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SUMMARY

We report an analysis of the tissue and molecular interplay
involved in the early specification of the forebrain, and in
particular telencephalic, regions of theXenopusembryo. In
dissection/recombination experiments, different parts of
the organizer region were explanted at gastrula stage and
tested for their inducing/patterning activities on either
naive ectoderm or on midgastrula stage dorsal ectoderm.
We show that the anterior dorsal mesendoderm of the
organizer region has a weak neural inducing activity
compared with the presumptive anterior notochord, but is
able to pattern either neuralized stage 10.5 dorsal ectoderm
or animal caps injected with BMP inhibitors to a dorsal
telencephalic fate. Furthermore, we found that a subset of
this tissue, the anterior dorsal endoderm, still retains this

patterning activity. At least part of the dorsal telencephalic
inducing activities may be reproduced by the anterior
endoderm secreted molecule cerberus, but not by simple
BMP inhibition, and requires the N-terminal region
of cerberus that includes its Wnt-binding domain.
Furthermore, we show that FGF action is both necessary
and sufficient for ventral forebrain marker expression in
neuralized animal caps, and possibly also required for
dorsal telencephalic specification. Therefore, integration of
organizer secreted molecules and of FGF, may account for
patterning of the more rostral part of XenopusCNS.

Key words: Neural induction, Forebrain, Telencephalon, Organizer,
Anterior endoderm, Cerberus, Chordin, F&Enopus

INTRODUCTION (‘activation’), the dorsal ectoderm is initially induced from the
adjacent and underlying mesendoderm to presumptive
The vertebrate central nervous system (CNS) is composed fairebrain neuroectoderm. Subsequently, during the second step
a variety of discrete regions with diverse neuronal morpholog{transformation’), some of this tissue receives caudalizing
and connectivity. Of outstanding interest is the study on howignals from the posterior dorsal mesoderm. This model has
these different areas are generated during developmemgceived strong molecular support from studiesXemopus
particularly within the forebrain, which contains the mostSeveral factors that can work as ‘activators’ have been
complex structures in the vertebrate CNS, such as thdentified in the secreted molecules noggin (Lamb et al., 1993;
telencephalon of mammals. Similarly to the Hox genes, whicZimmerman et al., 1996), chordin (Sasai et al., 1994; Piccolo
are involved in patterning the trunk CNS, several regulatorgt al., 1996), follistatin (Hemmati-Brivanlou et al., 1994), Xnr3
genes were proposed to define specific regions within the ma@mith et al., 1995; Hansen et al., 1997) and cerberus
rostral brain (Simeone et al., 1992; Bulfone et al., 1993(Bouwmeester et al., 1996; Piccolo et al., 1999). They are all
Shimamura et al., 1995; Shimamura et al., 1996; Rubenste@xpressed in the dorsal mesendoderm during gastrula/neurula
et al., 1998). Loss-of-function or gain-of-function experimentdevelopmental stages and work as extra-cellular antagonists of
with these genes, either single or in combination, in fact leadone morphogenetic proteins (BMPs). Molecules with
to disruption of proper development within selected areas afharacteristics of ‘transformers’ include retinoic acid, Wnts
the anterior CNS (reviewed by Rubenstein et al., 1998; Wilsoand FGFs, all of which can activate expression of posterior
and Rubenstein, 2000; Boyl et al., 2001). neural genes in neuroectoderm (Sasai and de Robertis, 1997,
Particular interest has been focused on the signals th&amse and Sive, 2001).
promote the spatially restricted expression of patterning genesWhile the two-signal model may be sufficient to explain how
within the developing CNS. Perhaps the best known modehe CNS is subdivided into main regions such as forebrain,
that has been proposed to explain neural patterning is tmeidbrain, hindbrain and spinal cord, it does not explicitly
activation/transformation model of Nieuwkoop and co-workersaccount for the complex subregionalization of the forebrain
(Nieuwkoop et al., 1952; Nieuwkoop and Nigtevecht, 1954jtself. In principle, this could result from either a gradient of a
Foley et al., 2000; Foley and Stern, 2001; Stern, 2001), whsingle anterior inducing activity, or from the integration of
suggested that early induction and patterning of thenultiple, qualitatively different, activities. Inhibition of BMP
neuroectoderm occurs in two steps. During a first stepignaling appears to be a crucial step in forebrain induction, as
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shown by the double knockout ofiordin andnogginin the  bleaching of pigment, performed as described by Mayor et al. (Mayor
mouse (Bachiller et al., 2000). However, several lines o€t al., 1995). Fig. 1 shows the expression patterns of the neural
evidence suggest that, within the most anterior region of th@arkers used in this study at stage 22/23 or stage 30/31.

neural plate, inhibition of BMP signaling needs to be integrate

by other activities that counteract Wnt and Nodal signalin QNA methods and microinjections

g ) ) . .
. : : apped RNAs were synthesized from linearized plasmid templates as
thereby promoting forebrain development (Glinka et al., 1997dcescribed (Krieg and Melton, 1984). Embryos were injected with 10-

Piccolo et al., 1999). Some of these molecules have begd,q pg MRNA/embryo at the one- and eight-cell stage as previously

identified as the Wnt-inhibitors Dkk1, Frzbl, crescent anGyescribed (vignali et al., 2000). The following template plasmids were
SFRP2 (Leyns et al., 1997; Wang et al., 1997; Glinka et alysed.

1998; Pera et al., 2000), the Nodal inhibitor Leftyl (Meno et cerberus pcer-HA, pcer-S (Piccolo et al., 1999) and phén
al., 1999), or cerberus, a triple inhibitor of BMP, Wnt and(Fetka et al., 2000).

Nodal (Piccolo et al., 1999), all of which are expressed in chd pCS2-Chd (Sasai et al., 1994).

anterior mesendodermal tissues. Moreover, IGF signaling alsoAXFGFR-4a AXFGFR-4a-pSP64T (Hongo et al., 1999).
appears to be required for head formatioXémopugPera et~ Nxfz8 pCS2-Nxfz8 (Deardoff et al., 1998).

al., 2001). Finally, patterning of the most anterior parts of the Smad7pCS2-Smad7 (Nakayama et al., 2001).

