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SUMMARY

The secreted molecule Sonic hedgehog (Shh) is crucial for activation of the shh promoter occurs in response to

floor plate and ventral brain development in amniote
embryos. In zebrafish, mutations incyclops(cyc), a gene
that encodes a distinct signal related to the TGE family

member Nodal, result in neural tube defects similar to
those ofshhnull mice. cycmutant embryos display cyclopia
and lack floor plate and ventral brain regions, suggesting
a role for Cyc in specification of these structurescyc

mutants expressshh in the notochord but lack expression

expression of Cyc signal transducers in the chick neural
tube. Furthermore an enhancer of theshh gene, which
controls ventral neural tube expression, is responsive to
Cyc signal transducers. Our data imply that the Nodal
related signal Cyc inducesshh expression in the ventral
neural tube. Based on the differential responsiveness sifih
and other neural tube specific genes to Hedgehog and Cyc
signalling, a two-step model for the establishment of the

of shh in the ventral brain. Here we show that Cyc
signalling can act directly on shh expression in neural
tissue. Modulation of the Cyc signalling pathway by
constitutive activation or inhibition of Smad2 leads to
altered shh expression in zebrafish embryos. Ectopic

ventral midline of the CNS is proposed.

Key words: TGB, Smad2, FAST-1, FoxH1, Nodal, HNE3loor
plate Chick electroporatiorshhpromoter

INTRODUCTION own expression. Moreover, based on the analysis of enhancers
of the mouse and zebrafishhgene it is apparent that HNE-3

The secreted signalling molecule sonic hedgehog (Shh) playsdependent mechanisms also contribute to controbiniy

a crucial role in the specification of the floor plate and ventraéxpression in the ventral neural tube (Epstein et al., 1999;
brain identity. Shh is expressed in the organizer andluller et al., 1999a).

subsequently in the axial mesoderm and ventral neural tube,Unlike shi’~ mouse embryos, zebrafish embryos lacking
regions shown by tissue recombination experiments in amnioshhactivity (sonic-youmutants), show only moderate defects
embryos to secrete ventral neural tube inducing signais the ventral neural tubsonic-youmutants lack lateral floor
(Placzek et al., 1990; Yamada et al., 1991). Mouse embrygsate cells but form the ventralmost part of the neural tube,
that carry null alleles o$hhfail to form ventral neural tube which is known as the floor plate proper or medial floor plate
structures and display cyclopia (Chiang et al., 1996). SimilarlOdenthal et al., 2000; Schauerte et al., 1998). Thhb,
floor plate differentiation is blocked in mice deficient in Gli2, appears to be less critically required for floor plate induction
a mediator of Shh signalling (Ding et al., 1998; Matise et al.in zebrafish, although the activity of the related getiggy-
1998). Furthermore, recombinant Shh induces floor plate andinkle hedgehodEkker et al., 1995) andchidna hedgehog
ventral brain gene expression when administered to neur@Currie and Ingham, 1996) are also expressed in the developing
plate explants of amniote embryos in vitro (Roelink et al.body axis and may partially compensate for the lackhtf
1994; Marti et al., 1995). Taken together, this body of evidencactivity in the mutant.

strongly suggests thahhis both necessary and sufficient for  In contrast to mutations ishh mutations incyclops(cyc
specification of the ventral neural tube. It has been suggestadd squint (sg) result in a loss of floor plate, defects in the
that Shh may control its own expression in the ventral neurafentral forebrain and cyclopia (Hatta et al., 1991; Feldman et
tube. This autoregulatory loop was proposed to involve thal., 1998), very similar to the phenotype stiti’~ mouse
winged helix transcription factor HNB3 which is both an embryos (Chiang et al., 1996). Thgc andsqtgenes encode
immediate target of Shh signalling (Ruiz i Altaba et al., 1995a] GF3-like molecules, which are very closely related to mouse
Sasaki et al., 1997) and a regulator of ¢hé gene (Ruiz i Nodal (Feldman et al., 1998; Rebagliati et al., 1998a; Sampath
Altaba et al., 1995b; Chang et al., 1997). There is, howeveet al., 1998). Althoughcyc?’~ mutant embryos form a
little direct evidence supporting a role for Shh in regulating its10tochord that expresseeh mRNA, mutant embryos fail to
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form a correctly differentiated ventral neural tube and 1-dayether lacZ-containing constructs were injected together with or
old embryos lack expression of genes normally expressed without the expression vectors described above ap@8r2(+)GFR

the medial floor plate, includinghh, twhh, netrinland the constructpCS2(+)FAST-1(Chen et al., 1997)pCS2(+)NDR2
axial/HNF38 (Krauss et al., 1993; Strahle et al., 1993, 1996,(Rebagllat| et al.,, 1998a,b). E_Iectroporatlon of stage 11-12 chl_ck
1997a; Ekker et al., 1995). In additimyc/sqtdouble mutants emlqryos (Hamburger and Hamilton, 1951) was carried out by placing
fail to f,orm mesend,oderm (Feldman e:[ al.,, 1998), a phenotyp%atmum electrodes lateral to the neural tube at the unsegmented

i - esoderm level onto the vitelline membrane and application of
also observed in Nodal-deficient mouse embryos (Zhou et alccyic pulses (3 times, 3@seconds, 100 Vicm, with 1 second

