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Combinatorial Fgf and Bmp signalling patterns the gastrula
ectoderm into prospective neural and epidermal domains
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Summary

Studies in fish and amphibia have shown that graded Bmp positions of the ectoderm in a manner that is unaffected by
signalling activity regulates dorsal-to-ventral (DV) levels of Bmp activity and independent of organiser-derived
patterning of the gastrula embryo. In the ectoderm, it is signals. Instead, we find that Fgf activity is required to
thought that high levels of Bmp activity promote epidermal induce vegetal prospective neural markers and can do so
development ventrally, whereas secreted Bmp antagonists without suppressing Bmp activity. We further show that
emanating from the organiser induce neural tissue dorsally. Bmp signalling does occur within the vegetal prospective
However, in zebrafish embryos, the domain of cells destined neural domain and that Bmp activity promotes the
to contribute to the spinal cord extends all the way to the adoption of caudal fate by this tissue.

ventral side of the gastrula, a long way from the organiser.

We show that in vegetal (trunk and tail) regions of the

zebrafish gastrula, neural specification is initiated at all DV Key words: Zebrafish, Default model, Neural induction

Introduction in neural and epidermal development in all vertebrates, a

In vertebrates, the organiser and its axial derivatives have t@Mety of studies have challenged the idea that antagonism of
ability to induce and pattern neural tissue when transplanteég™P activity is sufficient to induce neural tissue (Stern, 2001,
elsewhere within the embryo (Munoz-Sanjuan and Hemmatftern, 2002; Wilson and Edlund, 2001). Indeed, several other
Brivanlou, 2002; Stern, 2001). The identification of secretegignals may have roles in neural induction (Bally-Cuif and
inhibitors of Bmp proteins expressed in these organiser cell@@mmerschmidt, 2003) and among these, Fgfs are perhaps the
led to proposition of the ‘neural default model’, which suggesténoSt extensively studied candidates (Akai and Storey, 2003).
that Bmp signals induce epidermal fate whereas Bmpdfs can induce neural (or prospective neural) identity both in
antagonists induce neural fate (Munoz-Sanjuan and Hemmafitem cells (e.g. Ying et al., 2003) and when ectopically
Brivanlou, 2002). However, genetic analyses in zebrafish haxpressed in vivo (e.g. Bertrand et al., 2003; Furthauer et al.,
revealed a more complex role for the Bmp pathway in early997; Kengaku and Okamoto, 1995; Koshida et al., 2002;
ectodermal patterning (Hammerschmidt and Mullins, 2002)L.amb and Harland, 1995; Sheng et al., 2003; Streit et al., 2000;
These and related studies in other species have shown that hkyHson et al., 2000); in addition, abrogation of Fgf activity can
levels of Bmp signalling promote epidermal identity, whereadn some circumstances disrupt neural induction (e.g. Bertrand
neural crest, lateral neural and more medial neural identitieg al., 2003; Hongo et al., 1999; Streit et al., 2000; Wilson et
are established at progressively lower levels of Bmp activit@l., 2000).
(Aybar and Mayor, 2002; Barth et al., 1999; Nguyen et al., Inthis study, we attempt to resolve the relative contributions
2000). In all vertebrate model organisms that have beedf organiser-derived Bmp antagonists and Fgf signals to the
examined, most neural tissue originates close to the organigeitial steps of neural induction in zebrafish embryos. We show
(on what is termed the dorsal side of the gastrula in fish arilat Fgf activity, rather than Bmp antagonism, initiates
frogs), supporting the notion that neural induction is dependemnievelopment of prospective vegetal neural tissue that
upon organiser-derived signals including Bmp antagonists:ontributes to trunk and tail CNS. In vegetal prospective neural
However, spinal cord neural tissue of zebrafish embryolissue, Bmp activity does not antagonise the induction of
originates distant to the organiser (Kimmel et al., 1990) and iprospective neural markers, rather it promotes the ability of
this study, we show that the initial steps in its specificatiortells to contribute to caudal neural ectoderm. Therefore, at
appear to occur independent of organiser-derived signals. gastrula stages, the role of Bmp activity in the animal and
Although the Bmp signalling pathway is likely to play a rolevegetal ectoderm is different. In animal ectoderm, high levels
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of Bmp activity push cells towards a non-neural re
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than neural fate whereas in vegetal ectod ‘
differential levels of Bmp activity influence t
regional (rostral to caudal) character of the ne : i

tissue.