CNS may be integrated by additional signaling molecules, sucglnsTﬁgﬁo‘r']"aslggg;)rm;gba; :e;C,II'Abe%VZZ H:)?t:g ;23 Mv\filttr(])néll—\ileAr_\ry

as FGFs, NOd"’.II’ _hedgehog protelns, Wnts and BMPs, 'nVOIY(‘Jr\%cIeoSpin kit (Macherey and Nagel) and retro-transcribed with
in locally modifying the regional character of the forebrains perscript i1 (Invitrogen). PCR primers and conditions were drawn
neuroectoderm after its initial induction (Shimamura androm  http:/www.hhmi.ucla.edu/derobertis/index.html, except for
Rubenstein, 1997; Furuta et al., 1997; Ye et al., 1998; Baritpl-1 (see Knecht and Harland, 199XBF-1andnrp-1 (see Hongo

et al.,, 1999; Golden et al., 1999; Gunhaga et al., 200@&t al., 1999). ForXemxl 35 cycles were used with primers
Shanmulingam et al., 2000; Heisenberg et al., 2001; Rohr 8ICAGAAGCCTTTGTCAGTGG (forward) and CCTCCAGTTT-
al., 2001; Wilson and Rubenstein, 2000). CTGCCTCTTG (reverse); foeomes 32 cycles were used with

Although all these data have started to clarify the moleculd?imers ~ GCCTACGAAACAGACTACTCCT  (forward)  and
mechanisms that govern induction and patterning of the forebrafiAT SGAGGGAGGGGTTTCTAC (reverse).

region, the fact that experiments were often performed on wholgnimal cap and conjugate assays

embryos did not allow in many cases the dissection of the activifyor animal cap and dissection/recombination assays, RNAs were
of single inducing/patterning molecules, and to distinguish theihjected in the animal pole of one-cell stage embryos. Animal caps
direct actions on the neuroectoderm from indirect actions due igere dissected from stage 9 or stage 10.5 embryos\NiBS$; after

effects on mesendodermal tissues. This can be carried out easifialing, caps were cultured in 8BS until early tailbud stage

in the frog embryo by means of dissection/recombination an@2/23, or to late tailbud stage 30/31 alongside with sibling
misexpression methods that allow the overexpression of genessifbryos. )

the context of tissue conjugation experiments. In this paper, we Dissections and culturing of dorsal ectoderm from gastrula stage
report on some of the tissue and molecular signals at work in t/f8'01y0s were similarly performed. .
induction and patterning of the anterior CNSXienopus with In conjugate experiments, embryo fragments were similarly

. . issected, recombined and cultured. Peptide-releasing beads (SIGMA
particular attention to the telencephalon. We show th"’\(£|-5263) were washed irxPBS and then incubated overnight at 4°C

dorsoventral patterning of the telencephalon is a complex procegss || of 1xPBS, 0.1% BSA containing either human bFGF (100 or
that cannot be elicited by simple inhibition of BMP signaling.200 ngpul; ICN) or mouse FGF8b (100, 200 or 400 pig/R&D).
Moreover, by dissection/recombination experiments, we identifBeads were implanted within pairs of animal caps dissected from
the anterior dorsal endoderm (ADE) of the leading edge of theither injected or uninjected embryos.

Xenopusggastrula embryo as a source of signals

that can regulate dorsoventral patterning of
telencephalon, in possible cooperation with
adjacent prechordal mesendoderm. Finally
animal cap assays, we have used diffe
combinations of inducing and pattern
molecules to show that dorsoventral telencep
patterning can be reconstructed, at least par
in naive ectoderm by the combined action of
ADE molecule cerberus and FGF signals.

MATERIALS AND METHODS

Xenopus embryos and in situ hybridization

Embryos were obtained and staged as previs
described (Nieuwkoop and Faber, 1967; Newport
Kirschner, 1982). Embryos and explants v
processed for whole-mount in situ hybridizatior ~ Fig. 1. Expression patterns of the neural markers used in this study, as detected by
previously described (Harland, 1991), except whole-mount in situ hybridization at stage 30/31 (A-H) or stage 22/23 (I-L).
proteinase K treatment, which was omitted, anc  (A-K) lateral views; (L) dorsal view.
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grow to stage
l 12.5 (J),

22/23 (A-1) or
30/31 (K-M)

stage 10.5

as

R

-
o

Fig. 2. Specification assays on
dorsal ectoderm (DE) of stage
10.5 embryos. DE was
explanted as outlined in the
scheme, grown to stage 12.5.
(J), to stage 22/23 (A-l) or to
stage 30/31 (K-M), and finally
processed for in situ
hybridization with probes for
nrpl, Xotx2, XBF-1, Xrx1,
Xvaxlb, XemxIXkrox2Q
XhoxB9 cardiac actin andhd
as indicated.

Dissections were performed in the presence of gentamycin (Sfdre/midbrain markerXotx2 (Pannese et al.,, 1995), of the

Hg/ml final concentration). general telencephalic markedBF-1 (also expressed in the
nasal part of the eye) (Papalopulu and Kintner, 1996), of the

eye markerXrx1l (Casarosa et al., 1997) or of the ventral

RESULTS forebrain markeiXvaxlb(Liu et al., 2001) (Fig. 2A-C,F.G;
o Table 1). However, only few of the explants showed a faint

Specification assays on dorsal ectoderm of stage staining for the dorsal telencephalic markemx1(Pannese et

10.5 embryos al., 1998) (Fig. 2H; Table 1). We also found that more posterior

We have previously shown that BMP antagonists, such awsarkers such axkrox-20(Bradley et al., 1993) anghoxB9
noggin (Lamb et al., 1993) and Xnr3 (Hansen et al., 1997 Wright et al., 1990) were not activated at all, or activated only
although able to trigger anterior neural fat&Xenopusanimal  in few explants (Fig. 2D,E; Table 1). By contrast, when the
caps, are not sufficient to specify dorsal telencephaloexplants were cultured to stage 30/31, not only did they express
(Pannese et al., 1998). Yet, the dorsal blastopore lip of the eadkyx1, Xvaxlband the ventral forebrain markenkx2.1(Small
Xenopusgastrula can efficiently activate dorsal telencephaliet al., 2000), but an evident activationXx@mxlalso occurred
markers in animal cap tissue (Pannese et al., 1998). In order(teig. 2K-M, Table 1; see Fig. 6B and Table 1 ¥akx2.). To
identify what signals from the dorsal blastopore lip aretest for possible mesoderm contamination, a proportion of
involved in the induction of dorsal telencephalon, we firstexplants were assayed for expressioohaf(Sasai et al., 1994)
aimed to define their timing of action during development. Weat the equivalent of stage 12.5) or muscle actin (Mohun et al.,
therefore removed the dorsal ectoderm (DE) from gastrula984) (at stage 22/23), and found deprived of expression for
stage Xenopusembryos, cultured the explants up to theeither marker (Fig. 21,J; Table 1). Therefore, although some
corresponding of early tailbud (stage 22/23) or late tailbu@spects of forebrain specification have already taken place by
(stage 30/31) stage, and assayed their state of specificationjdgastrulation, the onset of expression of dorsal telencephalic
in situ hybridization using several neural markers, includinggenes appears to be significantly delayed in stage 10.5
dorsal telencephalic markers. explants. However, when DE was dissected from late gastrula
In particular, we dissected, from stage 10.5 midgastrulembryos, clear expression Xémxlwas already detectable at
embryos, fragments of DE of about 5Q0n comprised stage 22/23 (data not shown). These observations suggest that
between the animal pole and about half way between the dorgatther contact with the dorsal mesendoderm may be required
blastopore lip and the leading edge of the involuting dorsadetween mid-gastrula and end of gastrulation, to ensure a
mesendoderm, as outlined in the scheme in Fig. 2. Data froproper temporal specification of the dorsal telencephalon.
one to seven independent experiments (Table 1) — dependin ] ]
on the analyzed marker — indicate that this DE region is alreadyn€e anterior dorsal mesendoderm plays a role in
specified to develop as anterior neural tissue. In fact, explani@tterning of the telencephalon
cultured up to stage 22/23 showed a strong expression Because signals produced from dorsal mesendoderm may be
the pan-neural markenrp-1 (Knecht et al., 1995), of the important for proper induction of dorsal telencephalon
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Table 1. Tissue specification and recombination assays