1993; Conlon et al., 1994). .. intervals) generated by a TBX square pulse electroporator
Although it has been demonstrated that Cyc activity igmuramatsu et al., 1997). Embryos were fixed at stage 18-19 and
required for development of the ventral neural tube, it remainsained for p-gal activity as described (Miller et al., 1999a).

unclear whether Cyc regulates this process by acting directijransverse sections of the X-gal stained embryos were cut manually.
on neuroectodermal cells or whether it controls the expression

and/or processing of ventral neural tube inducing signals in the

midline mesoderm. In particular, it is unknown how CycRESULTS

signalling interacts with or impinges upon the known function

of Hedgehog proteins in specifying ventral neural tube identitySmad2 and FAST-1 act in the Cyc signalling pathway

We therefore investigated the role of Cyc in neural tubdo investigate the possible role of Cyc in patterning of ventral
patterning in the zebrafish by employing expression ofieural tube, we first tested whether putative downstream
dominant negative and constitutively active signal transducersiediators of Cyc/Nodal signalling could be used as tools to
of Cyc signalling in wild-type and mutant zebrafish embryosmimic or interfere with Cyc signalling. T@Fsignals are

We show that a constitutively active form of the Cyc signatransduced intracellularly by Smad proteins (reviewed in
transducer Smad2 can activatieh expression in the neural Attisano and Wrana, 1998; Kretzschmar and Massague, 1998;
tube in a cell-autonomous fashion. In addition, an enhancewhitman, 1998). Indirect evidence in mouse and zebrafish
that was previously shown to mediate ventral neural tubgdicated that Smad?2 is a downstream, intracellular transducer
expression ofshh in zebrafish and mouse embryos wasof the Nodal subclass of T@Rignals (Gritsman et al., 1999;
demonstrated to be responsive to Cyc signalling byWomura and Li, 1998). Consistent with this idea, injection
electroporation in the chick neural tube. In contrast,stie  of synthetic mRNA for an amino-terminal truncated,
gene has been found to be much less responsive to Hh signadmstitutively active form ofsmad2 (smadZ4) into early

than other floor plate markers sucasrinlor axia/lHNF3B8,  cleavage-stage zebrafish embryos resulted in malformations in
suggesting that autoinducing mechanisms play a less importahiday-old embryos (94.0%3=310) in a manner reminiscent of
role in the establishment ahh expression in the zebrafish those injected witttyc mRNA (Fig. 1A-C; Erter et al., 1998;
neural tube. Taken together our experiments provide evidengebagliati et al., 1998b; Miiller, 1999b). Most strikingly,
for a crucial role for Cyc signalling in control siihexpression  smad®A-injected embryos lacked posterior structures.

in the ventral neural tube. Furthermore, those embryos expressiduectopically (90.5%,
n=74, Fig. 1E,F) similarly to Cyc-injected embryos (Kiecker
et al., 2000).

MATERIALS AND METHODS Biochemical evidence suggests that Smad2-dependent gene
regulation involves the DNA binding partner FAST-1, a

Constructs and microinjection of fish embryos forkhead/winged helix domain protein (Chen et al., 1997).

Cloning, sequence and expression of zebrafisadl, smadand the  Deletion of the DNA binding domain of FAST-1 generates a
production of expression vectors have been published elsewhet®minant inhibitor of Smad2 activity, (FAS'ﬁ'P; Chen et al.,
(Maller et al., 1999b)CMV::Smad®4 and smad®A mRNA were  1997; Watanabe and Whitman, 1999). As predicted, the
produced from the pCS2(+) based construct containing the l\bhenotype ofFAST-F'D MRNA-injected embryos was very

plasmids -563shh:llacZ -2.2shh:lacZ and 11+12/-2.2shh:lacZ |\ _56. Figq. 1D). displaving deficiencies in mesendoderm
were described previously (Moller et al., 1999 5dnRegvas used forma,ltiong ven%,ral npeu?/algtube patterning and profound
to synthetisée’KI mRNA (Strahle et al., 1997) arpxCSZ(+)Fast-§'D cvelopia (’Fi s 1D, 2C)FAST-B'D mRNA-injected embryos
(Chen et al., 1997) containing the deletion variarXefiopuFAST- yclop 9 ! ] y