-~
g "»mw-ﬂ. ’

. 55% ntl 70% ntl 80% ntl 95% ntl
Materials and methods g - 27 o foxt1 {8 63
RNA probe synthesis and in situ hybridisation b‘ =
RNA probes were synthesised, and in situ hybridisi .
procedures were performed as previously described (I .
al., 2002; Kudoh et al., 2002). >4 > -

Fate mapping 80% ntl 80% ntl 60% ntl 80% ntl
Zebrafish embryos were injected with caged fluore: bmp4 K evel

(Molecular Probes) at the one-cell stage. Photoactivati
fluorescent dye was performed as previously described
and Concha, 2000) at around the 70-80% epiboly ¢
Following photoactivation, DIC and fluorescent images
acquired using Openlab software (Improvision) wit

1 bmp2b J
u—f

80% 80% 80%

cooled CCD camera (Hammamatsu) attached to an Axi
microscope (Zeiss). ) .
Fig. 1. Vegetal ectoderm expresses prospective neural genes at all DV
positions. Lateral views of gastrulae (stage indicated in the bottom left-hand
corner) with dorsal towards the right. Genes analysed are indicated on the
right of the panels with typeface colour reflecting the colour of the respective
expression domains. Vegetal marginal ectoderm is indicated by brackets in A
and ventrovegetal ectoderm is indicated by arrowheads in other pdhels.
expression indicates prospective mesoderm (Afdk)1 andp63expression

shows prospective epidermis (G,H), which overlaps with the animal domain of
bmp2bexpression (white arrowheads in Gf)xil expression is initiated

earlier in this domain thap63 sox3 sox3landzic2.2expression labels all
prospective neural tissue (A-F) with the exceptionst3 of a band of cells

in the prospective midbrain and hindbrain (asterisk iroD)p2h bmp4and
evelare expressed in ventral mesoderm at the blastoderm margin in addition
to ventrovegetal ectoderm (purple arrowheads in I-K).

mMRNA synthesis, injection of MRNA or

morpholinos and cell transplantations

Capped RNA was synthesised by mMessage mMachin
kit (Ambion) according to the manufacturer’s instructic
RNA concentrations used for injection webbeap2b(50 pg);
fgf3 (50 pg); XFD (300 pg)chordin(50 pg); and eGFP (1(
pg). mRNAs were injected into cells at one- to two-cell <
in all blastomeres while the morpholino for tferdingene
(500 pg) (Nasevicius and Ekker, 2000) was injected ¢
one- to two-cell stage in the yolk. More than 15 emb
were examined in each injection experiment.

For transplantation, donor embryos were injected
various RNA constructs and cells removed at blastu
early gastrula stages using a microelectrode connecte
Hamilton syringe as previously described (Houart et _..,

2002). Donor cells were gently aspirated into various positions agprospective neural tissue, such sx3 (Kudoh et al., 2001)
similar stage host embryos. To detect donor cells expressing GRgzenBank Accession Number, AY31613&)x31(Girard et al.,
embryos were labelled by peroxidase conjugated anti-GFP antibod}001) andzic2.2(Toyama et al., 2004), are not only expressed
(x1000 dilution) (TP401, Torrey Pines Biolabs) and detected by DABjorsally at gastrula stages, but also in a radial band of cells

substrate reaction after the in situ hybridisation protocol. In casegiong the vegetal edge of the ectoderm, adjacent to the
where two populations of cells were co-transplanted, donors Werg Exr;ression of the

A e S ! rospective mesoderm (Fig. 1A-F).
distinguished by injection with either fluorescein dextran (green) o rospective epidermal markefsxi1 (Solomon et al., 2003) and

fhodamine dextran (red). r{}163is complementary to that of these prospective neural genes,