Specification assays: dorsal ectoderm explants dissected at stage 10.5 (Fig. 2)

Experiment 1

2 3

Explants cultured to stage 12.5
chordin

Explants cultured to stage 22/23
nrpl
Xotx2
Xrx1
XBF-1
Xvaxlb
Xemx1
Xkrox20
Xhoxb9
actin

14/15
15/15
13/15
11/13

4/14*

0/13

Explants cultured to stage 30/31
Xvax1b
Xemx1
eomes

*Weak signal.
TThree out of five with weak signal.

16/16
15/15
14/16
15/16

16/16 12/14

16/16

4/15* 2/17* 4/16*

0/17

13/17
14/16

0/28

17/17

23/28 14/16 13/15
22/28

5/28
2/16
0/15

0/15

0/17
0/17

22/30
17/29

Molecular identification of ADE and ADME (Fig. 3)

‘red’ fragment

‘green’ fragment

‘brown’ fragment

‘yellow’ fragment

Explants cultured to stage 12.5

gsc 19/23
Xnot2 0/22
chd 27127
Xhex

*Weak signal.

715/19 with weak signal.

22/22
4/22*

19/21
24/25
3/28*
25/28

Dorsal mesendoderm/animal cap conjugates (Fig. 4)

‘green’ fragment/an.cap

‘brown’ fragment/an.cap

Explants cultured to stage 22/23
nrp-1
Xotx2
Xrx1
XBF-1
Xemx1

*Seven out of 18 with weak signal.
TSeven out of 10 with weak signal.
*Five out of six with weak signal.

18/24*
10724
0/24
9/23

6/23

16/16
10/18
2/18
7/18
2/18

ADME/DE conjugates (Figs 5, 6)

‘red’ fragment/
DE stage 10.5

‘green’ fragment/
DE stage 10.5

‘yellow’ fragment/

DE stage 10.5 DE stage 10.5

Explants cultured to stage 22/23 (experiments 1 and 2) or to stage 30/31 (experiment 3)

Experiment 1 Xemx1 24/24
Experiment 2 Xemx1 21/28
Xrx1
Experiment 3 Xnkx2.1
Xrx1

20/20

Numbers refer to positive explants or conjugates on the total number assayed.

20/23 0/18
17/17

6/24 17/21
16/18

(Pannese et al., 1998), we decided to assay the inducingjfferent pieces, which were used in our recombination

experiments. Three of these fragments are contained within
In order to do this reproducibly, different parts of theone another, and correspond to the yellow, red and green pieces

involuting mesendoderm were dissected at stage 10.5, culturgdthe schemes of Fig. 3. A first fragment of about 69

patterning abilities of different regions of this tissue.

to stage 12.5, and assayed wkKhex, chd gsc and Xnot-2

corresponding to the anterior dorsal endoderm (ADE; in yellow

probes as diagnostic molecular markers. We identified foun Fig. 3), strongly expressexhex(Jones et al., 1999) (Fig.
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Fig. 3. Characterization of different fragments of
dorsal mesendoderm used in recombination
experiments. Fragments were reproducibly dissected

grow to from stage 10.5 (A-F) or stage 11 (G,H), as shown in

sTgeBi)zs the scheme, cultured to stage 12.5, and assayed for
stage 10.5 L expression of the organizer marker gexbex(A),
chd(B), gsc(C,E,G) andXnot(D,F,H).
' of either weak or no activation ofp-1, Xotx2
g{;;‘:at?z_s Xrx1, XBF-1 and Xemxlgenes after extensive
(C,D) color reaction (Fig. 4A-E; Table 1). By contrast,
stage 10.5 efficient induction of neural tissue took place in
the conjugates made with presumptive anterior
notochord (‘brown’) tissue, as shown by the
‘ strong activation ofnrp-1; localized weak
grow to expression ofXotx2 Xrx1, XBF-1 and Xemx1
stage 12.5 was detected only in a minority of explants (Fig.
stage 10.5 (E,F) 4F-J; Table 2). By RT-PCR assay, very weak or
no activation was detected forp-1, N-CAM,
XBF-1, Xotx2 Xrx1 and Xemx1lin conjugates
with the prechordal mesendoderm (Fig. 4K).
& (K Py T Insteadnrp-1, N-CAM, XBF-1, Xotx2and Xrx1
Seae 125 [P WG were readily detected in conjugates with the

anterior chordomesoderm, whil¥emx1 was
very weakly expressed in these recombinants
(Fig. 4K), possibly owing to the presence of
3A; Table 1); contamination by prechordal mesoderm wasontaminatinggscpositive cells in the ‘brown’ fragment (Fig.
excluded by absence of hybridization tohal probe (Fig. 3B; 3G). Therefore, the prechordal mesendoderm and the anterior
Table 1), that specifically labels the whole axial mesendodermpotochord significantly differ in their neural inducing abilities,
but not the most anterior dorsal endoderm (Sasai et al., 1994ut neither tissue is able to efficiently induce dorsal
A larger fragment of about 20Qm, corresponding to the telencephalic character in naive ectoderm. Differences between
anterior half of the involuted anterior dorsal mesendodernm situ hybridization and RT-PCR results may reflect the
(ADME; in red in Fig. 3), weakly expressgdc (Cho et al., different potencies of the two techniques in detecting localized
1991), a marker of prechordal mesoderm, strongly expressed average levels of expression.
chd but did not expres¥not-2 (Gont et al., 1993), a marker  However, when the prechordal mesendoderm (‘green’ piece
of presumptive notochord (Fig. 3C,D; Table 1; and data nadf Fig. 3) was conjugated to neuralized stage 10.5 DE (upper
shown). By contrast, a still larger fragment of about 880  scheme of Fig. 5), it was able to restore appropriate expression
corresponding to the anterior three-quarters of the involute¢tboth in timing and intensity of signal) of dorsal telencephalic
ADME (in green in Fig. 3), strongly expressgdc while  genesXemx) within the conjugates cultured up to stage 22/23
showing a weak spot ofnot-2staining only in a minority of (Fig. 5A; Table 1). In fact, a smaller region of this ‘green’
explants (Fig. 3E,F; Table 1). Finally, a fourth fragment offragment may be sufficient for this patterning activity: when
about 120um, corresponding to the posterior quarter of thestage 10.5 DE (as shown in Fig. 2) was removed from embryos
involuted ADME of stage 11 embryos (in brown in Fig. 3),together with the underlying fragment of ADME (‘red’ piece
showed a weafis¢ but a stronginot-2 expression (Fig. 3G,H; in Fig. 3), as outlined in the lower scheme in Fig. 5, again
Table 1). Thus, we conclude that the ‘yellow’ fragmentsappropriate strong expressionXdmxlwas observed at stage
correspond to the anterior endoderm of the leading edg#2/23 (Fig. 5B; Table 1).
(ADE), while those in ‘red’ or ‘green’ appear to contain It has been proposed that the ADE Xenopus and the
exclusively, or almost exclusively, prechordal mesendoderntorresponding structure known as AVE in the mouse, may play
finally, the ‘brown’ fragment is mainly composed of a pivotal role in forebrain development (Bouwmeester et al.,
presumptive notochord tissue with little — if any — prechordall996; Thomas and Beddington, 1996). We therefore tested
mesendoderm. whether the ADE alone, without the adjoining prechordal
We first separately analyzed the inducing properties of thmesendoderm, could elicKemxlactivation in midgastrula
prechordal mesendoderm (‘green’ fragment) compared witDE. We explanted DE fragments from stage 10.5 embryos
those of the presumptive anterior notochord (‘brown’together with the underlying ADE (‘yellow’ piece of Fig. 3),
fragment). Their different inducing abilities were tested byas in the lower scheme in Fig. 6, and cultured them up to stage
conjugating either ‘green’ or ‘brown’ fragments with stage 922/23. Control explants, made of DE alone (upper scheme of
animal caps, followed by in situ hybridization analysis of theFig. 6), displayed a stronirxl (as a positive control of
conjugates at the corresponding of stage 22/23. A weaheuralization, data not shown), but Kemxlactivation (Fig.
anterior neural induction was detected in the conjugates witBA; Table 1); by contrast, most of the ADE-containing
the prechordal (‘green’) fragment, as shown by the occurrenegecombinates expresséemx1(Fig. 6C; Table 1). We also