1 for FAST-BIPmRNA. Synthetic RNA was synthesized and injected!@cked shh expression (94.7%n=38; Fig. 1G). Moreover,
into 1-, 2- or 16-cell stage zebrafish embryos as described (Miiller FAST-FIP efficiently blocked the activity of coinjected
al., 1999b). RNA was injected at a concentration of 5Quing/ Smad®A (Fig. 1H; 96.2%n=56) or Cyc (88.0%n=75; data
(Smad24) 500 ngpl (Smad}, 50 ngfil (FAST-£/®) and 100 ngl not shown). Together, these data show that Skfagihd
(PKI). The expression plasmidMV::Smad2A was injected into 1- FAST-1SID are efficient tools to manipulate the Cyc/Sqt
and 2-cell-stage fish embryos at a concentration of 30.ng/ signalling pathway, consistent with important roles for Smad2
and FAST-1 downstream of Cyc/Sqt signals in the zebrafish

In situ analysis
y mbryo.

In situ hybridisation and immunohistochemistry on fish embryos wase
performed essentially as described (Hauptman and Gerster, 199%0dulation of the Cyc signal transduction pathway
Stréhle et al., 1996). o
affects shh expression in the neural tube
Chick electroporation and  B-gal expression analysis In addition to posterior truncatiorSmadgA-injected embryos

Plasmids were injected into chick embryos into the folding neural tubgisplayed malformations of the eyes characterised by an
at the unsegmented somite level gidlul. 11+12/-2.2shh::lacZor  expansion of thgax-2.1expression domain into the distal
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Fig. 1. Smad®A and FAST-$'P mimic gain- and loss-of-function phenotypes of the Cyc/Sqt signals, respectively. (A) Uninjected control
embryo. B,C: expression of constitutively actmad2A (B) causes malformations similar to the effectsyafmisexpression (C). Injected
embryos lack posterior trunk and tail (arrows in B,C). (D) Injection of dominant ne§ai&/& £'° mimics thecyc/sqtdouble mutant
phenotype (Feldman et al., 1998), characterised by severely disrupted dorsoventral patterning of the neural tube, lad@dermesaha
cyclopic eye (arrow). Arrowhead indicates the position of the otic vesicle. (A-D) Lateral views anterior to the left. (EFM$PAfBocks the
activity of constitutively active Sma#2. (E) Uninjected control embryos; arrow indicasédexpression in the ventral midline. (F) Embryos
injected withsmad2®A. Arrowheads indicate ectopstihexpression. (G) Embryos injected wiEAST-$!P- Arrowhead points at an embryo
with no expression aghhin the midline. (H) Embryos coinjected wiBmad2A andFAST-$P. Arrowhead points at an embryo with complete
loss ofshhexpression.