Donor embryos injected with constructs encoding both Fgf3 an .
the truncated Fgf receptor XFD, did not show an Fgf gain-of-functione@ving & band of ventral vegetal ectodermal cells free of

phenotype and instead showed a phenotype similar to embrydganscripts (Fig. 1G,H) (Bakkers et al., 2002). On the ventral
expressing XFD alone. This suggests that cells from these embrysile of the gastrula, the expression of prospective neural genes
produce, but are compromised in their ability to respond to, Fgbverlaps with that obmp2band bmp4 as well asevel a
signals. In induction assays, it is likely that Fgf3 from these cells actgsutative target of Bmp signalling (Joly et al., 1993), suggesting
directly on host cells as opposed to acting indirectly by inducing thehat Bmp activity is compatible with prospective neural gene
expression of other signals within the donor cells. expression (Fig. 1I-K). Altogether, these results show that
ventrovegetal ectoderm expresses prospective neural rather than
epidermal markers, suggesting that some prospective neural
] . ] tissue is specified in a region of potentially high Bmp activity.
Prospective neural tissue is present throughout To determine if ventral ectoderm does indeed form neural
vegetal ectoderm adjacent to the germ ring tissue, we performed cell fate mapping of ectoderm in mid-
If the primary role of Bmp signalling is to antagonise neurabastrula stage embryos. At 50% epiboly, cells at all DV
development, then we reasoned that all neural tissue shoyddsitions of the ectoderm can give rise to neural tissue with at
form in regions of low Bmp activity. To determine if this is least some prospective dorsal spinal cord cells located ventrally
indeed the case, we used marker gene and fate mappifiimmel et al., 1990). To extend these studies, we determined
approaches to identify ectodermal cells destined to form CNfe fates of ectodermal cells at mid-gastrula (70-80% epiboly),
tissue in gastrula stage zebrafish embryos. Early markers afstage by which early prospective neural genes and epidermal

Results
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Fig. 2. Prospective caudal neural tissue is located on the ventral side
of the gastrula ectoderm. Lateral views with dorsal towards the right
for gastrula stage embryos and to the bottom for 1-day-old embryos.
The vegetal limit of the germ ring is indicated by white lines in A, D
and G. Gastrula (A,D,G) and 1-day-old (B,C,E,F,H) embryos in
which fluorescein was uncaged in ventral vegetal (A) and lateral
vegetal (D) ectoderm, or widely throughout dorsal and lateral
ectoderm (G), then fates of fluorescent cells were examined the next
day. Ventrovegetal cells (A, green fluorescent cells) give rise to tail
neural tube (B, bracket; and C in high magnification), whereas
laterovegetal ectodermal cells (D, green fluorescent cells) contribute
to trunk neural tube (E, bracket; and F in high magnification).
Besides neural tissue, some ventrally labelled cells ended up in
somite muscle (B, white arrowhead) and in the pronephric duct (B,
black arrowhead). In embryos with widespread dorsolateral uncaging
of fluorescein (G), labelled cells in the caudal tail are restricted to
floor plate, notochord and hypocord, and are absent from more dorsal
neural tube (H). (I) Summary of fate-mapping data. Positions at
which fluorescein was uncaged in vegetal ectodermal cells are
categorised as: V, ventral; VL, ventrolateral, L, lateral; DL,
dorsolateral; D, dorsal. The relative contributions of cells to the trunk
(rostral to the end of the yolk extension) and tail (caudal to the end of
yolk extension) neural tube are indicated by the different colours in
each column. The numbers of embryos examingéb( each
position are indicated beneath the columns. (H) Summary of
ectodermal expression and fate-mapping data. Ventral ectoderm
towards the animal pole generates epidermis/non neural fates,
whereas remaining ectoderm generates neural tissue with cells fated
to give rise to the most caudal CNS located in ventrovegetal
ectoderm and those contributing to the most rostral CNS located in
dorsal animal ectoderm (see above) (Kimmel et al., 1990; Woo and
Fraser, 1995). The cartoon does not indicate precursors of ventral
CNS midline (such as floor plate and hypothalamus) that are
positioned close to the organiser (Mathieu et al., 2002; Shih and
Fraser, 1996) and distribute widely along the AP axis of the CNS.
Indeed, other ventral spinal cord cell types also originate closer to the
gastrula organiser than do dorsal spinal cord neurones (Kimmel et
trunk al., 1990). Some of the genes selectively expressed in different
1 day regions of the ectoderm (see Fig. 7) are indicated. The dorsal (D) and
ventral (V) position of cells at gastrula stage does not necessarily
orrespond with the eventual DV position of the structures to which

