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SUMMARY

Anteroposterior (AP) patterning of the vertebrate neural that there is an endogenous AP gradient of Wri-catenin

plate is initiated during gastrulation and is regulated by signalling in the presumptive neural plate of theXenopus
Spemann’s organizer and its derivatives. The prevailing gastrula. Our results indicate that an activity gradient of
model for AP patterning predicts a caudally increasing Wnt/B-catenin signalling acts as transforming morphogen
gradient of a ‘transformer’ which posteriorizes anteriorly ~ to pattern the Xenopuscentral nervous system.

specified neural cells. However, the molecular identity of

the transforming gradient has remained elusive. We show

that in Xenopus embryos (1) dose-dependent Wnt ey \ords: Anteroposterior neuraxis, ARcatenin, Gastrulation,
signalling is both necessary and sufficient for AP patterning  Head organizer, Long-range signalling, Morphogen gradient, Neural
of the neuraxis, (2) WntB-catenin signalling occurs in a  patterning, Neuroectoderm, Nieuwkoop, Spemann, Transformer, Wnt
direct and long-range fashion within the ectoderm, and (3) protein,Xenopus

INTRODUCTION Altaba, 1993; Slack, 1994; Doniach, 1995; McGrew et al.,
1995; Pownall et al., 1996; Kolm and Sive, 1997; McGrew et
The vertebrate central nervous system (CNS) is dividedl., 1997; Moon et al., 1997; Isaacs et al., 1998; Pownall et al.,
anteroposteriorly into forebrain, midbrain, hindbrain and spinal 998; Wodarz and Nusse, 1998; Holowacz and Sokol, 1999;
cord during early embryogenesis. Neural inducers an@avalas and Krumlauf, 2000; Ribisi et al., 2000; Gamse and
modifiers establish a crude anteroposterior (AP) pattern befof&ve, 2001). Yet, for none of them has it been shown that (1)
and during gastrulation that becomes refined during later stagiésis required for AP patterning, (2) it acts directly on
(Saha and Grainger, 1992; Lumsden and Krumlauf, 1996jeuroectoderm and (3) it functions endogenously in a graded
Sasai and De Robertis, 1997; Chang and Hemmati-Brivanlogashion.
1998a; Beddington and Robertson, 1999; Gamse and Sive,Among the candidate transformers, Wnts have recently been
2000; Stern, 2001). In amphibia, classical experiments havmplicated as endogenous antagonists of the head organizer
established a central role for Spemann’s organizer in thifNiehrs, 1999). Consistent with the distinct inducing activities
process. This organizer region does not only induce ectoderafi anterior mesendoderm and chordamesoderm noted by
to acquire neural fate, it also emits regionally specific inducer§pemann and Mangold, inhibitors of transforming growth
with anterior mesendoderm inducing forebrain and posteridiactors 3 (TGH3s) and Wnts, which are thought to mediate
chordamesoderm inducing spinal cord (Gilbert and Saxémductions by the organizer, are differentially expressed along
1993; Ruiz i Altaba, 1993; Gould and Grainger, 1997; Harlanthe AP axis of the organizer and its derivatives (Harland and
and Gerhart, 1997; Nieuwkoop, 1997). Similarly, classicalGerhart, 1997; De Robertis et al., 2000). Notably, Wnt
experiments by Nieuwkoop, Saxén, Toivonen and colleagueshibitors are expressed predominantly in the anterior
have suggested a two-step model where a gradient of mesendoderm (Niehrs, 1999; De Robertis et al., 2000; Kiecker
posteriorizing factor (‘transformer’) confers progressiveand Niehrs, 2001). In line with these inhibitors regulating AP
posterior identity to tissue which has initially been induced aseural patterning, co-injection of Wnt and bone morphogenetic
anterior neuroectoderm by early involuting mesendoderrmprotein (BMP) inhibitors on the ventral side &fenopus
(Gilbert and Saxén, 1993; Doniach and Musci, 1995gmbryos induces ectopic heads including forebrain structures
Nieuwkoop, 1997; Sasai and De Robertis, 1997). Thevhile BMP inhibitors only induce ectopic trunk including
molecular identity of the transforming gradient has remainedpinal cord (Glinka et al., 1997). Thus, a distinguishing feature
elusive, although a number of candidate posteriorizing signatsf the head organizer is the repression of Wnt signalling
have been proposed, notably fibroblast growth factors (FGFgNiehrs, 1999).
retinoic acid (RA) and Wnts (Durston et al.,, 1989; Ruiz i Other data support the idea that Wnts antagonize the head
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organizer and have posteriorizing properties. Overexpressiattoderm was cut from the pigmented donor embryo, and a hole of
of various Wnts (Christian and Moon, 1993; McGrew et al.the same shape and size was cut into the presumptive neural plate of
1995; Fredieu et al., 1997; McGrew et al., 1997; Saintthe albino host. The graft was positioned in the recipient's hole with
Jeannet et al., 1997; Chang and Hemmati-Brivanlou, 199gMgentle pressure and transferred to culture dishes after ~20 minutes of

McGrew et al., 1999: Gamse and Sive, 2001), the Wntfeali.ng..Eprants and .operated embryos were cultured at 15°C in
pathway componentg-catenin and XTcf3 (M CGre)W et al. plastic dishes coated with HEMA (poly(2-hydroxyethylmethacrylate))

in 0.5x MBS. Explantation of early (stage 13) neuroectoderm for

1995; Darken and Wilson, 2001; Hamilton et al., 2001) Of¢iterase assays (Fig. 7C) was performediCi+- and Mg*-free

treatment with the artificial activator of the Wnt pathwaynqgified Barth's solution (CMFB). The presumptive neural plate was
lithium chloride (Fredieu et al., 1997) all lead to repressionxcised and cut into four AP slices together with the underlying tissue.
of anterior and concomittant induction of posterior neuralfter few minutes, the ectoderm disadhered and could easily be
markers inXenopus Conversely, overexpression of secretedseparated from the underlying material. Ectodermal explants were
Whnt antagonists anteriorizé&enopusand zebrafish embryos collected in ¥ MBS and processed for luciferase assay.

(Itoh et al., 1995; Hoppler et al., 1996; Leyns et al., 1997;r . ) ) .

