Fgf8 from the midbrain-hindbrain
Hh activity is conserved from teleosts to mammals. boundary collaborated to specify the DA neurons (Rosenthal,
The differential effects of inactivating zygosmoon PMNs ~ 1998; Ye et al., 1998). This model was largely based on data
and SMN s reflect their difference in birthdate. Analysis of MNderived from chick, rat and mouse midbrain explants (Hynes
development in chick neural tube explants has revealed twet al., 1995; Wang et al., 1995; Ye et al., 1998). It was also
crucial periods of Hh activity, an early requirement forconsistent with the in vivo data in chick and mouse. Expression
specification of ventral fate and a late action during the last celif a constitutively activemogene in dorsal midbrain induces
cycle (Ericson et al.,, 1996). The presence of detectablectopic TH-positive DA neurons in transgenic mice (Hynes et
maternasmomRNA at 8 hpf (Fig. 2E) and the absencetfl  al., 2000). Ectopic expressiongthin the chicken tectum also
expression at 10.5 hpf suggest that maternal Smo activity magsults in ectopic DA neurons and MNs (Watanabe and
exhaust around 9 to 10 hpf, during which PMNSs start to fornrNakamura, 2000). Thus, Hh activity is sufficient, both in vitro
as shown by lineage tracing studies in zebrafish (Kimmel et abnd in vivo, to induce DA neurons in amniotes. Whether it is
1994). By contrast, SMN form much later over an extendedecessary for specification of DA neurons in vivo remains an
period. The last cell cycle for the earliest SMN occurs at abowtnanswered question in amniotes. The only supporting in vivo
14 hpf (Kimmel et al., 1994), at which time no functional Smoevidence so far is the observation of a marked reduction of
is present in the mutants. Therefore, PMN are present whilaidbrain DA inGli2~~ mice (Matise et al., 1998). In addition
SMN are missing ismomutants. The results of cyclopamine to the inducing activity, Hh signaling has also been shown to
treatment experiments are consistent with the notion that Hboromote the survival of cultured midbrain DA cells (Miao et
activity is required in two critical periods for MN induction. al., 1997). Recombinant Shh also increases the yield of DA
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neurons derived from mouse ES cells (Lee et al., 2000).C. B. (1997). Temporal separation in the specification of primary and
However, neither Fgf8 nor Shh is required for the induction of secondary motoneurons in zebrafikey. Biol. 187, 171-182.
midbrain DA neurons from mouse ES cells. So, there appe&Ffcker. T. S., Burgess, S. M., Amsterdam, A. H., Allende, M. L. and

. ! . . . Hopkins, N. (1998). not really finished is crucial for development of the
to be multlple avenues for the induction of midbrain DA zebrafish outer retina and encodes a transcription factor highly homologous

neurons. For this reason, it is not surprising perhaps to see th@ human Nuclear Respiratory Factor-1 and avian Initiation Binding
specification of midbrain DA neurons independent of Hh RepressoDevelopment25 4369-4378. _
activity in zebrafish. The observed midbrain DA neuronBrand, M., Heisenberg, C. P., Warga, R. M., Pelegri, F,, Karlstrom, R. O.,

: : Beuchle, D., Picker, A., Jiang, Y. J., Furutani-Seiki, M., van Eeden, F.
phenotype in themomutants may Just be a consequence of J. et al. (L996). Mutations affecting development of the midline and general

the overall increase of cell death and the decrease of mitosis iNhody shape during zebrafish embryogeneisielopment23 129-142.

smomutants. Alternatively, the phenotype may reflect generadurdine, R. D. and Schier, A. F.(2000). Conserved and divergent

mechanisms that keep each cell type in appropriate proportionmechanisms in left-right axis formatioBenes Devl4, 763-776.

relative to the body size (Conlon and Raff, 1999). It is als&nen: J- N., van Eeden, F. J., Warren, K. S., Chin, A., Nusslein-Volhard,
ible that DA ification diff bet iot C., Haffter, P. and Fishman, M. C.(1997). Left-right pattern of cardiac

possible a neuron speciica '_On Imers between ar_nnlo €Spmpa may drive asymmetry of the heart in zebrafBavelopmentl24,

and zebrafish. In fact, the reduction of DA neuron$li2 4373-4382.

mutant mice seems more severe than we observed in zebraf@dtang, C., Litingtung, Y., Lee, E., Young, K. E., Corden, J. L., Westphal,

smomutants, even after cyclopamine treatment (Matise et al., H. and Beachy, P. A.(1996). Cyclopia and defective axial patterning in

; mice lacking Sonic hedgehog gene functiNature 383 407-413.
1998)' AnaIySIS of mouse embryos mutant for other Hr}:oncordet, J. P., Lewis, K. E., Moore, J. W., Goodrich, L. V., Johnson, R.

pathway member53 particularghh will be very informative L., Scott, M. P. and Ingham, P. W(1996). Spatial regulation of a zebrafish

for resolving this discrepancy. patched homologue reflects the roles of sonic hedgehog and protein kinase
The difference in the requirement of Hh activity for the A in neural tube and somite patternifigvelopment22, 2835-2846.

induction of midbrain DA neurons and MFP in mouse an(poznel,gnélll.zland Raff, M. (1999). Size control in animal developmedéll 96,

zebrafish may be a result_ of differences in the spat|al_ and oer. M. K., Porter, J. A., Young, K. E. and Beachy, P. A(1998).

temporal pattern of expression of the modulators of Hh activity. Teratogen-mediated inhibition of target tissue response to Shh signaling.

For example, Litingtung and Chiang have recently reported Science280, 1603-1607.

that the requirement afhhfor several ventral neuronal types Currie, P. D. and Ingham, P. W.(1996). Induction of a specific muscle cell

except FP is overcome in the absence g8 function type by a hedgehog-like protein in zebrafidlature 382 452-455.

L . - . . Dahmane, N. and Ruiz-i-Altaba, A.(1999). Sonic hedgehog regulates the
(Litingtung and Chiang, 2000). It will be interesting to growth and patterning of the cerebellubevelopmeni26, 3089-3100.

determine the spatial and temporal dynamicgli@fand other  Eisen, J. S.(1991). Motoneuronal development in the embryonic zebrafish.
Gli gene expression in zebrafish in relation to the induction of Development12, Suppl., 141-147.
MFP and midbrain DA neurons. Nevertheless, our analyses EKker, S. C., Ungar, A. R., Greenstein, P., von Kessler, D. P, Porter, J. A,,

. Moon, R. T. and Beachy, P. A(1995). Patterning activities of vertebrate
zebrafish smo mutants have clearly demonstrated both hedgehog proteins in the developing eye and b@&nt. Biol. 5, 944-955.

conserved and divergent roles of Hh activity in zebrafiskicson, J., Morton, S., Kawakami, A., Roelink, H. and Jessell, T. M.
development. (1996). Two critical periods of Sonic Hedgehog signaling required for the
specification of motor neuron identi@ell 87, 661-673.
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