genes are expressed in complimentary domains (Fig. 1). Ce ie cells contribute. For example, spinal cord of the tail (a dorsal

fate mapping was performed by uncaging fluorescein withicture in 24 hpf embryos) originates from ventrally positioned

vegetal ectodermal cells, or transplanting biotin-dextranectoderm cells of the gastrula [see also recent fate-mapping studies

labelled cells into the vegetal ectoderm, and determining théf mesodermal precursorsXenopugKumano and Smith, 2002;

fate of the labelled cells on the following day. TheselLane and Sheets, 2002)]. fp, floor plate; hp, hypocord; nc, notocord;

experiments showed that ventrally located vegetal ectoderm, neural tube.

gives rise to caudal spinal cord, whereas progressively more

dorsal vegetal ectoderm contributes to progressively more

rostral spinal cord and hindbrain (Fig. 2A-F). Next, toBmp antagonists and other organiser-derived

determine if any dorsal cells give rise to tail neural tissue, weignals are not essential for induction of markers of

uncaged fluorescein within the entire dorsal vegetal ectoderffospective neural tissue in vegetal regions of the

(and underlying mesendoderm) (Fig. 2G), In these cas&3,( ectoderm

fluorescent cells were observed widely in the head and trunkjost models suggest that neural induction is dependent upon

whereas in the posterior part of the tail, fluorescent cells wergecreted molecules, notably Bmp antagonists, emanating from

restricted to the floor plate, notochord and hypocord, and wethe dorsal organiser (Kodjabachian et al., 1999; Munoz-

absent from the rest of the neural tube (Fig. 2H). Therefor&anjuan and Hemmati-Brivanlou, 2002); but the presence of

the tail floor plate is exceptional in being derived from dorsaprospective neural tissue in the ventrovegetal region of the

tissue (Amacher et al., 2002; Shih and Fraser, 1995; Shih agdstrula challenges this idea. We therefore performed several

Fraser, 1996), whereas other regions of the tail neural tube aaralyses to test if Bmp antagonists or other organiser-derived

derived from ventral, vegetal ectoderm. signals are necessary for the expression of markers of the
These experiments allow us to conclude that vegetalegetal, prospective neural ectodermal domain. Vegetal

ectodermal cells on the ventral side of the gastrula, whichxpression of the prospective neural marlgns3andzic2.2

are distant from the organiser and within a regiorbofp  is unaffected following overexpression bimp2b(n=55), in

expression, do contribute to the tail spinal cord. mutant embryos lacking the activity of the Bmp antagonist,

® trunk neural tube
tail neural tube

10 11 15 11 15

sox3/otx2 epidermis
p63
D

sox3/eve hoxb1b

tail

late gastrula
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Fig. 3. Prospective neural fate in the vegetal W 4o buipas Inj ich i

ectoderm is initiated independent of the organiser A ‘q B < ¢
and antagonism of Bmp activity. Lateral views of N

< < <
gastrula stage wild-type (A,F,Kdhordinmutant .‘ ‘ m
. - ‘
ntl

sox3

(din-) (B,G,L), bmp2binjected (C,H,M) and
ichabodmutant {ch~-) (D,E,I,J,N,O) embryos
with dorsal towards the right (when discernable).