Deardorff et al., 1998; Glinka et al., 1998; Hsieh et al., 19994-eatment of dissociated e‘?t_c’dermal cells with pmte_'n )
Fekany-Lee et al., 2000; Hashimoto et al., 2000; Shinya &oncgntratedoXWntS-condltloned and c_ont_rol _medla were dialyzed
al., 2000). A posteriorizing role for Wnts has also beeerem'ght at 4°C against X5MFB. Protein dilutions were prepared

ted f tudi t . . om on ice using control medium, adjusted to 0.1 mg/ml heparin and kept
suggested from studies on transgenic mice expressmg at 15°C. For cell dissociation, 15 to 20 animal caps were collected per

(Pdpperl et al., 1997). Furthermore, mice mutantim3A  sample and transferred to a HEMA-coated tube containing 0.5 ml 1
(Takada et al., 1994), the nuclear transducers of WntmFB + 2mM EDTA and incubated at room temperature for 5
signallingLefland Tcfl (Galceran et al., 1999) and the Wnt minutes. Subsequently, the CMFB + EDTA was replaced by 0.2 ml
co-receptor LRP6 (Pinson et al., 2000) show posterior of protein sample and the caps were resuspended after further
truncations, indicating a requirement for Wnt signalling inincubation for 20 minutes by gentle pipetting using a HEMA-treated
posterior structures. Finally, inhibition of Wnt signalling is plastic tip. The tubes were incubated for 3 hours at room temperature
required for formation of anterior neural structures adn aholrizontal position to prevent aggregat_ion of the Qissociated cells.
evidenced by interference with inhibitors of Wnt signalling:Egggmggant{e@;”;egbl;iz dt”é);so ‘é"errﬁl x(t));éeélé C?Qg'iﬂ%i‘i a’;‘:ethe
both inhibition of the secreted Wnt antagonist Dkkl Inincubated in an upright position overnight at 18°C to allow

Xenopus(Glinka et al., 1998; Kazanskaya et al., 2000), a?eaggregation of the animal cap cells. When control siblings reached

well as inactivation of the Wnt repressaes3 andaxinlin e desired stage, RNA was extracted from aggregates using Trizol
the zebrafisineadlesandmasterblindmutants, respectively, (Gibco BRL).
lead to microcephalic embryos (Kim et al., 2000; Heisenberg
et al., 2001). RT-PCR and luciferase assay

These properties make Wnts likely candidates foRT-PCR analysis was carried out as described previously (Gawantka
Nieuwkoop’s posteriorizing factor. Thus, we investigatedet al., 1995) using gene-specific primer pairsgfir(Bourguignon et
whether an endogenous Wnt signalling gradient could act & 1998).En2 (Hemmati-Brivanlou et al., 1991j4, muscle actin
transformer in AP neural patterning during gastrulation, i.eQ%2 sia. Xbra (Glinka et al., 1998)Krox20, NCAM2 (Hemmati-
before the well-established function of Wnts during theBrlvanlou et al., 1994) an¥nr3 (Smith et al., 1995). Reporter gene
pattern-refinement phase of neural development (Patapouti%ﬁiﬁgfasenRirggrrt)gn'&zsi);plsi,r;ttsen\f r(a;ioraigg;med using the Dual-
and Reichardt, 2000; Wilson and Rubenstein, 2000). We show ’
that dose-dependent Wnt signalling is both necessary arbnstructs
sufficient for AP patterning of the neuraxis, and that it occurShe expression construct for the activated forrtefopug-catenin
in a direct and long-range fashion. Furthermore, we reveal dacking the N-terminal 90 amino acids was cloned by oligonucleotide-
AP activity gradient of Wng-catenin signalling across the mediated ‘loop-out’ mutagenesis (Sambrook et al., 1989), using
presumptive neural plate. Our results implicate a morphoge?CS2+XBcat-GFP (Miller and Moon, 1997) to yield the plasmid
gradient of Wn-catenin signalling as a component of PCS2#pcat*-GFP.

Nieuwkoop’s transformer. In situ hybridization and  (-catenin immunostaining

In situ hybridization was carried out using standard procedures
(Gawantka et al., 1995; Hollemann et al., 1998b). All embryos and

MATERIALS AND METHODS explants were photographed following immersion in 80% glycerol/
) ] phosphate-buffered saline (PBS). The embryos in Fig. 5D were
Recombinant proteins bleached by illumination in 30% 4@./methanol/water (1:1:1)3-

XWnt8 and Fc-tagged MFz8-CRD proteins were produced asatenin staining on mid-gastrula embryo halves was performed as
described (Hsieh et al., 1999b). XWnt8 protein concentration ofeported previously (Schneider et al., 1996) using a r@bbéttenin

conditioned media was determined by comparing its signal intensitgntibody (generous gift from H. Steinbeisser). Stained halves were
produced in Western blot with signal intensities of known amounts ofreated with Murray’s clear, mounted on glass slides and pictures
35S-labelled, Myc-tagged XWnt8 protein synthesized by in vitrowere taken using a Zeiss Axioplan microscope, a Sony Power HAD

translation. 3CCD color video camera and the Adobe Photoshop software. Eight
consecutive pictures were recorded along the AP axis within the
Embryos and explants presumptive neural plate, each window typically containing 25 to 40

Microinjections, conjugation and grafting of animal caps werecells within the analysed ectodermal layer. Grey values were
performed in agarose-coated dishes containgnadified Barth’s  determined for all nuclei using the NIH Image software, the grey
solution (MBS). Microsurgical operations were performed usingvalue of the cytoplasmic background was subtracted and the
eyebrow knives. For ectodermal grafts (Figs 5, 6), a small piece @ésulting densities were averaged for individual pictures.
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RESULTS of XWnt8 to induceKrox20, indicating that posteriorization
o . . was due to Wnt signalling (Fig. 1C). Furthermore,

Whnts posteriorize anterior neuroectoderm in a posteriorization by XWnt8 was not accompanied by mesoderm

concentration-dependent manner induction, as indicated by the absence mfiscle actin

An important experimental approach used to reveal thexpression, and hence occurred in a direct fashion (Fig. 1B,C).
function of TGPBs as morphogens during dorsoventral (DV) These results show that Wnt protein can posteriorize anterior
mesoderm induction was the use of dissociaXexhopus neuroectoderm in a dose-dependent manner, specifying with
ectodermal (animal cap) cells which were treated with differenhcreasing dose forebraiBfl), midbrain Otx2 notBf1), mid-
doses of Activin protein (Green and Smith, 1990). Previoushhindbrain En2) and hindbrain Krox20), respectively. The
similar experiments using Wnts were difficult because theynodulation of marker gene expression occurs over a 10-fold
could not be obtained in soluble form. Recently thoughgconcentration range.

various sources of soluble, bioactive vertebrate Wnts have We tested if Wnts also elicit dose-dependent responses in
been described (Shibamoto et al., 1998; Hsieh et al., 1999%olid tissue and whether the responses occur as a function of
Piccolo et al., 1999). We used a soluble XWnt8 produced ake distance from a local Wnt source. We performed animal
conditioned medium fronbDrosophilaS2 cells (Hsieh et al.,, cap sandwich experiments similar to those used by Gurdon and
1999b) to test its dose-dependent effects on neuralized anin@lleagues (Gurdon et al., 1994). Animal caps were taken from
cap cells. Animal caps were explanted at late blastula stage aalhino embryos injected with noggin mRNA (Smith and
dissociated in CGd- and Mdg*-free medium. This treatment Harland, 1992) and were used as anterior neuralized
characteristically results in anterior neural inductionresponding tissue. These caps were conjugated with animal
presumably owing to dilution of anti-neuralizing BMPs (Changcaps from pigmented embryos injected witvnt3AmRNA

and Hemmati-Brivanlou, 1998a). Cells were treated with(Christian et al., 1991) orXwnt8 DNA as sources of
XWnt8-conditioned medium until control embryos developedposteriorizing Wnt protein (Fig. 2A). The conjugates were
to late gastrula stage. After reaggregation, the cells werlowed to develop until control embryos reached neural plate
further incubated without XWnt8 and harvested at neural tubstage and expression of neural markers was analysed by in situ
stage for analysis of marker gene expression by RT-PCR (Figybridization. The use of albino and pigmented animal caps
1A). allowed easy identification of the Wnt-responding tissue. Cell