(dorsal) parts of the eye (53.0%745; Fig. 2A,B). This highly mosaic distribution of expression in order to allow
expansion opax2.lexpression is reminiscent of the effects ofanalysis at a single cell resolution (Miller et al., 1999a). In the
misexpression oshh (Ekker et al., 1995; MacDonald et al., neurectoderm of early somite-staggec mutant and wild-type
1995). Moreover, a loss of the brain ventricles was alsembryos injected wittCMV::smad2A, ectopic expression of
observed, again similar to the effects caused by ectop&hhwas only detected in neural cells, which also expressed the
expression oshhmRNA, suggesting that Smae2may affect myc epitope (Fig. 21, 79.5% ectobh+ cells were also myc+;
eye development indirectly through activation ehh n=39). A similar result was obtained in the neural tube of 24
expression. Consistent with this interpretatisimhexpression  hour wild-type injected embryos (Fig. 2J). Such a high
in the brain was increased 8mad2A-injected embryos (Fig. frequency of colocalisation suggests thlahcan be activated
1F; compare Fig. 2A with B and F with G). In contrast,cell-autonomously by Sma€?2, and is inconsistent with an
injection of MRNA encoding the structurally related butindirect action of Smad? via induction of a second signal.
functionally distinctsmadl1 (Muller et al., 1999b) affected Taken together, these results imply that the Cyc pathway can
neithershhnor pax2.lexpression (data not shown and Kieckerregulate expression shhin neural epithelial cells.
et al., 2000). Finally, when Smad2 activity was blocked by We have also addressed whetsgrad2A is able to induce
expression offFast-15'P, shh and pax-2.1 expression were other ventral neural marker genes. Baxal/HNF33 (82.2%
abolished in the ventral brain and eye, respectively, (Fig. 2G1=37) andnetrinl (78.9%,n=38) are expressed ectopically in
70.0%,n=30), reminiscent of theyc mutant phenotype (Fig. the neural tube dmadZA-injectedembryos (Fig. 2; compare
2D). K with L and M with N, respectively). Expression of both
We next tested whether misexpressionsofad®” can  netrinl (64.8%, n=37; Fig. 6B) andaxial/HNF33 (data not
rescue thecyc”™ phenotype incy®l® embryos. Injection of shown) was abolished or significantly reduced in the neural
smad£AmRNA at the 16- to 32-cell stage resulted in a mosaitube of FAST-¥'D expressing embryos, similar to Shh
distribution of the expressed protein, and hence allowed thexpression.
unambiguous identification of mutant embryos due to mosaic i ) )
rescue. Smad®A partially rescued bothshh and pax2.1 ~ The zebrafish shh promoter is activated by Smad2  ©A
expression ircy®16 mutant embryos (53.8%1=26 embryos in the chick neural tube
with a cyc mutant phenotype; Fig. 2E,H). Moreover, injectionWe next asked whether previously identifigicth promoter/
of Smad2Ainto early embryos resulted in rescue of the mutanenhancer regions, which drive expression in the ventral neural
eye phenotype (only 14.4% injected embryos showed cycloptabe, could be activated by Smad2 and FAST-1. We utilised the
(n=188), versus 25.9% in the uninjected control batef2§6).  11+12/-2.2shh::lacZ construct that harbours the intronic
To address whether expression of Snfddaffectsshhin enhancer region in front of the2.2 kb shh promoter. This
the neurectoderm directly, we investigated whether Sffad2 construct drivedacZ expression in the midline of fish and
acts onshh expression in a cell-autonomous manner. Fomouse embryos (Muller et al., 1999a), suggesting conservation
this purpose, a Myc-epitope tagged versiorswlad®” was  of the underlying regulatory mechanisms. We employed
expressed from a plasmi€CV::smadZ#), resulting in a electroporation into the chick neural tube as this technique
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Fig. 2. Smad2A induces ectopic expression of
ventral neural markers while FASH/®
abolishes ventral neural tube specific gene
expression. (A-H) Sma&?2 inducespax2.1
expression in the distal eye (red) astdh
expression in the dorsal neural tube
(blue/black). (A,F) Uninjected control embryos ",
showing normashhexpression in the ventral mhb _  wt
neural tube angdax2.1lexpression (A) in the e
proximal part of the eye, optic stalk and the F
midbrain/hindbrain boundary. (B, &mad2A

causes expansion sfihexpression

(arrowheads) paralleled by an expansiopa-
2.1expression into distal parts of the eye (red,

arrow in B). (C,D) Injection oFAST-$'D

(C) causes effects similar to the phenotype of
thecycmutant (D).FAST-£!P expressing |
embryos have cyclopia (arrow in C), elicit loss

of shhexpression in the ventral brain apax-
2.1expression in the remaining single eye while
pax2.lexpression in the midbrain/hindbrain
boundary is presei@rrowhead in C).

(E,H) Mosaic expression &mad2A rescues ‘p
shh(arrowheads in E,H) arghx-2.1lexpression 5
(arrow in E) incycmutant embryos. " ?
(A-E) Dorsal views anterior to the top; .
(F-I_—l) Iateral_views, anterior left. (I,;Bmad?’_* CMV.':myc/smad2CA
activatesshhin a cell-autonomous manner in

the neuroectoderm. Expression of Myc-tagged K
Smad2A driven by the CMV promoter (brown)
results in cell-autonomous activationsiith
expression (blue) in the neural plate of early
somite-stage wild-type embryo (arrow in ).
Similarly in (J), arrows and the magnified insert
of cells noted by the arrow labelled i, indicate M
colocalisation okhhexpression an8madg4
in lateral cells of the hindbrain of a 24 hour
embryo. () Transverse section through the
anterior neural plate. (J) Dorsal view of the
hindbrain, anterior up. (K-N) Activation of
ventral neural markers by expression of
Smad2A. Uninjected control embryos with
expression ofietrinl (K) andaxial/HNF33 (M). Injection of Smad2A results in ectopic activation aktrinl (arrowheads in L) and

axial/HNF33 (arrowheads in N) in the neural tube of 24 hour embryos. (K-N) Lateral views, anterior to the left. fp, floor plate; mhim midbrai
hindbrain boundary; n, notochord; os, optic stalk; r, retina; zl, zona limitans.