Genes analysed by in situ hybridisation are F G H 1 J

indicated to the left of each row. In E, J and O, ” ‘ \ .]

embryos were double stained with a probentgr o . *

which marks marginal mesoderm cells. The gap & h ‘ u ‘ "-‘
(black arrowhead) betweerl andp63expression

domains complementarily expresses3and ntl
zic2.2in ich~embryos. The white arrowheads in K L M N 0

A-D indicate the position at whickox3is '

expressed in prospective forebrain neural tissue in@2 ‘ " *

wild-type embryos. Brackets in F-H,K-M indicate & .
the reduction in prospective anterior neural plate .

size indin~'-, bmp2binjected andch~-embryos. ntl

Chordin ¢in) (n=9), and inichabod’-embryos (=20) that are  showed a severe phenotype equivalent to that shown in Fig. 4D
defective in3-catenin signalling and entirely lack the organiser(n>25). In these embryos, the vegetal ectodermal markers
(Hammerschmidt and Mullins, 2002; Kelly et al., 2000) (Fig.sox31landzic2.2behaved similarly tsox3 showing loss of
3A-J). In all these situations, rostral neural tissue is reduced gentrovegetal expression and retention of dorsal expression
absent, whereas expression of the epidermal magwk8r (Fig. 4E-H). Supporting the notion that the remaining
extends further dorsally consistent with previous observationsrospective neural tissue on the dorsal side of these embryos
(Fig. 3K-O) (Hammerschmidt and Mullins, 2002; Kelly et has anterior character, expressiorobf2, which is restricted

al., 2000). By contrast, irrespective of the severity of thdo the prospective anterior neural tissue of gastrula stage wild-
ventralised phenotypep63 expression does not expand type embryos, is expanded vegetally on the dorsal side of the
vegetally, always retaining a gap between its expressioembryo (Fig. 41,J) (see also Koshida et al., 1998; Kudoh et al.,
domain and that afitl in the nascent mesoderm (Fig. 30).

These results indicate that expression of markel

prospective vegetal neural tissue is not dependent up ‘m c

. . . su
organiser. They also suggest that induction of these mi

su
is either unaffected by high levels of Bmp signalling or \ \*
Bmp activity in vegetal regions of the gastrula car w *
antagonised by mechanisms independent of the orgal : P

S . . . sox3 sox3 sox3 sox3
Fgf receptor activity is required for induction of

expression of markers of vegetal prospective > MG H -
neural tissue
As vegetal ectodermal markers are expressed aroul a '
entire circumference of the gastrula, signals from the

ring (the blastoderm margin) are likely to contribute to 1 sox31 sox31 zic2.2 zic2.2
induction. Fgf genes are good candidates for encoding

. . . 1 J K L
signals as several are expressed in the germ ring (Dre o 1 og
al., 2003; Furthauer et al., 1997; Koshida et al., 2002
previous studies have implicated this pathway in ni
otx2 otx2 p63 p63

induction (Akai and Storey, 2003; Stern, 2001; Wilson
Edlund, 2001). We therefore assessed the requireme
Fgf signalling in the induction of vegetsbx3expression

Expression of vegetal ectodermal markers was exar Fig. 4.Inhibition of Fgf activity prevents formation of vegetal
in embryos that had been treated from the 1024-cell prospective neural tissue. Lateral views with dorsal right of gastrula
with SU5402, an inhibitor for Fgf receptor actiy  Stage embryos (80-90% epiboly). Wild-type embryos (A,E,G,I,K) and
(Mohammadi et al., 1997) that should abrogate activi embryos treated with S_US402, a Fgf receptor inhibitor (B,C,D, with 60
Zvaoticall encodeé Faf sianals emanating from the ¢ UM SU5402; F,H,J,L, with 9QM) labelled to shoveox3(A-D), sox31
Y9 y gr sig g ; (E,F) andzix2.2(G,H) expression, the anterior neural marker gete,
ring. In embryos treated with M SU5402, vegetaox: | 3)"and the non neural marker gep@3 (K,L). The arrowheads in A-
expression is variably decreased, whereas the a  pjngicate the variable decrease in vegstai3expression and the
(anterior) domain ofox3expression expands vegetally asterisks show that the animal (anterior) domaisoaBexpression is
the dorsal side of the embryo (Fig. 4A-D). With a hic largely unaffected (although repositioned closer to the vegetal side of
dose of SU5402 (9QM), more than 90% of embry the embryo).
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2002). Complementing the changes in prospective neur WT XFD inj XFD inj
genes, expression of the prospective epidermal mapkéyr, A B c
was expanded ventrovegetally into the territory from whict » Y