Dissociation of animal cap cells lead to induction of the panmixing of pigmented with albino cells was negligible under
neural markerNCAM2 (Kintner and Melton, 1987), the these conditions, as shown previously (Gurdon et al., 1994),
forebrain markeBfl (Bourguignon et al., 1998) ardtx2, a  and this was also confirmed by lineage tracing with colloidal
marker of fore- and midbrain (Blitz and Cho, 1995; Pannese efold labelled caps (not shown).
al., 1995), indicative of anterior neural induction (Fig. 1B). Without Noggin, no neural induction occurred, even when
Treatment with increasing doses of XWnt8 lead to aXwnt3A was expressed (Fig. 2B, &a Noggin injection
progressive posteriorization of the neural character of thegesulted in induction oBf1 throughout the responding albino
cells. At 2 nM XWnt8Bf1 expression was repressed &2  cap but no expression of the posterior markar2 or Krox20
was maintained, while the mid-hindbrain boundary maEkegr  was detectable (Fig. 2B, B-b When pigmented caps injected
(Hemmati-Brivanlou and Harland, 1989) became
induced. At 20 nM XWnt8, these anterior ne
markers were repressed and the hindbrain m A
Krox20 (Bradley et al., 1993) became induced.

To confirm that this posteriorization was du¢
XWnt8 in the conditioned medium, we a
performed XWnt8 treatment in the presence
MFz8-CRD, a secreted form of the ligand-binc
domain of mouse Frizzled8, which binds to XW\
and acts as Wnt antagonist (Deardorff et al., 1

dissociation

reaggregation
§ — RT-PCR

P ‘{f ", ¥ A
"’s}“‘?‘;x"ﬁﬁ,«g e T

G +/- recombinant

Hsieh et al., 1999b). MFz8-CRD abolished the at late protein
blastula

Fig. 1. Recombinant XWnt8 protein posteriorizes
neuralized animal cap cells in a dose-dependent manner.

(A) Experimental design. RT-PCR analyses were carried o 8 XWnt8

out when control embryos reached neural tube stage (stage e [NM] + + XWni8
20). (B) RT-PCR analysis of whole embryos (we), intact om ()] 'E_. o

control animal caps (co) and caps that were dissociated 3 O 2 ro - + MF¥8'CRD
and reaggregated (diss.) as depicted in A and treated B S A ctin C Actin
during dissociation with 0, 2 nM or 20 nM recombinant B N CAM2 B N CAM2
XWnt8. (C) RT-PCR analysis of whole embryos (we), _ Bf1 _Otx2
intact animal caps (co) and caps that have been dissociated

and reaggregated as depicted in A, and treated during I Otx2 I <r0x20
dissociation with 25 nM XWnt8 (+) in the absence (-) or [ - T =H4
presence (+) of recombinant MFz8-CRD. Héstone4for

normalization; —RT, negative control without reverse _ Krox20

transcriptase. = H4
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Fig. 2. Localized expression of Wnts induces A +/- Noggin
a polar AP neural pattern at long range in

animal caps. (A) Experimental design: at the

eight-cell stage, albino embryos were injected

with 0.25 ng/blastomeneogginmRNA and

pigmented embryos were injected with

o

Xwnt3AmRNA (B) or pCSKAXwnt8 albino embryo
(C) into the four animal blastomeres. Animal in situ hybridisation
caps were explanted at late blastula stage and +/- Wnt W——

sandwiched to yield pigmented/unpigmented

(stage 15)
conjugates. The conjugates were cultured -41
until control siblings reached stage 15 and 4

marker gene expression was analysed by in .

situ hybridization. Between 12-40 conjugates :

were analysed in B,C, of which representative plgmented embryo

samples are shown with albino halves of the
conjugates always pointing to the top.

(B) Animal cap conjugates from uninjected or B Noggin
Noggin-injected albino embryos and XWnt3A
pigmented embryos injected with nil, 0.1 (+)
or 1 ng/blastomere (+¥wnt3AmRNA were
analysed for the expressionBifl, En2and
Krox20as indicated. Note that if Gin Bf1
organized AP pattern is generated with the
more posterioKrox20closer to the
pigmented cap thaBn2 (C) Animal cap
conjugates from uninjected or Noggin-
injected albino embryos and pigmented
embryos which were uninjected or injected
with 0.05 ng/blastomere pCSKXwnt8were En2
analysed for the expressionBifl andEn2by
in situ hybridization.

with a low XWnt3A dose were used En2
Whnt sourceBfl expression was typical
restricted to the distal portion of 1
responding cap and was comple
repressed at high XWnt3A dose (Fig.

c¢,d). This was paralleled by induction : -

En2 and Krox20. Importantly, double i C Noggin . 2.
situ hybridization revealed that | XWnt8 + : = .
posterior markerKrox20 was alway - s g
expressed closer to the XWnt3A sot Bf1

than the more anterior mark&mz2, as
would be expected if their express
requires different Wnt concentratic
(Fig. 2B, ¢ ,d"). Comparable results we
obtained with injecteckwnt8 DNA (Fig.
2C) and mRNA (not shown). The resi
indicate that a local Wnt source
induce different AP neural fates at long range as a function @nd spinal cord) (Kolm and Sive, 1997), was analysed at late
the distance in solid tissue. gastrula stage when AP neural patterning is already overt.
Next we tested the requirement for Wnt signalling duringexpression of a low XDkkl dose shifted the expression of
AP neural patterning in vivo. To modulate Wnt signalling, HoxD1 and Gbx2 posteriorly, and expandegdtx2 and Xanfl
embryos were injected either with low or high doseXdkkl ventroposteriorly (Fig. 3A, compare b-b™ with c-c™). At high
mMRNA, encoding a secreted Wnt antagonist (Glinka et alXDkkl doses,HoxD1 and Gbx2 became repressedtx2
1998), or with the plasmid pCSKXwnt8 (Christian and remained expanded whil&Xanfl showed further ventral
Moon, 1993) to drive Wnt expression after the midblastulaexpansion (Fig. 3A, d-d”). Comparable results were obtained
transition (MBT; Fig. 3A). Early neural marker gene with the secreted Wnt antagonist NXFz8 (Deardorff et al.,
expression, includinganfl(presumptive forebrain) (Zaraisky 1998; not shown). Conversely, injection of pCSKMnt8left
et al.,, 1992),0tx2 (presumptive fore- and midbraingbx2  HoxD1unchanged, expand&sbx2 restrictedOtx2 anteriorly
(presumptive hindbrain and anterior spinal cord) (von Bubnofénd represseXanfl These results (summarized in Fig. 3B)
et al.,, 1996) andHoxD1 (presumptive posterior hindbrain show (1) that Wnt signalling is required for expression of

En2
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Otx2 Xanf1

spinal cord and hindbrain markers already at gastrula stage, (A HoxD1 Gbx2
that presumptive forebrain specification is inhibited b —

endogenous Wnt signalling in the ventroposterior, and (3) th:
endogenous Wnt signalling is not uniformly distributed but
graded, with peak levels in the posterior (Fig. 3A, c) and lowes
levels in the anterior (Fig. 3A, a”). Thus, the presumptive
neural plate is under control of posteriorizing Wnt signalling
at late gastrula stage.