zl

directly targets expression into neuroepithelial cells in sitthybridisation of Smad?* expressing embryos, albeit at a
(reviewed in Itasaki et al., 1999) and leaves other tissues sutdwer frequency (3/15 embryos, data not shown). As a control,
as notochord unaffected, as demonstrated by the pattern md ectopic lacZ expressing cells were detected when
expression of Green Fluorescent Protein (GFP) fron€MV::smadlwas electroporated together with the+I2/
coelectroporate@MV::GFP in stage-19 embryos (Fig. 3A,B). —2.2shh::lacZreporter construct, although floor plate-specific
The 11+I2/-2.2shh::lacZ construct was electroporated expression was maintained=/ embryos; data not shown).
(Muramatsu et al., 1997) into the folding neural plate in stagBorsal expansion and an increase in the numbelact
10-12 chicken embryos, either alone or together with plasmidsxpressing cells were observed in the lateral neural tube when
encoding regulators or empty plasmid vector as controls. Flo@mbryos were electroporated withl+12/-2.2shh::lacZ
plate-restricted expression l@cZ was observed in the chick CMV::smad£AandCMV::FAST-1(8/13 embryos, Fig. 3G,H).
embryos electroporated with1+I2/-2.2shh::lacZ (10/10 Taken together these results suggest that Cyc, and its
embryos, Fig. 3C,D). Coelectroporation ofMV:icyc  downstream transducers Smad2 and FAST-1, are regulators of
and 11+12/-2.2shh::lacZ resulted in the ectopic activation shhexpression in neuroepithelial cells.

of lacZ in cells of the lateral neural tube (8/10 embryos; )

Fig. 3E). Similarly, ectopic activation ofacZ was noted The shh gene harbours at least one Cyc responsive

when CMV:ismad®A and 11+12/-2.2shh::lacz were  enhancer

coelectroporated (8/10 embryos, Fig. 3F). Ectopic activation ofhe regulatory architecture of ttelhh gene is complex. As
endogenousshh expression was also detected by in situpreviously shown, multiple enhancer regions contribute to the
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Fig. 3. Regulatory regions in the
11+12/-2.2shh::lacZreporter
construct drive expression in the
floor plate and respond to Cyc
signals upon electroporation into
the chicken neural tube.

(A,B) Bright field (A) and
fluorescent image (B) of a cross
section of a chick neural tube
anterior to the hindlimb bud at
stage 19. The neural tube was
transfected by injection with a e : : ; -
CMV::GFP construct into the = v : S "5 Ci - H CMViismad2CA+
groove of the folding posterior : N y : CMV::FAST-1
neural plate at stage 10-12 and '
electroporation in situ. GFP
expression is evident throughout
the right half of the neural tube,

but never detected in the notochord
(depicted with red dots). (C,[By

gal activity is restricted to the floor
plate (arrows) in neural tubes
coelectroporated with ' : -

11+12 -2.2shh::lacZand

CMV::GFP. (E-H) Electroporation oEMV::cyc(E), CMV::smad£A (F), orCMV::smad£A with CMV::FAST-1(G,H) causes ectopic activation
of 11+12/-2.2shh::lacZ(arrowheads in E-H). Arrows in E,F and H indickeZ expression in the floor plate. A-C and E-G are cross sections,
dorsal up. (D,H) Lateral views of the spinal cord between the limb buds. (C-H) Expression vectors coelectropotatd@ watRshh::lacZ

are indicated in the top right corner of panels. fp, floor plate; n, notochord.

control ofshhexpression in the body axis. To locate the regiorchick neural tube (Fig. 40acZ expression was confined to the
responsible for activation by FAST-1/Smé&d2 deletion floor plate (5/6 embryos), as in the case of the full-length
constructs were tested by electroporation into the chick neurtl+12/-2.2shh::lacZ construct (Fig. 4A). Also, expression
tube. The-2.2shh::lacZreporter, which contains 2430 bp from the-2.2shh::lacZconstruct could be activated ectopically
upstream of the transcription start site but lacks the introniby coexpression of FAST-1/Sm&d#2(6/6 embryos, Fig. 4D).
enhancer regions, was shown to drive expression in the venttal contrast, expression from constru@&63shh::lacZ,which
neural tube of zebrafish embryos (Miller et al., 1999a). Wheoontains 563 bp upstream of the transcription start site of the
the —2.2shh::lacZconstruct was electroporated alone into theshh promoter (Chang et al., 1997), failed to drive expression

Fig. 4. The upstream enhancer region of CMV::smad2CA +
theshhgene is responsive to Cyc = o
signalling. (A,B) Neural tubes shh promoter constructs CMV::FAST-1
electroporated withl+12/-2.2shh::lacZ - o 5
alone (A) or together wittMV::smad£A '
andCMV::FAST-1(B). (C,D) Neural tubes introns 1+2 -2.2 upstream

electroporated with2.2shh::lacZalone I I I m—

(C) or together witlCMV::smadZAand lacZ

CMV::FAST-1(D). The 2430 bshh

upstream sequence +#2.2shh::laczdrives =
floor plate-specific expression (C, arrow) =

and can be activated ectopically by -2.2 upstream '
coexpression oEMV::smad£Aand | —