wgenn GH (G OV
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Fig. 4. Tissue recombination
induction assays. Conjugates
were made by recombining
stage 9 animal caps with the
involuted anterior dorsal

stage 9 mesendoderm (ADME,
green) of stage 10.5 embryo
(A-E, upper scheme on the
g{:g":tgms left) or with the presumptive
(A-E) notochordal fragment
(brown) of stage 11 embryo
stage 10.5 (F-J, lower scheme on the
left). Conjugates were grown
to stage 22/23 and assayed
by in situ hybridization for
expression of the neural
markersnrpl (A,F), Xotx2
(B,G), Xrx1(C,H), XBF-1
D,l), Xemx1(E,J). (K) RT-
stage 9 I(DCI% analyslig of)th(e )
_/QYDW to expression of neural markers
stage 22/23 in similar conjugates:
(F-J) AC, animal caps; WE, whole
embryo; ‘green’ and ‘brown’
stage 11 corre)s/por?d to the colored
fragments in the schemes.
Q,“' e**c' l‘ﬂ'
o & é@‘?’ similar delayed activation ofemxIcould take place in animal
il caps neuralized by BMP antagonists.
- Xemx1 Animal caps were dissected from stage 9 embryos injected
with chdmRNA. For optimal culture to later stages caps were
- 8 NcAm joined in pairs to allow a better healing of the explants (see
scheme in Fig. 8) and cultured up to stage 22/23 or 30/31. After
e w  nrp-1 injection of doses othd ranging from 10 to 600 pg, no
induction of the dorsal telencephalic markéesnxlandeomes
- - o (Ryan et al., 1998) was ever observed at either stage, either by
in situ hybridization or RT-PCR analysis (Fig. 7B,C; Fig. 9E,F;
- Xrx1 Fig. 10; Table 2 and data not shown). Because different levels
of BMP antagonism have been shown to induce neural tissue
PSR  Xobx2 of different dorsoventral character (Knecht and Harland, 1997),
we analyzed the dorsoventral organizatiootatinjected caps
S e e w—— O0DC in our assays. Strong staining with the epidermal ma¢ke&1
K was detected irchdinjected caps, indicating that explants
ODC-RY retained epidermis and possibly a dorsal boundary between

neural tissue and epidermis in the conditions used (Fig. 7D;

Table 2). Presence of a dorsal neural tube boundary was also
tested whether the ADE had any effect on ventral forebrainddressed by checking the expression of the telencephalic
marker specification, and surprisingly found that whieenx1l dorsal neural tube boundary market-1 (Knecht et al., 1995).
expression was maintained in stage 30/31 recombinates (dafal-1is strongly expressed in caps at low doses of injesttdd
not shown), Xnkx2.1 expression was suppressed in theseut still detectable, though at low levels, at high doses (Fig.
recombinates, compared with explants of DE (Fig. 6B,D; Tabl&0); these results are consistent with earlier observations
1). These results suggest that ADE may be important fqiKnecht and Harland, 1997) and show that even in conditions
specification of dorsal telencephalon, but may have athat promotecpl-1 strong expression{emxland eomesare

inhibitory effect on ventral forebrain specification. never induced. To rule out the possibility that these results
) ) _ ) ) could be specific to Chd with respect to other BMP antagonists,

Organizer signals and induction of telencephalic we also assayed Smad7, a global antagonist of the whole TGF-

markers in animal caps B pathway (Nakayama et al., 2001), and obtained similar

The organizer-secreted BMP antagonists noggin and Xnr3 aresults (Fig. 7E-H; Table 2; Fig. 10).

able to activateXotx2 but notXemxland Xemx2expression, Because we showed that stage 10.5 ADME had a patterning

in Xenopusanimal caps grown to stage 22/23 (Pannese et akgctivity on stage 10.5 neuralized DE, we asked whether it could
1998). Because DE isolated from midgastrula embryos showistegrate the action of BMP inhibitors to activate dorsal
Xemxlexpression only when cultured up to stage 30/31, antklencephalic genes. Therefore, stage 9 animal caps were
not to stage 22/23 (Fig. 2H,M; Table 1), we asked whether argxplanted fromchd injected embryos, conjugated with the
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Table 2. Signals involved in forebrain induction and patterning

chdand Smad7mRNA injection in animal caps (Fig. 7)

chd Smad7 Uninjected
Animal caps grown to stage 30/31
Xemx1 0/82 0/38 0/36
eomes 0/84 0/35 0/33
Xrx1 70/71 39/39 0/35
XK81 39/39 39/39 35/35
chd-injected animal caps/ADME conjugates (Fig. 8)
chd-injected chdinjected Uninjected
caps caps/ADME caps/ADME Uninjected caps
Explants grown to stage 30/31
Xemx1 0/30 20/30 0/32 0/38
eomes 0/30 10/30 0/32 0/37
Xrx1 27127 0/32 0/37
cerand cer-AC1 mRNA injections in animal caps (Fig. 9)
cer-injected chd+ceAC1- chdinjected
caps injected caps caps Uninjected caps
Animal caps grown to stage 30/31
Xemx1 15/50 28/47 0/30 0/28
eomes 25/50 33/49 0/40 0/30
Xrx1 45/45 32/32
Chd, cerberus and FGFs in forebrain specification (Fig. 11)
chd+cer-S+ chd+cer-S+ chd+cer-S+ chd+cer-S+
FGF8 FGF8 bFGF bFGF

chd+cer-S (200 ng/ml) (200 ng/ml) (100 ng/ml) (200 ng/ml)