To investigate how this patterning manifests itself at late
stages of neurulation we analysed marker gene expression
embryos injected witiXdkkl, NXfz8or Xfrzbl (Leyns et al.,
1997) mRNAs or pCSKAXwnt8 at neural plate stage (stage
15; Fig. 4A). Overexpression ofwnt8 repressedBfl and
reduced Otx2 expression, presumably to midbrain fate,
indicating posteriorization of the neural plate (Fig. 4A, a,b).
With injected Wnt antagonists, two transformation threshold:
were observed with increasing doses. At low doses, expressi
of Krox20in rhombomere 5 was repressed but maintained i
the more anterior rhombomere 3 (Fig. 4A, c-e). At high dose
both XDkk1l and NXFz8 repressdttox20 (Fig. 4A, ¢,d),
while residualkrox20 expression was observed with XFrzb1 [B +Wnt | WT | +anti-Wnts++
(Fig. 4A, é, arrowhead). The expressionBffl and Otx2 was
expanded by all Wnt inhibitors. Interestingly, each Wnt

antagonist altered the pattern of neural markers in Xanf1 A
characteristic and reproducible manner. XDkkl lead to Otx2
horseshoe-shaped expressionBft and Otx2, indicating a Sg:%l

P

posterior expansion (Fig. 4A)cBy contrast, XFrzbl resulted
in a lateral, semicircular expansion of expression (Fig. 4A, e
These differences may relate to the inhibitory specificities oFig. 3. Wnt signalling regulates AP patterning in gastrula ectoderm.
these Wnt antagonists. The results (summarized in Fig. 4KA) Albino embryos were uninjected (co) or injected at the eight-cell

| wo thresholds for AP neural rmina. pCSKA-Xwnt8 0.05 ng/blastomere (+) or 0.2 ng/blastomere (++)
at least wo thresholds fo eural patte 9 XdkkImRNA. The embryos were cultured until late gastrula stage

iAri ; ; (stage 12) and analysed by in situ hybridization for the expression of
?/(;/:;rgﬁztee%osrlhzignneuroectoderm in a direct and HoxD1, Gbx2 Otx2andXanfl Lateral views are shown, dorsal

. . points to the right. 12-18 embryos were analysed per sample in three
In the previous experiments, whole embryos werendependent experiments. (B) Summary of the results shown in A.
microinjected with Wnts or Wnt antagonists which may affeciColour code of gene expression domains is on the left. The

Whnt signalling in all germ layers. This raises the question capproximate orientation of the prospective ectodermal AP axis is
whether the changes in AP neural patterning observed aftindicated on the left (RA). WT, wild-type embryo with normal

Wnt modulation in vivo are due to a direct effect onWntlevels.

neuroectoderm or if they occur indirectly via an effect on

dorsal mesoderm. To specifically modulate Wnt signalling ir

neuroectoderm, we implanted small groups of animal cap cells noteworthy that expression in rhombomere 5 was more
from pigmented embryos injected witkwnt3A or Xdkkl sensitive to XDkk1 than in rhombomere 3 systematically, a
mRNAs into the presumptive neural plate of albino embryosphenomenon also observed in zebrafish (Shinya et al., 2000)
The host embryos were allowed to develop until neural platand with other Wnt antagonists Xenopus(Pera and De
stage (stage 15) and analysed for marker gene expression (FRmbertis, 2000). This is consistent with the two thresholds of
5A). The pigmentation of the transplanted animal cap cellgVnt signalling defined foKrox20in whole embryo injections
allowed again easy identification of the grafted donor tissugFig. 4). The results indicate a requirement for different
Implantation ofXwnt3Aexpressing cells into the presumptive concentrations of Wnt signalling within neuroectoderm.
forebrain induced ectopikrox20 and En2 at some distance In order to test if also more posterior marker gene expression
from the graft and with inverted polarity compared to therequires Wnt signalling and to rule out the possibility that the
primary AP neuraxis (Fig. 5B, a,b). The transplant alsceffect ofXdkktexpressing implants is due to an indirect effect
initiated the outgrowth of host tissue, presumably becausda underlying mesoderm, we grafted cells expressing the
convergent-extension movements characteristic of posteriamtracellular Wnt inhibitorXgsk3 (Itoh et al., 1995) into the
neural plate morphogenesis were induced. Thus, a local Wptesumptive posterior neural plate. Uninjected control grafts
source can induce an AP pattern in neuroectoderm at lorexpressedHoxD1 indicating that transplantation does not
range. WherXdkkZexpressing cells were implanted into the interfere with posterior neural gene expression per se (Fig. 5D,
neural plateBfl expanded posteriorly in the vicinity of the a,d). By contrast, GSKB grafts located in the presumptive
grafted cells (Fig. 5C, a). Converselgyox20 expression spinal cord failed to expressoxD1, an effect best seen after
became downregulated and shifted posteriorly (Fig. 5C, b). lileaching of the pigment of the grafted cells (Fig. 5, This

XWnit8

co

XDkk1
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A | = I XWni8 | similar frequencies of induced secondary embryonic axes were
achieved at aXfcat*/Xwnt3AmRNA ratio of 10:1 (Fig. 6A).

When this mRNA ratio was used in animal cap assays, both

Krox201 1 MRNAs induced the immediate early Wnt target gesiasiois

' (si@) (Brannon and Kimelman, 1996; Carnac et al., 1996) and

Xenopus nodal-related Xnr3) (McKendry et al., 1997) to

similar levels by RT-PCR (Fig. 6B).

Implanted cells injected with XWnt3A repressed the
forebrain markeBf1 (Fig. 6C, a,b) and induced the posterior
markersEn2andKrox20ectopically at some distance from the
implant in the host neural plate (Fig. 6C,bad’,b"). By
contrast, cells expressiigcat* induced no changes in marker
gene expression in the host embryo (Fig. 6C))ceven at
highest doses of 3cat* (20 ng/animal cap; not shown). We
conclude that the long-range effect of XWnt3A on AP neural
patterning is direct.

Gbx2 and the posterior-dorsolateral neural markax3
(Bang et al., 1997) were expressed in botlnt3A and
XPBcat*-expressing grafts themselves, but not in control grafts
(not shown). FoXScat*, Gbx2andPax3expression were not
detectable in adjacent albino tissue, indicating cell-
autonomous posteriorization. Thus, both types of grafted cells
can acquire comparable AP positional values.