prospective neural marker gene expression is lost (Fig. 4K,L
Similar results (Fig. 5A-C), were obtained through
overexpression of a truncated, dominant-negative Fgf receptc
XFD (Amaya et al., 1991; Griffin et al., 1995). These date
support the idea that induction of vegetal prospective neur: XFD+bmp2b inj fgf3inj  fgf3+bmp2b inj

tissue is dependent on Fgf activity and that the residual neur D E 8 -
tissue that remains after Fgf receptor blockade has anteri o
character. e L ’

sox3

W . ;

sox3

Many previous studies have shown that enhanced Bm
activity during gastrulation can suppress development c
rostral neural tissue (Fig. 3) (reviewed by Hammerschmidt an
Mullins, 2002), and the experiments described above show th
suppression of zygotic Fgf activity can suppress caudal neur
development. Consistent with these observations, embryos G
which Fgf activity was suppressed, while Bmp activity was
enhanced showed complete absencsoaBBexpression (Fig.
5D).

WT fgf3 inj fgf3+bmp2b inj
1

zic2.2

Exogenous Fgf activity is able to promote
expression of prospective neural markers even
when the Bmp signalling pathway is active

Complementing the Fgf loss-of-function studies, increasing
Fof3 activity leads to induction of ubiquitous ectodermal
expression o6ox3 sox3landzic2.2(Fig. 5E,H,K) (Koshida
et al., 2002; Furthauer et al., 1997) and this induction i
unaffected by overexpression lmp2b(Fig. 5F,1,L) (>90%,
n>15). This suggests either that Fgf can induce expression
prospective neural genes in the presence of high levels of Bn
activity or that Fgf activity can block Bmp signalling.
Previous studies have shown that one mechanism by whic
Fgf signalling can indirectly induce neural tissue is by
antagonising Bmp activity (Furthauer et al., 1997; Koshidz
et al., 2002; Pera et al., 2003; Wilson et al., 2000). W
consequently asked if abrogation of Bmp signalling by Fg
activity is necessary for Fgf activity to indusex3expression.
Overexpression offgf3 leads to widespread induction of
chd expression, which contributes to suppressionboip4
expression [apd presumably lowered Bmp.acti.vity _(Koshida €ntagonism of Bmp activity. Lateral views with dorsal towards the
al., 2002); Fig. 5N,Q; >90%n>30]. In this situation, the ,rightg(where dorsalpis distir):guishable) of late gastrula stage wild-type
expanded expression of prospective neural markers (Figmbryos and embryos overexpressing the RNAs indicated above the
5E,H,K) could, therefore, be due to suppression of Bmp activitysolumns. Genes analysed by in situ hybridisation are indicated to the
However, co-expression @imp2bin embryos overexpressing left of each row. The phenotypes of XFD-expressing embryos are
fgf3 suppresseshd expression and expantsnp4expression similar to those of SU5402-treated embryos (Fig. 4) with vegetal
(Fig. 50,R) (>80%n>30), and yet despite this, the ectodermsox3expression reduced (A,B, arrowhead; C, asterisk) and animal
still ubiquitously expresses prospective neural markers (FigxPression shifted vegetally on the dorsal side of the embryo.
5F,I,L). Therefore, the Bmp pathway can be activated in the
presence of Fgf signalling without affecting induction of
prospective neural gene expression. These data indicate tleatodermal cells transplanted into animal pole regions of host
although Fgf activity can suppress Bmp signalling byembryos inducesox3non-autonomously in surrounding host
promoting expression of Bmp antagonists [and by other meanells (Fig. 6A; >80%n>20). This induction still occurs if the
(e.g. Pera et al., 2003)], this is not necessary for Fgf signallindonor cells are from embryos co-expressing a truncated Fgf
to be able to induce markers of prospective neural identity. receptor (Fig. 6B), suggesting that the Fgf signal from the
donor cells acts directly on the host (100%419). When both
Cells unable to receive Fgf signals fail to contribute donor and host cells are overexpressimgp2h fgf3-expressing
to caudal neural tissue cells still inducesox3and suppress expression of the epidermal
To further explore the epistatic relationships between the Fgharker genefoxil (Fig. 6C,D; 100%n=22), again suggesting
and Bmp pathways, we examined the consequences of locatlyat exogenous Bmp activity does not block induction of
activating or suppressing Fgf signallindgf3-expressing prospective neural marker genes by Fgf.