Animal caps grown to stage 30/31
chd+cer-S+FGFs

Xemxl 1/24 19/52 2/52 7140 18/51
eomes 0/23 27152 24/52 17/38 39/50
Xnkx2.1 0/24 47147 50/50 24/34 40/42
cer+FGF8 cer+FGF8 cer+FGF8
cer (200 ng/ml) (200 ng/ml) (400 ng/ml)
cerberus+FGF8

Xemxl 21/41 22/43 22/46 32/43
eomes 21/39 41/42 35/47 38/43
Xnkx2.1 0/30 31/35 33/37 33/37
Xnkx2.4 0/36 32/39

Inhibition of FGF signaling on forebrain gene expression (Fig. 12)

Early dbl+ Early dblAXFGFR-4-
animal caps injected animal caps
Conjugates were grown to stage 30/31
Xemx1 15/20 8/24
Xnkx2.1 20/21 7125
Sox2 19/19 24124

Numbers refer to positive explants or conjugates on the total number assayed.

ADME (‘red’ fragment of Fig. 3) of stage 10.5 control embryosany, forebrain inducing activity of the ADME. These results
and grown to stage 30/31 (see scheme in Fig. 8). Althougttemonstrate that the ADME is able to complement the action
conjugated pairs athdinjected caps did not expreéemxlor  of BMP antagonists to promote development of dorsal
eomegqFig. 8G,H; Table 2), but expressed the positive controtelencephalon.

markerXrx1 (Fig. 8l; Table 2)chdinjected caps recombined  Head induction has been proposed to result from the triple
with the ADME were positive both fokemxland foreomes inhibition of BMP, Wnt and Nodal pathways (Glinka et al.,
expression (Fig. 8J,K; Table 2). By contrast, uninjected cap$997; Glinka et al., 1998; Piccolo et al., 1999) by several
conjugated with the ADME did not show any expression foisecreted proteins. Among them, cerberus has the unique feature
Xemx1 eomesandXrx1 (Fig. 8D,E,F), confirming the poor, if of being a triple BMP-Nodal-Wnt-antagonist; moreover, it is
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expressed in the ADE, which plays a patterning role on the
anterior neuroectoderm (see above). Remarkably, when
cerberusmRNA was injected into animal caps, besides a
strong activation oKrx1 in the vast majority of explants, also

2

000105 AN Xemxlandeomesxpression was found in some of the animal
grow to caps (Fig. 9A-C; Table 2).
m“f;fm As cerberus is a triple BMP-Wnt-Nodal-inhibitor, we
decided to define which of these inhibitory activities was
- required for induction of dorsal telencephalic genes. To achieve

this, we made use of two previously described constroets,

S and cerAC1, encoding the C-terminal (cer-S) and the N-
terminal (cerAC1) regions of cerberus, which have been
described as a Nodal-antagonist and as a Wnt-antagonist,
respectively (Piccolo et al., 1999; Fetka et al., 2000). When the
anti-BMP activity of Chd was coupled to the anti-Nodal
activity of cer-S, no activation of eithéemxlor eomeswvas
detected (Fig. 10), in agreement with the result obtained with
the general TGE inhibitor Smad7 (Fig. 7F,G; Table 2; Fig.

Fig. 5. The involuted ADME of stage 10.5 embryo acts on stage 10.5t0)- By contrast, the combination of Chd and &€t was

DE to elicit propeiXemxlexpression at stage 22/23. (A) DE (violet) clearly able to induce botkemxlandeomesas detected by
and involuted ADME (green) were explanted and recombined at  in situ hybridization and by RT-PCR, while no activation was
stage 10.5 (upper scheme), grown to stage 22/23 and assayed for detectable irchd injected caps (Fig. 9E-H; Table 2; Fig. 10).
Xemxlexpression. (B) DE and the underlying involuted ADME (red) cerAC1 alone was not able to induce any expression of
were explanted together at stage 10.5 (lower scheme), grown to stag@mx] eomes NCAM and Xrx1 at doses that were able to

stage 10.5

22/23 and assayed flemxlexpression. induce dorsal telencephalic genes in combination with Chd,
Fig. 6. The ADE promoteXemx1 /\

expression and downreguladéskx2.1

expression in explants of DE. (A,B) DE f grow

(violet in upper schematic) was explanted to stage 22/23 (A)

from stage 10.5 embryos, cultured to or o stage 30/51(B)

stage 22/23 (A) or 30/31 (B) and assayed stage 10.5

for expression oKemx1(A) or Xnkx2.1

(B). (C,D) DE (violet in lower schematic) /\

was explanted from stage 10.5 embryos

together with the ADE (yellow in lower nrow
schematic), grown to stage 22/23 (C) or

to stage 22/23 (C)
30/31 (D), and assayed for expression of or to stage 30/31 (D)
Xemx1(C) or Xnkx2.1(D). stage 10.5

Xrx1 Xemx1 eomes . XK81

chd 600pg
Fig. 7.Injection ofchordinor of
Smad7mRNA cannot induce
expression of the dorsal
telencephalic markepsemxland
eomesn animal cap assays. I~
Animal caps from stage 9 embryos Smad7 200pg éﬁ- “‘_JQ;‘Q,--“'
injected with 600 pghordin -2, 2 ™
mRNA (A-D), or with 200 pg ¥ e 2
Smad™mRNA (E-H), or from
uninjected embryos (I-L) were
dissected, grown in pairs to stage
30/31 and assayed for expression uninjected
of Xrx1, XemxleomesandXK81
as indicated. (I-L) are uninjected
control caps.
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suggesting that cekC1, at least at these doses, lacks neurataps without any underlying mesendoderm. Therefore, it
inducing ability and hence does not retain significant BMPwould not be possible to discriminate whether FGF activity,
antagonizing activity (Fig. 10). However, we found that besidesather than signals from the underlying mesendoderm, was
the previously described Wnt-blocking activity (Fetka et al.responsible for any effect additional to that of Chd. We

2000), cerACL1 retains some Nodal-antagonizing activity (datatherefore co-injectedchd mRNA with cer-§ a cerberus

not shown). We also compared the effects of/set- with

construct that, by inhibiting mesoderm formation (Piccolo et

those of Nxfz8, a potent Wnt-antagonist (Deardoff

et al., 1998). In contrast to cAE1, neither .
combination of Chd and Nxfz8, nor a combinatio
Chd, Nxfz8 and cer-S, was able to induce expre:
of XemxZlor eomegqFig. 10), at doses of Nxfz8 tt
efficiently induced strong axial defects in wh
embryos (Deardoff at al., 1998) (data not sho
Similar results were obtained with the analog
construct ECD8 (ltoh and Sokol, 1999) (data
shown). Because the only qualitative differe
between the combinations Chd+eeZ1l anc
Chd+Nxfz8+cer-S resides in the Wnt-inhibit
activities of celAC1 and Nxfz8, these results sug
that the dorsal telencephalic inducing activity
cerberus relies on its specific anti-Wnt act
however, we cannot completely rule out
possibility that the residual anti-Nodal activity of ¢
AC1 may also be required.