CMV::FAST-1(D, arrowhead) similarly to lacZ

11+12/-2.2shh::lacZ

(B, arrowhead). (E,F) The563shh::lacZ

constructcontaining the 563 bp proximal

promoter region does not mediate floor E
plate specific expression (E), and can not -0.56 upstream

be activated by coexpressed | —
CMV::smad®AandCMV::FAST-1 Weak lacZ
expression ofacZis seen in few scattered

cells in the electroporated neural tube

(arrowheads in E,F). DNA constructs
containing different genomic fragments of 8feéhlocus are indicated schematically on the left. (A-H) Lateral views onto the trunk between the
limb buds of stage 18-19 chick embryos. Anterior to the left. White dots indicate the dorsal border of the floor plate.
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wit PKI signalling (Concordet et al., 1996; Hammerschmidt et al.,
1996) and compared the responsiveneshioéxpression with
that of other floor plate markers such astrinl and
axial/HNF3B. To minimise variationPKlI mRNA was injected
into a large batch of zebrafish embryos, which was then split
for staining with the different probes. Ectopic activatiostaf
by PKI was restricted to an expansionsbhexpression in the
zona limitans of the diencephalon (56.3%126; Fig. 5A,B).
Similarly, a restricted activation was observed for $id
homolog twhh in the diencephalon and the posterior
mesencephalon (67.9%)=112; Fig. 5C,D). In contrast,
expression oPKI elicited strong ectopic activation of the floor
plate marker genesetrinl (88.7%,n=71) andaxial/HNF33
(83.9%, n=93; Fig. 5E,F and G,H, respectively), beginning
from the diencephalon and extending into the rest of the brain
overlying the floor plate. Thushhandtwhhappear to be less
responsive to Hedgehog signalling thametrinl and
axial/HNF3B. This suggests that the regulatory mechanisms
underlying the expression ehh/twhhin the floor plate differ
from those controllingnetrinl andaxial/HNF33.

cyc mutants may lack expression of ventral neural tube
markers such asetrinl because they fail to establishh(and
twhh) expression in the neurectoderm. If this epistatic
relationship were true, one would predict thatrinl or the
ventral eye markgprax2.1can be induced by forced activation
of Hh signalling when Cyc/Sqt signalling is blocked. To this
end Cyc/Sqt signalling was inhibited by expressiofrA$T-

Fig. 5. PKI activates ventral neural markers with different efficiency.

Embryos were injected with the PKI mRNA. Groups of control 18P, while the Hh pathway was simultaneously activated by
embryos (A,C,E,G) and injected embryos (B,D,F,H) were split and CO€xpression d?PKI_. In the resulting double-!njected zeb_raﬁsh
hybridised either tshh(A,B), twhh(C,D), netrinl1(E,F) or embryosnetrinl(Fig. 6A-C) was broadly activated ectopically

axial/HNF3_(G,H) antisense probes. Ectopic expression of the (79.6%n=37) while nonetrinlexpression or only traces in the

paralogous geneshhandtwhhwas observed in the anterior brain. midbrain were observed irFAST-F/P-injected embryos

Activation ofshhis limited to the region of the zona limitans in the (80.6%n=31). axial/HNF3B8 was activated bPKl in a similar

diencephalon (B, arrowhead). Ectopic patchewbhexpression manner in embryos with blocked Cyc/Sqt signalling (data not

e e B o o Db o, Shown).pax2 1 xpression in the eye was strongly nduced

midbrain. In contrast, strong ectopic acti\,/atiomefrinl(F) and (85.7%, T‘=49? Fig. 6D-F) Wh”es.hh expreSS||cE))n was c_)nly

axial/HNF3_(H) was observed in the midbrain and posterior to the rescued in the area of the zona limitanBA% T- PP expressing

midbrain (arrowheads). fp, floor plate; zI, zona limitans. embryos (77.1% of embryos showed complete laclstdf
expression or were restricted to the zona limitan35). These
results show thanetrinl, axial/HNF33 and pax2.1can be

of lacZ in the floor plate (Fig. 4E). Instead, weak expressioractivated by Hh signalling in the absence of Cyc signalling.

was detected in very few scattered cells throughout the neur@hese results are, furthermore, consistent with the notion that

tube (7/6 embryos), consistent with previous findings that theyc mutants lack expression of ventral neural tube marker

-563shhpromoter region is not sufficient to drive floor plate genes because they failed to estalsisih (twhh)expression in

specific expression (Muller et al., 1999a). Moreover, théhe CNS.