Otx21
Bf14

B +Wnt | WT | +anti-Wnis ++ An AP gradient of Wnt/ [-catenin signalling in the
presumptive neural plate

We have shown that dose-dependent Wnt signalling is both
necessary and sufficient for AP patterning of neural fates and
that Wnts affect neuroectoderm in a direct, long-range fashion.
This raises the crucial question of whether there is indeed
an endogenous Wicatenin signalling gradient in the

presumptive neural plate that can be directly detected. To
analyse endogenous Wprzatenin signalling, we made use of

Fig. 4. Regulation of AP neural patterning by Wnt signalling in
neurulae. (A) Albino embryos were uninjected or injected at the

eight-cell stage into the four animal blastomeres with 0.05 the Wnt-responsive luciferase reporter construct TOP-Flash,
ng/blastomere pCSKAXwntg 0.05 ng/blastomere or 0.2 carrying Tcf-binding sites, which are directly activated by the
ng/blastomer&Xdkk1ImRNA, 0.1 ng/blastomere or 0.4 ng/blastomere Tcf/B-catenin complex (Korinek et al., 1997). The reporter was
NXfz8mRNA, 0.8 ng/blastomere or 1.6 ng/blastomiéfizbl microinjected into the four animal blastomeres of eight-

mRNA. Embryos were cultured until neural plate stage (stage 15) cell embryos, whose descendants populate predominantly
and analysed by triple in situ hybridization for the expression of  ectoderm. Injected embryos were divided into four AP slices
Krox20, Bf1 (black) andOtx2 (red). Frontal views are shown, dorsal ¢ the end of gastrulation. A gradient of reporter activation was
E?égtsggwgmgggee:gg';r;gatgf;’é%eds‘iiggg%ﬁf‘;ﬁ%ﬁggd detected for TOP-Flash, increasing 2.4-fold from the anterior

: towards the posterior of the late gastrula (Fig. 7A). We did not

ion for highest d f XFrzbl head9 uenot ) . L :
fﬁ:sﬁg‘ O?:\Défézgs(d)_o;gfsg emgyos(svlré?;v aﬁ;yssed pr;? sample observe this gradient of reporter activation with FOP-Flash, an

in three independent experiments. (B) Summary of the results showdltered TOP-Flash construct in which the Tcf-binding sites
in A. Colour code of gene expression is on the left. WT, wild-type ~are inactivated by point mutations (Korinek et al., 1997),
embryo with normal Wnt levels. suggesting that the graded activation of TOP-Flash was due to

proper activation of the reporter via Lefs/Tcfs. Because the

animal blastomeres of eight-cell staggnopusembryos do not
suggests that Wnt signalling is autonomously required for thgive rise to ectoderm exclusively, the graded TOP-Flash
specification of posterior (trunk) nervous system. activation could still reflect a gradient of Wnt signalling within

An important question raised by the preceding experimenthe mesendoderm rather than in the ectoderm. Thus, we

is if the observed long-range effects (Figs 2B,C, 5B) are duisolated AP slices of presumptive neural plates and performed
to a direct action of diffusing Wnt protein acting as morphogetthe reporter experiment with these neuroectodermal explants.
or if they occur via a relay mechanism. To distinguish betweem line with the results using whole embryos, a graded
a direct and an indirect mechanism, we asked whether attivation of TOP-Flash could be observed with the explants,
implant expressing an intracellular component of the Whnincreasing approx. twofold from anterior to posterior (Fig. 7B).
pathway is also able to affect neural patterning. We chose Some representative neuroectodermal explants were assayed
constitutively active form op-catenin (3cat*) (Barth et al., by in situ hybridization for expression of the paraxial
1997) to activate the Wnt pathway in a cell-autonomousnesodermal markeXmyoD (Hopwood et al., 1989). No
fashion. First, we titratedKfBcat* and Xwnt3A mRNAs to  XmyoDexpression was detected in the explants confirming the
activate WniB-catenin signalling. In an axis duplication assayabsence of mesodermal contamination (not shown).
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Fig. 5.Wnt signalling is necessary and sufficient to A pigmented donor albino host

pattern neuroectoderm in a long-range fashion.

(A) Experimental design: pigmented 8-cell stage - RT-PCR
embryos (donors) were injected into the four animal in situ
blastomeres with mRNAs encoding Wnt pathway —“. _’@_" hybridisation
activators or Wnt antagonists. At late blastula stage, 8-cell late early neural

small groups of pigmented animal cap cells were grafted
into the presumptive neural plate of early gastrula albino
embryos (hosts). The hosts were cultured until neurula
stages and analysed for marker gene expression by in

situ hybridization. (B) Grafted donor caps were B
uninjected (a) or injected with 0.25 ng/blastomere
Xwnt3AmRNA (b) and placed in the presumptive

anterior host neural plate. Embryos were analysed at

neural plate stage for expressiorko6x20 (black) and

En2(red) and are shown in lateral view, dorsal side
upwards. Grafts are indicated by asterisks. Note ectopic
induction ofEn2andKrox20with reversed AP polarity

by theXwnt3Aexpressing graft (arrowheads in b).

(C) Grafted donors were injected with 0.25
ng/blastomer¥dkkImRNA and placed in the

presumptive posterior (a) or anterior (b) host neural D
plate, respectively. Embryos were analysed at neural

plate stage for expressionBfl (a) andKrox20(b) and

are shown in dorsofrontal view. Grafted tissue is

outlined in red in panel a. Note posterior expansion of

Bfl expression in a and downregulatiorkobx20

(arrowheads in b). (D) Grafted donors were uninjected

(a,a) or injected with 1.5 ng/blastometgski mMRNA

(b,b) and placed in the presumptive posterior host

neural plate. Embryos were analysed at neural plate

stage for expression éfoxD1and are shown in dorsal

view, anterior down. Grafted tissue is outlined in red in
panels a,b. The same embryos as in panels a,b are shown following bleaching in pardtteaholes irHoxD1expression in panel b
compared to continuous expression in pahel a