In addition, we also tested induction of the ver
forebrain markeKnkx2.1in these same capsnkx2.1
was not induced by Chd, Smad7, or the combina
of Chd+cer-S and Chd+cA€C1 (Fig. 10), indicatin
that, though cerberus is able to partially pror
dorsal telencephalic fates, a full patterning of
telencephalon may require the integration of diffe
molecular pathways.

Role of FGFs in patterning of the
telencephalon

FGFs have been proposed to play important roles
in early neural induction in the frog and the ct
(Hongo et al., 1999; Streit et al., 2000), and in
patterning of the anterior neural plate, and particu
the telencephalon, in the mouse (Shimamura
Rubenstein, 1997; Ye et al., 1998; Shanmugalir
et al., 2000) (reviewed by Rubenstein et al., 1
Wilson and Rubenstein, 2000).

We therefore tested whether we could inc
telencephalic genes in animal caps by integratin
activities of Chd and cerberus with that of FGF. Ti
this we conjugated pairs of animal caps, injected
eitherchd or cerberusmRNA, around a bead soal
in bFGF or in FGF8 (see Fig. 11). Animal caps v
dissected at stage 10.5, when they no longer re:
to mesoderm inducing signals, and therefore
effect of FGFs is a direct effect on ectoderm (Li
and Harland, 1995). Cap competence for meso
induction was excluded by failure of either bFGI
FGF8 to induceXbra (Smith et al., 1991) expressit
while failure to detect expression of the pan-ne
marker Sox2 excluded any direct neural induci
activity by FGFs (data not shown). However, it prc
to be difficult to harvest stage 10.5 caps froht
injected embryos, probably because excess invol
of dorsal mesendoderm made it impossible to di

inject mRNA /&O
grow to stage
30/31 (A-C,G-1)

stage 9

T

Explant animal caps

from uninjected (A-F)
or chd injected (G-K)
embryos

S )

grow to stage
30/31 (D-FJ,K)

stage 10.5 uninjected embryos

un. AC+ADME un. AC

inj. AC

inj. AC+ADME

a® ¢ W

Fig. 8. The involuted ADME of stage 10.5 embryo can trigger expression of the
dorsal telencephalic markexemxlandeomesn chdinjected animal caps.

Animal caps (blue in schematic) from stage 9 uninjected (A-F) or injected (G-
K) embryos were explanted, conjugated in pairs either without (A-C;G-I) or
with (D-F,J,K) the ADME (red) from a stage 10.5 gastrula and grown to stage
30/31. Injected animal caps never express eKeenx1(G) oreomegH), but

show activation of a control neural markerx1 (I). chd-injected caps

conjugated with the ADME show activation of batemx1(J) andeomegK),
whereas no activation of these genes ofrafl is detected in conjugates

between ADME and uninjected animal caps (D-F). Uninjected caps never show
expression okemx] eomeor Xrx1 (A-C).
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Xrx1 Xemx1 eomes
B 00 o ) By |
'..'? q. : - ¥ . e.‘ -
7 -3 . il
43 g

bl

chd 25pg+
cerAC1 500pg

uninjected . ’

| J

¢ N

Fig. 9.cerberus but notchd mRNA triggersXemxland
eomesxpression in injected animal caps. Animal caps were
injected with amounts indicated oérberug/A-C) or chd

(D-F), or a combination afhdandcerAC1 (G,H) mRNA, or
were uninjected (1,J). At stage 30/31 they were assayed for

. - i Krx1 (A,D), Xemx1(B,E,G,|) andeomes
. ase i expression o

B ] >
| SR

(C,FH,J).

Xrx1 (data not shown). However, when FGF8 was
added, Xnkx2.1expression was strongly activated in
animal caps (Fig. 11B,C; Table 2), and activation was
also observed foeomes(Fig. 11G,H; Table 2); by
contrast, slight, if any, activation oKemxl was
observed (Fig. 11L,M; Table 2). Similar effects were
also observed for bFGF (Fig. 11D,E,I,J,N,O; Table 2).
Different results were obtained wheterberus
injected caps were explanted at stage 10.5 and
conjugated in pairs either without or with FGF-soaked
beads. AgainXnkx2.1land Xnkx2.4were not activated
by the injected RNA (Fig. 11AM’; Table 2); however,
clear activation was observed fepmes(Fig. 11E;
Table 2) and forXemx1(Fig. 11I; Table 2); finally,
. strong activation was observed in all caps{ioel (data
! not shown). When FGF was addedévberusinjected
caps,Xnkx2.1land Xnkx2.4were strongly activated in

al.,, 1999), was able to prevent any excessive involution adlmost all explants (Fig. 118',N'; Table 2) and an increase
mesendoderm, and afterwards dissected and conjugated thas also observed in the expressioreomes(Fig. 11F-H';
animal caps to FGF beads. The effects of Chd+cer-S on capable 2). Instead, no significant difference was caused by FGFs
dissected at stage 10.5 were not substantially different fromn XemxZlactivation compared witberberusalone (Fig. 113
those on caps dissected at stage 9, at least for the markersweTable 2).

tested, and resulted in no activation of the ventral yehe2.1

(Fig. 11A), essentially no activation of the dorsal gesmses
(Fig. 11F) andkemx1(Fig. 11K), and in a strong activation of

> o]
& S
R AR
123456789
- Ssamma= = N-CAM
- ®Emame- - Xrx]
B . cp"1
- o Xemx1
- e eomes
- . Xnkx2.1
- ' . actin
ODC-RT

These data indicate that FGF signals can promote ventral
forebrain fates and may also be important for regulation of
dorsal telencephalic fates. To further investigate this, we
interfered with the FGF signaling pathway by using a
dominant-negative FGF recepté&¥XFGFR-4a, which blocks
the effects of FGF8 on neural tissues (Hongo et al., 1999;
Hardcastle et al., 2000). We therefore injectetFGFR-4a
mMRNA in the animal region oKenopusearly embryos and
subsequently conjugated stage 9 animal caps explanted from
these embryos with a full stage 10t16rganizer. Control
conjugates were made with uninjected animal caps and the
organizer. Experimental and control conjugates were assayed
for the ventral markeKnkx2.1land the dorsal marketemx1
at stage 30/31. Although in control explants both genes are
strongly activated (Fig. 12A,B; Table 2), in experimental
conjugates, expression of both genes was substantially
suppressed (Fig. 12D,E; Table 2). By contrast, there was no
apparent effect on neural induction, as the expression of the
pan-neural markeBox2(Misuzeki et al., 1998) was essentially
the same in the two sets of conjugates (Fig. 12C,F; Table 2).
These data therefore suggest that FGF signals are required for
correct patterning of the forebrain.