-563shh::lacZconstruct was not responsive to coexpressed

FAST-1/Smad@A (7/8 embryos, compare Fig. 4F with E). It

was upregulated in response to coexpreagsel/HNF33 (data  DISCUSSION

not shown), consistent with the presence of multiple HNF3

binding sites in the promoter (Chang et al., 1997). The findingVe provide evidence that Smad2 and FAST-1 are regulators of

that —2.2shh:lacZbut not -563shhlacZwas responsive to the shhgene. Our data furthermore suggest that Smad2 and

Smad2/FAST-1 suggests that the upstream region betwe€AST-1 or closely related molecules are transducers of the

-2430 and-563 contains elements that are required fomMNodal-like signals Cyc and Sqt, consistent with previous

activation by FAST-1/Smad?2. findings in both mouse and zebrafish embryos (Gritsman et al.,
_ _ . . 1999; Nomura and Li, 1998). It has been shown tyat

shh expression cannot be activated by Hh signalling mutants lackshhexpression in the neural tube but expisss

as efficiently as other floor plate marker genes MRNA in the notochord (Krauss et al., 1993). Our results

The direct effect of Cyc signalling ashh expression in the support a direct role for Cyc signalling in the regulatiostdf
neural tube prompted us to re-examine the role of Hedgehoggpression in the neural tube. In particular, we have shown that
in this process. We utilised expression of a dominant negati@mad®A activatesshhin a cell-autonomous fashion in the
regulatory subunit of protein kinase A (PKI), which mimics Hhzebrafish embryo. In addition, the upstreahh promoter/
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Fig. 6. PKI can activat@etrinland - 4SID -4SID +
pax2.lin the absence of Cyc signalling. 5 FAST-1 E8G =
(A,D) Control uninjected embryos. '-- c 1

(B,E) Embryos injected witRAST-$'P
mRNA. (C,F) Embryos double-injected
with FAST-£!P andPKI mRNA.
Embryos were stained with either
netrinlprobe (A-C) or with a
combination okhh(blue/black) and
pax2.1(red) probes (D-F). Expression E F

of netrinlandshhin the ventral neural mhb

tube andpax2.lin the eye is lost in h| .

embryos injected witRAST-$!D —-‘ . " .
(B,E). Traces ohetrinlexpression and L
unaffectedpbax2.lactivity are detected ‘

in the more dorsal domain in the

midbrain (arrowhead in B) and in the

midbrain-hindbrain boundary

(mhb) respectively. (C,F) Activation aktrinlis evident throughout the brain of embryos coinjected FABT-F'P andPKI (arrowheads in

C) while shhexpression was restricted to the zona limitans region (arrowheadpax?)lexpression in the anterior brain is strongly activated
(arrow in F). All panels are lateral views of the head of 24 hour embryos. fp, floor plate; mhb, midbrain/hindbrain bourdagyliaiitans.

-

enhancer is activated in response to coexpression of Cyc atwd Cyc signalling, as Smad2 may also act indirectly by
SmadfA/FAST-1 in the chick neural tube. Furthermore, theactivation of other transcription factors. An example of such a
transactivation by Sma#2/FAST-1 depends on an enhancerfactor may be HNF3.
that was previously shown to mediate ventral neural tube HNF3B is crucial for notochord and floor plate development
expression. in mouse embryos (Ang and Rossant, 1994; Weinstein et al.,

Our data best fit a model in which Cyc signalling is requiredl994) and has been proposed to act both upstream and
for the establishment athhexpression in the neuroectoderm downstream of Shh signalling during midline development
(Fig. 7). This mode of regulation also operates presumably diRuiz i Altaba et al., 1995b; Chang et al., 1997; Sasaki et al.,
the paralogous gengvhh (Ekker et al., 1995; Krauss et al., 1997). In this model, Shh was envisaged to activate N3
1993). Hh signalling, as assessed by ectopic induction of flodéhe neural tube, which would then turn ehh expression.
plate marker genes suchrastrinl andaxial (HNF38), is not  HNF3(3 was also shown to be a target of activins (Strahle et
impaired incycmutant embryos (Hammerschmidt et al., 1996;al., 1993) and may be responsive to Cyc/Nodal signals. Several
Strahle et al., 1997a) or in embryos injected VA&ST-FI°  lines of evidence suggest, however, that HBIRS/en though
(this study). We propose a two-step model to explain the lackecessary, is not sufficient to contigth expression in the
of floor plate and ventral brain identity @dyc mutant embryos ventral neural tube. First, enhancers in the mouse and zebrafish
(Fig. 7). The first step requires the action of Cyc signalling tehhgene that drive expression in the ventral neural tube lack
establistshh(twhh) expression in the ventral neural tube. OnceHNF33 binding sites, indicating that there are HNF3
turned on in the neural tube, local Hh signals lead to activatiomdependent mechanisms ehh regulation (Epstein et al.,
of the downstream Hh target gemestrinl, pax2.1or axial 1999; Miller et al., 1999a). Moreover, although strongly
(HNF3p), a step that can occur in the absence of Cyectopically activated bi?KI in the CNS, HNFB is not able to
signalling. Our data, however, do not rule out that these gen@sduceshhandtwhhto the same extent in the neural tube of
can also be activated directly by Cyc signalling in an Hhihe zebrafish embryo. Sm&d2FAST-1 do not activate the
independent manner (Fig. 7, stippled arrow).