stage  blastula gastrula plate

XWnt3A

HoxD1

l

However, measuring a Wnt signalling gradient by a reporteDISCUSSION
assay may not reflect acute levels of pathway activation
because of the accumulation of luciferase protein betweeBlassical experiments have predicted gradients of
MBT and late gastrula stage. Thus, we analysed Wnt signallingosteriorizing factors involved in AP patterning of the early
in a more direct way. Upon Wnt pathway activatiitatenin  vertebrate neural plate. We provide evidence that theRA/nt/
is known to translocate to the nucleus (Wodarz and Nusseatenin pathway constitutes one such signalling gradient. Our
1998). To visualize Wnt pathway activation in situ, wedata show (1) that dose-dependent Wnt signalling is both
therefore detected nucle@icatenin immunochemically in the necessary and sufficient for AP patterning of the neuraxis, (2)
presumptive neural plate of mid-gastrula embryos. Becaughat Wntf3-catenin signalling occurs in a direct and long-range
there are few AP morphological landmarks at this stage, we ctdshion within the ectoderm, and (3) that there is an
gastrulae sagittally into left and right halves, and analysed theendogenous AP gradient of Wgi¢atenin signalling in the
in parallel by in situ hybridization for the early posterior presumptive neural plate of ti@nopusgastrula.
markerGbx2and byp-catenin staining (Schneider et al., 1996;
Rowning et al., 1997). Pictures @catenin staining were Wnt/B-catenin signalling establishes a transforming
taken at eight consecutive AP levels within the presumptivgradient
neural plate (Fig. 8A). At the anterior-most levels (Fig. 8A,B,We present three lines of evidence that different doses of Wnt
numbers 7 and 8), corresponding to future cement gland asignalling are sufficient to provide AP positional information
forebrain territories, we detected no nuclear but only plasmi neural cells. First, experiments employing soluble protein
membrane localization dB-catenin (Fig. 8B). Towards the show that different doses of XWnt8 can specify at least three
posterior, B-catenin was seen increasingly localized to thedistinct neural fates at increasing dose. Second, in animal cap
nucleus. Densitometric analysis revealed a sixfold gradient @jonjugates an organized AP neural pattern is induced by a local
nuclear localization of3-catenin between the anterior- and Wnt source. Third, Wnt expressing grafts induce an ectopic AP
posterior-most levels, with the region expressi@®dx2 neural pattern in the anterior neuroectoderm of host embryos
showing intermediate to peak levels which are maintained uip a direct fashion. Evidence that Wnts may have graded effects
to the blastopore (Fig. 8C). We conclude that there is an ABn neural patterning also comes from overexpression of the
gradient of endogenous Wpttatenin pathway activation in Wnt effector Dishevelled iXenopusanimal caps, which leads
the presumptive neural plate of tkenopugastrula. to induction of increasingly posterior neural markers with
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Fig. 6.Long-range patterning of - i -
nonroeototerm by Xwnt3a s A __ 1007 | XWnt3A | XBCat C [co T XxwnBA | xBCat" |

direct. (A) Titration ofXwnt3A
andXfcat* mRNAs. For every
mRNA concentration (in pg/nl),
15 embryos were injected at
four- to eight-cell stages
vegetally into two opposite
blastomeres (2.5 nl/blastomere),
cultured until tailbud stage and
scored for the induction of
secondary body axes.
Comparable results were
obtained in four independent B
experiments. (B) RT-PCR
analysis of expression of the
indicated marker genes at (a)
early gastrula stage (stage 10+)
and (b) neural plate stage (stage
15) in whole embryos (we) and
animal caps cut from embryos
injected at the eight-cell stage
into the four animal blastomeres
with no (co), 0.25 ng/blastomeXavnt3Aor 2.5 ng/blastomeréfcat* mRNAs. H4 histone4for normalization; —RT, negative control without
reverse transcriptase. (C) Pigmented donors uninjected (co) or injected with 0.25 ng/blastent@fer 2.5 ng/ blastomeréfcat* mRNA

were grafted as depicted in Fig. 5A into the presumptive host anterior neural plate. Embryos were analysed at neurel(ptagestay for
expression oBfl, En2andKrox20. Frontal views are shown (dorsofrontal ihdd). Between 21 and 63 embryos were analysed for every type
of transplant in six independent experiments. Note tfiati-expressing grafts do not induce changes in host marker gene expression unlike
Xwnt3A(arrows), even at 5 ng/blastomere (not shown).

increasing dose (Itoh and Sokol, 1997). Furthermore, we sho{@aker et al., 1999; Harland, 2000; Streit et al., 2000; Wilson

by titrations with Wnt antagonists that different doses of Wnet al., 2000; Wilson et al., 2001). Yet, similar to mammalian

signalling are required for AP neural patterning duringstem cells, dissociated animal cap cells may provide a powerful

gastrulation. system to reconstitute neural differentiation in vitro by
Soluble XWnt8 protein specifies forebrain, midbrain andapplying recombinant Wnt protein in combination with other

hindbrain fates with increasing concentrations in animal cagrowth factors.

cells neuralized by dissociation (Fig. 1). These inductions Thresholds to different doses of Wiiatenin signalling are

occur at 2-20 nM concentrations, which is consistent with thalso suggested by animal cap conjugate experiments (Fig. 2),

binding constant (~9 nM) of Wnt8 for Frizzled receptorswhere an organized AP pattern is induced as a function of the

(Bhanot et al., 1996; Hsieh et al., 1999b). To our knowledgeXwnt3AmRNA dose and of the distance from the Wnt source.

this is the first demonstration of dose-dependent Wnt signallina

effects with any Wnt protein. It should be noted, however, the

neural induction of animal cap cells by dissociation may no fold activation

be comparable with neural induction in the embryo, which ma Whnt-responsive

involve instructive FGF and early Wfttatenin signalling reporter

slicing

Fig. 7.An endogenous AP gradient of Wizatenin signalling in

the lateXenopugastrula. (A) Eight-cell stage embryos were injected
into the four animal blastomeres with 25 pg/blastomere TOP-Flash

or FOP-Flash (firefly luciferase) and 5 pg/blastomere pRL (Renilla
luciferase) plasmids, cultured until early neurula stage (stage 13) and
cut into four AP slices. Slices from three embryos per measurement
were pooled, extracted and a double luciferase assay was performed.
Firefly luciferase activity was normalized to Renilla luciferase Il FOP-Flash
activity. Relative TOP/FOP-Flash reporter activation is shown on the

right. Note increasing AP activation for TOP- but not for FOP-Flash. B
(B) Eight-cell stage embryos were injected into the four animal
blastomeres with 25 pg/blastomere TOP-Flash and 25 pg/blastomere
pRL plasmids, cultured until early neurula stage (stage 13) and four

AP slices of neuroectoderm were explanted from each embryo.

Explants were extracted and a double luciferase assay was

performed. Mean reporter activations are shown for three

independent experiments (every column represents 90 ectodermal
explants).

stage gastrulation 1 TOP-Flash

N W A

fold activation

|
M
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Fig. 8. An AP gradient of nucleg-catenin in the % H
presumptive neural plate during gastrulation. (A) Mid- © 20
gastrula embryos were cut sagittally and left and right halves E
were analysed by in situ hybridization f8bx2expression g

and by immunostaining fg@-catenin, respectively. Eight
consecutive regions of the presumptive neuroectoderm of
immunostained halves were selected from posterior to
anterior positions, according to the gastrula fate map.
Corresponding windows are shown in B for one
representative embryo. Note prominent nuclear staining in
windows 1 and 2, and absence of nuclear staining in 7 and 8.
The AP axis is indicated (PA) and the approximate

position of theGbx2expression domain is given in relation to
the windows. Data in C represent mean normalized densities
of the nuclear regions of all cells within a window.