Fig. 10.RT-PCR molecular marker analysis on animal caps injected
with various combinations of BMP, Wnt and Nodal inhibitors, as
indicated, and grown to stage 30/31. Doses were as follows: (1) 200
pg Smad7(2) 25 pgchd (3) 25 pgchd+200 pgNxfz8 (4) 25 pg
cha+500 pgcer-S (5) 25 pgchd+1000 pgeer-S (6) 25 pgchd+200

pg Nxfz8-500 pgcer-S (7) 25 pgchd+500 pgcerACl; (8) 500 pg
cerAC1; (9) 660 pgechd
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FGF bead
inject mANA m ®

\___/ conase
to stage 30/31

1 cell stage stage 10.5

chd+cer-S chd+cer-S+FGF8 chd+cer-S+bFGF

— cer+FGF8 cer+FGF8 cer+FGF8
100 ng/pl 200ng/pl 400ng/ul
Xnkx2.1
eomes
Xemx1
Xnkx2.4

Fig. 11.FGF effect on neuralized animal caps. As shown in the scheme, animal caps were dissected from stage 10.5 embryos injected eithe
with chordin (660 pg)+cer-S (2 ng) mMRNA (A-O), or with cerberus mRNA (2 ngN(A and recombined in pairs either without addition of
FGF-soaked beads (A,F, KK ,I',M") or with FGF-soaked beads (B-E,G-J,L-OB,F-H',J-L',N"). After reaching stage 30/31, they were
processed by in situ hybridization for the expressiodrdéx2.1(A-E,A’-D’), eomegF-J,E-H"), Xemx1(K-O,I'-L") or Xnkx2.4(M',N").

Concentrations used for FGF8 were 10Quh{B,G,L,B',F,J), 200 ngjl (C,H,M,C,G,K',N") or 400 ngil (D',H’,L"); concentrations used for

bFGF were 100 ngl (D,I,N) or 200 ngyl (E',J,0).
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Fig. 12.FGF signaling is required fc
telencephalic gene expression. As
shown in the schematic, the early
dorsal blastopore lip (brown) of a
stage 10-10gastrula was sandwich
either between two uninjected stag  ~.__
animal caps (A-C) or animal caps mtage 8

injected withAXFGFR-4a (320 _/O
pg/blastomere) (blue) in all four

animal blastomeres of eight-cell ste

embryos (D-F). Conjugates were

grown to stage 30/31 and assayed stage 10
expression oKnkx2.1(A,D), Xemx1

(B,E) orSox2(C,F).

2%

DISCUSSION where their activities are specifically required for proper
forebrain formation (reviewed by Beddington and Robertson,

Dorsoventral patterning of the telencephalon 1998). Recently, the chick hypoblast has been proposed as the

requires complex signaling embryological and functional equivalent of the mouse AVE. In

Classical models suggest that neural induction and patternir?ct genetic activities characteristic of mouse AVE are also
result from the combined action of two different signaling stepé§letectable in chick hypoblast at pre-streak stages; moreover,
acting on the DE: a first step (activation) that is due to &€ hypoblast induces pre-forebrain markers in the epiblast
uniform forebrain-inducing signal, and a second step in whicRefore streak formation and protects the forebrain territory
forebrain-induced tissue is posteriorized to presumptivéfom caudalizing signals by directing cell movements that
hindbrain and spinal cord (reviewed by Gamse and Sive, 2008istance the anterior epiblast from the organizer (Foley et al.,
Foley and Stern, 2001; Stern, 2001). Our results on injecte#P00). During gastrulation, both mouse AVE and chick
animal caps show that molecular signaling proposed to mediaf¢/Poblast are displaced by the involuting foregut endoderm;
the activation step (namely BMP inhibition) is not sufficient to@lso this tissue has important functions for proper forebrain
induce dorsal and ventral telencephalic fates, suggesting tHf&mation: in chick, removal of the foregut endoderm during
full patterning of the forebrain requires the integration ofgastrulation results in severely compromised forebrain
complex signaling. In fact, although some aspects of forebraip@tterning (Withington et al., 2001). In addition, the foregut
specification may be triggered by BMP inhibitors, as shown byndoderm_ shares some of the genetic activities of the mouse
the activation of Xrx1l (and XBF-1, data not shown) AVE or chick hypoblast, such asrberusandHex Knock-out
(Andreazzoli et al., 1999) irchdinjected animal caps, OftheHexgene inthe mouse and analysis of chimeric embryos
expression of the dorsal telencephalic mark&emxl or showed thaHexfunction is speufu;ally required in the foregut
eomesor of the ventral forebrain markinkx2.1was never €ndoderm for normal forebrain development (Martinez
observed. Therefore, signals are required to integrate the actiBarbera et al., 2000). Therefore it is likely that the AVE/
of BMP inhibitors in order to specify both dorsal telencephalidlypoblast and the foregut endoderm may play similar roles and
values and ventral forebrain values. Because dorsal blastopdhét the anti-caudalizing activity of the AVE/hypoblast is taken
lip of stage 10-10Xenopusmbryo is able to induce the dorsal Over at later stages by the foregut endoderm and/or prechordal
telencephalic marker¥emxland Xemx2in naive ectoderm Mmesendoderm (Foley et al., 2000; Foley and Stern, 2001; Stern,
(Pannese et al., 1998), additional signaling may reside in tt901). Although in chick and mouse this activity occurs in
tissues of the organizer region, namely the ADME. In fact, oufW0 separate tissues (the AVE/hypoblast and the foregut
recombination experiments with explanted stage 10.5 DE ar@doderm), inXenopusthe anterior dorsal endoderm (ADE)
different region of ADME show that, in spite of its poor neuralthat constitutes the leading edge of the involuting dorsal
inducing activity, the ADME can play a patterning role onMmesendoderm may possess the signaling properties of both

neuralized DE. amniote tissues. Like them, the ADE is the only frog tissue
that expresseserberusand Hex Moreover, it displays cell

The ADE may be involved in controlling the movements reminescent of the mouse AVE (Jones et al., 1999;

dorsoventral patterning of the telencephalon Foley and Stern, 2001). Finally, the ADE will contribute to the

In the last few years, work on several vertebrate models hégregut, and, similarly to the foregut endoderm of chick and
unravelled a crucial role of anterior endodermal tissues imouse, it may be important to confer anterior character to the
forebrain development. In particular, the mouse anteriooverlaying ectoderm, as judged by the ability to trigger cement
visceral endoderm (AVE) is essential for forebrain inductiorgland markers in gastrula ectodermal explants (Bradley et al.,
and patterning, as shown by both embryological and genetik996; Jones et al., 1999).