Our data imply indirectly an involvement of FAST-1 in the

regulation oshh In agreement with this, it was recently shown pax2.1
that schmalspur which has a ventral neural phenotype very netrinl
similar to cyc mutants, encodes Fast-1/FoxH1, a zebrafisl /
homologue of FAST-1 (D. Meyer, personal communication). If (tﬁf/?h) +«——— HNF3B
remains to be established whether Smad2/FAST-1 interac

directly with the shh enhancer. Several homologies to the T v
binding sites of FAST-1 (FAST binding elements, FBE (Cher Smad2/FASTL g

et al., 1996; Labbe et al., 1998; Zhou et al., 1998) are prese e

in the —2430£563 region. It is likely that other enhancer f .7

regions in addition to the2430/563 upstream region are also -

responsive to Cyc signalling. For example, the intronic ar- Cyc

enhancer, which mediates notochord and ventral neural tuIFig 7.A model of the function of Nodal and Shh signalling for
expression (Mdller et al., 1999a), also contains an FBE. Thyctivation of ventral neurectoderm markers during floor plate
FBEs, however, are not the only regions in these enhancers tlinguction. Note that the model depicts developmental pathways;

are able to drive ventral neural tube expression. It remains arrows may therefore not reflect single steps or direct molecular
be determined whether these other regions are also responsinteractions.
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-563shhpromoter, which contains functional HNE3ites.  Nodal activity are so severely malformed (Zhou et al., 1993;
Furthermore, the-563shhpromoter is not able to drive floor Conlon et al., 1994) that they do not allow conclusions to be
plate expression (Muller et al., 1999a; this study), suggestingade regarding whether Nodal has a function in the ventral
that the HNFB binding sites in the promoter region are notneural tube. Several lines of indirect evidence argue, however,
sufficient. in favour of an involvement of Nodal signalling. Firstly,
Bone morphogenetic proteins (BMP) inhibit development ofransgenes harbouring the control regions of the zebstitsh
ventral neural character in explant cultures (Liem et al., 1995pene drive reporter gene expression in the ventral neural tube
Furthermore, mouse embryos that lack the BMP inhibitoof mouse embryos (Miller et al., 1999a). Secondly, mutations
Noggin fail to develop a floor plate, suggesting that the activitghat affect the Nodal signal pathway in the mouse also
of BMPs has to be blocked for floor plate, differentiation tocause defects in the ventral CNSnad2/+, nodal/+trans-
occur (McMahon et al., 1998). It was previously noted thaheterozygote mouse embryos show defects similashto
Smad2 and the BMP transducer Smadl can compete for thautant mice (Nomura and Li, 1998) Moreover, losssbohf
common partner Smad4 Xenopusembryos (Candia et al., expression occurs in the anterior brain in mouse embryos
1997). Although we regard this competition as unlikely to bdacking smad2 gene function, suggesting that a similar
the main mechanism, Cyc signalling could neverthelessegulatory relationship exists between Smad2 snidin the
contribute to inhibition of BMP signalling via activation of mouse (Heyer et al., 1999). We thus propose that the induction
Smad2 and subsequent sequestering of Smad4. of shhexpression by Nodal signals is fundamental to ventral
Transplantation and ablation experiments showed that theeural tube development in higher vertebrates.
notochord has floor plate inducing activity, leading to the
proposal that signals from the notochord induce floor plate We thank I. David, S. Ekker, C. Kimmel, S. Krauss, M. Kihn and
(Placzek et al., 1990). Results of cell labelling experimentd!- Whitman for plasmids. We are indebted to Siew L Ang and Carol
caried out i Ghick embryos, together wih he expressiofice [ SIS, 3 of e aniscriy s o 8 s o
patterns of floor plate and.notoch.orq-speCIflc genes, SqueStéé@U O. Nkundwa, for care of the fish, D. Biellmann for art work, and
however, that floor plate differentiation may be well under wa

L NS T. Ding for sectioning. This work was supported by an EMBO
before cells have taken up their final position in notochord an llowship and AFM (F.M.), FRM (F.M., P.B.), ARC (S.A.) and the

floor plate (Catala et al., 1996). Arguments based on markeic (p.B.). We are also grateful to the Institute National de la Sante et
gene expression in the zebrafish led to similar conclusions (L& la Recherche Medicale, the Centre National de la Recherche
Dourain and Halpern, 2000). Our results, which support &cientifique, the Hopital Universitaire de Strasbourg, ARC, CNRS
direct role for Cyc signalling in inducing expressiorsbhin Projet Genome, AFM and La Ligue contre le Cancer.
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