XWnt3A and XWnt8 are both able to posteriorize neural fategradient proposed by Nieuwkoop and colleagues. In the late

in these conjugates at long range, suggesting that a variety gdistrula, the gradient appears to specify rather crude AP levels,

type | Wnts signalling vi@-catenin (Wodarz and Nusse, 1998) becauseGbx2 and HoxD1 are co-repressed at high XDkk1

are able to elicit these effects. doses. This crude pattern is refined at neurula stage when two
In vivo, we show that the presumptive neural plate of th&Vnt thresholds foKrox20 expression in rhombomeres 3 and

late gastrula embryo is under control of a Wnt signallingg can be detected. A similar refinement of an initially crude

gradient between future forebrain and spinal cord. Thisesponse to a morphogen, which gives rise to distinct

gradient is detected (1) by the pattern with which marker gerthresholds at later stages, has been described for Activin

expression reacts after injection of Wnt antagonists and XWnt&reen et al., 1994; Wilson and Melton, 1994) and may depend

(Fig. 3), (2) by the graded activation of a Wnt-responsiven secondary cell-cell communication.

reporter (Fig. 7), and (3) by the graded nuclear accumulation

of B-catenin (Fig. 8). The orientation of the gradient, with peak

levels in the posterior and lowest levels in the anterior, i A [XWnts Xanfi | XWni3A

consistent with the predicted properties of a transforme nu

B a XWnt5A,-7B

Fig. 9. Expression of various Wnts and Wnt antagonists establishes a
Wnt activity gradient in the gastrulatidgenopusembryo.

(A) Expression oXanfl, Xwnt8(a) in whole-mount anXwnt3A(b)

in sagittal section at late gastrula stage by in situ hybridization. Black
arrowheads, dorsal blastopore lip; red arrowheads, leading edge.
Note expression ofwnt8in proximity to presumptive posterior
neuroectoderm (compare with fate map in Fig. 8Aynt3Ais

expressed in chordamesoderm and in a ring surrounding the
blastopore (not visible). (B) Expression domains in theXateopus
gastrula of Wnts (a) and Wnt antagonists (b). Only ectodermal
expressions are shown in a. The circumblastoporal expression of XWni8
Xwnt3Ais not depicted for simplicity. Note expression of Wnt
antagonists in the anterior of the gastrulating embryo. (C) Simplified
model for AP patterning of neuroectoderm by a Wnt activity gradient
in XenopusWhnts (red) and Wnt antagonists (green) are expressed in
the mesendoderm (ME, ochre) underlying the neuroectoderm (NE,
blue). The expression of Wnts and Wnt antagonist in the
neuroectoderm is not shown for simplicity (see B). Their combined
activities result in the formation of a Wnt signalling gradient (dark
orange) that patterns the AP neuraxis. The AP axis is indicated

(A - P). Formation of the posterior nervous system also requires
other factors (FGFs, RA) which are not shown here. (D) The AP and
DV axes in the gastrulatingenopusmbryo are patterned by

gradients of Wnts and BMPs, respectively (a). Dnesophilawing
imaginal disc is patterned by gradients of Wingless (Wg) and
Decapentaplegic (Dpp), which are secreted along the DV and AP
compartment boundaries, respectively (b).
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Competence factors restrict AP patterning by Wnt Harland, 1995; Holowacz and Sokol, 1999; Ribisi et al., 2000)
signalling have been implicated in posteriorization. FGFs are potent
Although the titrations with Wnt antagonists (Figs 4, 5) reveaposteriorizing agents and FGF8 mediates effects of the isthmic
a dose-dependent requirement for Wnt signalling, the graduatganizer (Pownall et al., 1996; Isaacs et al., 1998; Pownall et
expansion of more anterior markers sucBfisandOtx2is in  al., 1998; Rhinn and Brand, 2001). However, the posteriorizing
contrast to the thresholds observed in dissociated animal ceffects of FGFs can be reversed with Wnt antagonists,
cells responding to different doses of XWnt8 protein (Fig. 1)suggesting that they may be mediated through Wnts at least
For example, in the in vitro experiments, populations of cellpartially (McGrew et al., 1997; Kazanskaya et al., 2000). A
expressing onlBfl and Otx2 or only Krox20 are observed at direct requirement for RA signalling during early neural
different Wnt doses. Extrapolating from the in vitro results ongyatterning has been demonstrated in the hindbrain but not in
might expect that in vivo the entire neural plate expresseanterior head structures (Blumberg et al., 1997; Kolm et al.,
Krox20 when Wnts, orBfl when Wnt antagonists are 1997; Hollemann et al., 1998a; Gavalas and Krumlauf, 2000;
overexpressed. However, such a complete respecification of thitederreither et al., 2000; Dupé and Lumsden, 2001). Thus,
neural plate is never observed in vivo, rather the changes lindbrain and spinal cord patterning are regulated by FGF, RA
marker gene expression respect specific boundaries. Thisdad Wnt signalling.
most obvious forBfl in Fig. 4, whose anterior stripe of . ]
expression only becomes broader but not significantly thicke\n endogenous AP gradient of Wnt/  B-catenin
with increasing doses of Wnt inhibitors. Similarly, after Signalling in the presumptive neural plate
implantation ofXdkktexpressing cells as in Fig. 5C (panel a),A major finding of our study is the discovery of a V{at/
ectopicBfl expression is never seen to extend into the midlineatenin signalling gradient across the presumptive gastrula
but straddles the dorsal neural plate posteriorly. This suggestsural plate. How is this gradient established? Several Wnts
that factors in addition to Wnts restrict the competence of cellare expressed in thEenopusgastrula, including<wnt3A
to express anterior markers. Obvious candidates for suckwnt5A Xwnt7B Xwnt8 Xwnt8Band Xwntl1(Fig. 9B, a).
modifiers are RA, Sonic Hedgehog, Nodals, BMPs and FGFXwnt3A and Xwnt8 are expressed in chordamesoderm and
which have been implicated in neural patterning (Lumsden anldteroventral mesoderm, respectively (Fig. 9A) (Christian and
Krumlauf, 1996; Pownall et al., 1996; Sasai and De Robertidvioon, 1993; McGrew et al., 1997; Bang et al., 1999), both
1997; Chang and Hemmati-Brivanlou, 1998a; Isaacs et alof which harbour posteriorizing activity enopuszebrafish
1998; Pownall et al., 1998; Gamse and Sive, 2000; Ribisi eind chick (Hemmati-Brivanlou et al., 1990; Doniach and
al., 2000; Wilson and Rubenstein, 2000). To test if théviusci, 1995; Bang et al., 1997; Muhr et al., 1997; Woo and
inhibition of these factors abolishes this restriction ofFraser, 1997). As we show that Wnts are able to signal at long
competence we implanted cells co-expresXidkkland either range, XWnt3A and XWnt8 may diffuse from these sources
mouseHipl, cerberus-shortnogginor FGF receptor-land to set up a concentration gradietwnt5A and Xwntl1l
FGF receptor-4aectodomains into the neural plate, whichalthough expressed in the gastrula, are unlikely to be
encode inhibitors of Hedgehog, Nodal, BMP and FGFposteriorizing because they do not appear to signaPvia
signalling, respectively (Zimmerman et al., 1996; Ye et al.catenin (Ku and Melton, 1993; Moon et al., 1993; Sokol,
1998; Chuang and McMahon, 1999; Piccolo et al., 1999; Stre&000). Xwnt7B and Xwnt8B are both expressed maternally
et al.,, 2000). None of these growth factor antagonists iand may contribute to posteriorization (Cui et al., 1995;
conjunction with XDkk1l was able to expaldl expression Chang and Hemmati-Brivanlou, 1998b). Thus, the signalling
into the entire neural plate (hot shown). Similarly, inhibition ofgradient probably involves multiple Wnts. A Wnt signalling-
RA signalling by injecting the host embryos wiHCYP26 free zone is maintained by Wnt antagonists secreted within
mMRNA, encoding a RA degrading enzyme (Hollemann et althe anterior neuroectoderm and from adjacent anterior
1998a), did not allowKdkktexpressing grafts to expa®fl  mesendoderm, including Cerberus, Dkk1, Frzbl,
expression further, despite a posterior shift of hindbrairCrescent/Frzb2 and Sfrp2 (Bouwmeester et al., 1996; Leyns
markers induced bXCYP26(not shown). The restriction of et al., 1997; Glinka et al., 1998; Piccolo et al., 1999; Bradley
competence for anterior markers to become expressed al., 2000; Pera and De Robertis, 2000; Fig. 9B, b). As these
posteriorly may occur via factors other than those testedactors are potentially diffusible, they may also contribute to
Alternatively, this/these factor(s) may be active before earlyhe establishment of a Wnt activity gradient. In conclusion,
gastrula, the stage of grafting. An ectodermal prepatterwe suggest that th&enopusAP neuraxis is patterned by a
regulating the expression @ftx2 has also been identified in Wnt activity gradient formed in the presumptive
the zebrafish central nervous system. This initial AP prepattemeuroectoderm of the&Xenopusgastrula by the interplay
depends on a differential competence of the epiblast and is no¢tween posteriorizing Wnts and Wnt antagonists expressed
imposed by organizer-derived signals (Koshida et al., 1998)n the anterior (Fig. 9C).
We observed the same phenomenon in our experiments, whereThat multiple Wnts are involved in setting up the gradient is
Otx2 expression never expanded into the ventropostericailso suggested by the response of marker genes to different
ectoderm even at high XDkk1 dose (Fig. 3A, d”). Whnt antagonists. Unlike XDkk1 and NXFz8, XFrzb1 failed to
Clearly then, a morphogen gradient of V@atatenin completely represskrox20 expression. In addition, the
signalling is not sufficient to account for all AP patterning ofexpansion ofBfl expression elicited by XDkk1l and XFrzbl
the neural plate and indeed other signalling molecules, such ass reproducibly of different shapes, horseshoe versus
RA (Ruiz i Altaba, 1993; Kolm and Sive, 1997) and FGFssemicircular, respectively (Fig. 4A). These differences
(Slack and Isaacs, 1994; Cox and Hemmati-Brivanlou, 1995robably reflect different specificities of the Wnt antagonists.
Doniach, 1995; Kengaku and Okamoto, 1995; Lamb ané&or example, XFrzbl is unable to inhibit signalling by
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XWnt3A, unlike XDkk1l (Wang et al., 1997; Krupnik et al., Bradley, L. C., Snape, A., Bhatt, S. and Wilkinson, D. G(1993). The