manipulations. Indeed, removal of the AVE at the earliest Our data suggest a new potential role forXeaopusADE
stages of gastrulation impairs activation of rostral CNS markeiis the dorsoventral patterning of the forebrain, possibly in
in the epiblast (Thomas and Beddington, 1996). Moreovesynergism with the adjacent prechordal mesendoderm. In fact,
before their activation in the axial mesendoderm, several gentise ADE was able to activate the dorsal telencephalic marker
required for forebrain development, such laml, Otx2 Xemx1lin midgastrula DE explants that, although already
HNF38 andnodal are expressed in the pregastrula stage AVEspecified to forebrain fates, would not exprssnxlat the
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early tailbud stages. Moreover, expression of the ventractivity of cerberus in the activation of dorsal telencephalic
forebrain markerXnkx2.1was suppressed in stage 10.5 DEgenes cannot be completely excluded. When a different Wnt-
explants conjugated to the ADE. These data suggest that thatagonist, Nxfz8 (Deardoff et al., 1998), was tried, it did not
ADE may be involved in inducing dorsal telencephalic fategrigger Xemxlor eomeseither in combination with Chd or
and repressing ventral fates within the prospective forebraiwith the further addition of the anti-Nodal activity of cer-S.
region. This patterning role was further supported by th&ecause in all the different combinations that we assayed,
striking observation that a fragment of ADME, including thedorsal telencephalic genes were only induced when the Wnt-
ADE together with the anteriormost prechordal mesendodernmhibitory action of cerberus was included, these results would
was able to eliciXemxlandeomesxpression irthdinjected suggest that dorsal telencephalic induction may require a
caps, where expression of these dorsal telencephalic markgarticular specificity of Wnt inhibition. Besides cerberus,
was otherwise never detected. Notably, removal of the anteriseveral other inhibitors of Wnt signaling are secreted from the
definitive endoderm in chick embryos seems to impair propeADE and/or the adjacent prechordal mesendoderm, such as
regionalization of dorsal, but not ventral, forebrain territoriesPkk1 (Glinka et al., 1998), Frzbl (Leyns et al., 1997; Wang et
although a more specific molecular marker analysis was naf., 1997), crescent and Sfrp2 (Pera and De Robertis, 2000).
performed (Whitington et al., 2001). They have different anti-Wnt specificities and different
Previous work inXenopushas shown that planar signals biological activities (Kazanskaya et al., 2000; Pera and De
spreading from the dorsal mesendoderm are sufficient tBobertis, 2000); some of them may cooperate with cerberus in
induce, in the adjacent ectoderm, neural tissue with @&ducing the dorsal telencephalon. The requirement of the
remarkable degree of anteroposterior patterning, includingnti-Wnt activity of cerberus for the induction of dorsal
forebrain characters (Doniach at al., 1992; Papalopulu artélencephalic genes in animal caps raises the question of which
Kintner, 1993). However, additional vertical signaling isWnts need to be inhibited. Menopus Xwnt7B(Chang and
required from the involuting mesendoderm for properHemmati-Brivanlou, 1998) andwnt8b(Cui et al., 1995) are
differentiation, morphogenesis and patterning of the nervousidely expressed in the ectodermal region of the embryo
system (Dixon and Kintner, 1989; Ruiz i Altaba, 1992). In lineduring gastrula and neurula developmental stages; furthermore,
with these observations, our results suggest that vertical signa{svnt7Bexpression is maintained in animal caps dissected from
from the ADE and possibly the adjacent ADME may beblastula stage embryos (Chang and Hemmati-Brivanlou, 1998).
specifically responsible for proper dorsoventral patterning of herefore Xwnt7Band Xwnt8bpotentially represent two Wnt

the telencephalon during gastrulation. activities whose inhibition may be necessary for patterning of
the telencephalon irXenopus This hypothesis is strongly

Molecular signaling specifying dorsal and ventral supported by recent work in zebrafish, showing requirement of

telencephalic fates local Wnt antagonism for telencephalic gene expression within

A crucial question concerns the identity of moleculesthe anterior neuroectoderm, and identifying Wnt8b as a likely
mediating the patterning activity of the ADE. The secretedarget for this antagonism (Houart et al., 2002).

molecule cerberus was a likely candidate to mediate part of this Because FGF8, as other FGFs (Shinya et al., 2001), is
activity: its expression is restricted to the ADE throughouexpressed in the anterior neural ridge (Crossley and Martin,
gastrulation (Bouwmeester et al., 1996), and besides providirkp95), and seems to mediate the ability of the latter to promote
a BMP antagonistic effect, cerberus is also endowed with antéxpression of the telencephalic mark&F1 (Shimamura and
Wnt and anti-Nodal activities (Piccolo et al., 1999), whichRubenstein, 1997; Ye et al., 1998) and also later aspects of
could account for the patterning effects of the ADE.telencephalic patterning (Fukuchi-Shigomori and Grove,
Remarkably, we found that cerberus was not only able t8001), we tested whether FGF could have a role in the
trigger anterior neural induction and early forebrain markersegulation of dorsal and ventral telencephalic genes. We here
(such asXrx1 and XBF-1) (see Results; data not shown) in show that FGF8 is able to potentistemesexpression in
animal caps, as do other BMP inhibitors, but also to induce théhd+cer-S or cerberus injected caps. Moreoveemxl
expression of the dorsal telencephalic mark&esnx1l or  activation in animal caps by the head organizer was severely
eomes We then attempted to define which of the threecompromised by overexpression of the dominant-negative
inhibitory activities of cerberus are required for the inductioPAXFGFR-4a receptor. Together, these results suggest that
of these genes. When the anti-Nodal activity of cer-S (Piccoloerberus and FGF8 may interact in the specification of the
et al., 1999) and the anti-BMP activity of Chd were combinediorsal telencephalon.

together, they were not able to indu&emxland eomes We have also found that FGF signals (FGF8 or bFGF) are
Instead, their efficient induction was obtained by theable to promote strong{nkx2.1lexpression in animal caps
combination of ceAC1, containing the Wnt-inhibitory activity neuralized by cerberus or by the combination of Chd+cer-S;
of cerberus (Fetka et al., 2000), and Chd, while¢gt-alone conversely, the dominant negativBXFGFR-4a receptor

did not show any telencephalic or neural inducing activity, aalmost completely prevents activation X¥hkx2.1in animal
least in the conditions we used. Taken together, with respect taps conjugated to early organizer tissue, without preventing
the induction of dorsal telencephalic genes, these resulteural induction. These results strongly suggest that FGF
suggest that: (1) the anti-BMP and the anti-Wnt activities ofignals may be essential for specification of the ventral
cerberus are both required; and (2) neither of them alone ferebrain. Similar conclusions have been recently reached by
sufficient, but they might be possibly sufficient in combination.Shinya et al. (Shinya et al., 2001), who showed that inhibition
However, in our hands, c&C€1 seemed to retain a partial anti- of FGF signaling, particularly from FGF3 and FGFS8,
Nodal activity that has not been previously described (Fetka suppressed development of the ventral telencephalon in
al., 2000); thus, at present, a requirement for the anti-Nodakbrafish embryos.
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