1999; Kazanskaya et al., 2000). structure and expression of tiéenopus Krox-20gene: conserved and
The formation of the Wrﬂy-catenin signalling gradient divergent patterns of expression in rhombomeres and neural M.
. . . Dev.40, 73-84.
!’esembles formatlon of the BMP morphogen gradient In\/Olvegradley, L., Sun, B., Collins-Racie, L., LaVallie, E., McCoy, J. and Sive,
in DV patterning. BMP2, BMP4, BMP7 and BMP7R are H. (2000). Different activities of the frizzled-related proteins frzb2 and

expressed in overlapping domains in the gastrula and ansizzled2 duringXenopusanteroposterior patterninfpev. Biol. 227, 118-
activity gradient is formed by the diffusion of multiple BMP _ 132.

: ) : nnon, M. and Kimelman, D. (1996). Activation of Siamois by the Wnt
antagonists secreted from Spemann’s organizer (Harland aﬁfgathway_Devl Biol.180, 344-347.

Gerhart, 1997; Barth et al., 1999; Dale and Wardle, 1999amac, G., Kodjachbachian, L., Gurdon, J. B. and Lemaire, P(1996).
Thus, the BMP and Wnt morphogen gradients regulate The homeobox gensiamoisis a target of the wnt dorsalization pathway
patterning in theXenopusgastrula, providing DV and AP and triggers organiser activity in the absence of mesodeevelopment

i ; ; ; ; ; 122, 3055-3065.
positional information, respectively (Fig. 9D, a). Interestmgly’Chang, C. and Hemmati-Brivanlou, A.(1998a). Cell fate determination in

a system of orthogonal Decapentaplegic and Wingless empryonic ectoderml. Neurobiol.36, 128-151.
morphogen gradients regulate AP and DV patterning of thenang, C. and Hemmati-Brivanlou, A.(1998b). Neural crest induction by
Drosophila wing imaginal disc, respectively (Fig. 9D, b) Xwnt7B in XenopusDev. Biol.194, 129-134.
(Strigini and Cohen, 1999). This raises the possibility thafhristian, J. L. and Moon, R. T. (1993). Interactions between Xwnt-8 and

. - . Spemann organizer signaling pathways generate dorsoventral pattern in the
orthogonal BMP-Wnt gradients represent an evolutionarily o o 8 o s Genee Devt. 13.28. P

conserved module that specifies bilateral symmetry. Christian, J. L., Gavin, B. J., McMahon, A. P. and Moon, R. T.(1991).
Isolation of cDNAs partially encoding fouXenopusWhnt-1/int-1-related
We are indebted to Drs J. Nathans and H. Steinbeisser for generougroteins and characterization of their transient expression during embryonic
gifts of XWnt8-expressing insect cells arficatenin antibody, developmentDev. Biol.143 230-234. _ _
respectively, and for advice. Drs H. Clevers, M. Eilers, J. Gurdon, Rehuang, P. T. and McMahon, A. P(1999). Vertebrate Hedgehog signalling
Harland, D. Kimelmann, P. Klein, J. Nathans and R. Moon kindly Medulated by induction of a Hedgehog-binding protbiature 397, 617-
pr_OVIQed _reagent_s._ We_ thank C. Rumig and P. Steinmetz for s_uppq%X’ W. G. and Hemmati-Brivanlou, B. A.(1995). Caudalization of neural
Wlth. n Sltu. hybrldlzatlon and RT-PCR, and C. Walter for Sk”_lfUI fate by tissue recombination and bF®Evelopmeni21, 4349-4358.
assistance in insect cell culture. We are grateful to Drs G. Davidsogy,, v., Brown, J. D., Moon, R. T. and Christian, J. L.(1995). Xwnt-8b a
O. Kazanskaya and J. Wittbrodt for critical reading of the manuscript. maternally expresseédenopus Wrgene with a potential role in establishing
C. N. was supported by the DFG. the dorsoventral axifevelopmenfi21, 2177-2186.
Dale, L. and Wardle, F. C.(1999). A gradient of BMP activity specifies
dorsal-ventral fates in earlfenopusembryos.Semin. Cell Dev. Bioll0,
319-326.
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