sox31

bmp4

chordin

)

Fig. 5.Fgf can induce prospective neural markers independent of
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Next, we locally suppressed Fgf signalling by transplantinget al., 1995) (Fig. 3) and which show loss of posterior neural
XFD-expressing donor cells to various positions in thestructures and anteriorisation of remaining CNS tissue on the
prospective neural ectoderm of host embrgos3expression  dorsal side of the embryo.
was suppressed in XFD-expressing cells transplanted to dorsal,
lateral or ventral vegetal ectoderm (Fig. 6E-J) (>80880), Bmp and Fgf activities in ventrovegetal regions of
and foxil was ectopically induced in transplants targeted tdhe ectoderm cooperatively promote prospective
ventral-vegetal ectoderm (Fig. 6K,L) (>70%=27). These caudal neural fate
results suggest that ventral vegetal ectoderm needs to recelf@8mp signalling can still occur in vegetal ectoderm without
Fgf to expressox3 otherwise it expresses the prospectivesuppressingox3expression, then this raises the issue of what
epidermal markerfoxil. Bmp activity is doing in this domain. Within animal pole

To directly assess if Fgf signals are essential for vegetalctoderm, Bmp activity promotes expression of markers of
ectoderm to form neural tissue, we traced the eventual fate eéntral, non-neural, ectodermal fates (suclp@3andfoxil)
XFD-expressing donor cells transplanted to wild-type hosts. lat the expense of expression of dorsal neural markers [such as
these experiments, labelled wild-type cells were cootx2(Hammerschmidt and Mullins, 2002); Fig. 7B, parts i,iv;
transplanted with XFD-expressing cells to the same locationS, parts i,iv]. In vegetal ectoderm, DV organisation does not
in the vegetal ectoderm of unlabelled host embryos at the emdrrespond to neural versus non-neural fates, but rather is
of blastula stage. When the donor cells were transplanted predictive of the anterior-to-posterior (AP) position that neural
dorsal side, wild-type cells primarily contributed to thecells will occupy within the caudal CNS (Fig. 2). This raises
hindbrain, whereas the XFD-expressing cells localised morne possibility that in vegetal ectoderm, Bmp activity promotes
anteriorly, mainly in the midbrainn€14). However, when regional specification within the prospective neural ectoderm
transplanted to ventral vegetal ectoderm, wild-type donor cellsather than neural/non-neural fate specification. Supporting a
contributed to spinal cord and muscle (see also Kimmel et alglobal role for Bmp signalling in promoting ventral fates in the
1990) whereas XFD-expressing cells were excluded from thgastrula, irrespective of their neural or non-neural destiny,
CNS and found in tissues such as the epidermis and=f8).( expression of the ventral vegetal markeelis induced by
These results suggest that Fgf signalling is required for vegetaleractivation of Bmp signalling, whereas the dorsal vegetal
suggest that the consequences of suppression of Fgf signallisignilar results have been observed |n mutants or embryos Wlth
in cells in dorsal and ventral domains of the vegetal ectoderwther modulations affecting Bmp signalling (e.g. Bakkers et al.,
are different; dorsally, cells with compromised Fgf signalling2002; Hammerschmidt et al., 1996; Mullins et al., 1996)]. As
frequently move into anterior neural tissue; ventrally, cellsells within the domain ofevel expression of wild-type
move into the prospective epidermis and are excluded frommbryos give rise to more posterior neural fates than cells
neural tissue. These results are consistent with analyses within the ectodermal domain bbxblbexpression, then this
embryos in which XFD is expressed ubiquitously (e.g. Griffinsuggests that graded Bmp activity in vegetal ectoderm

Fig. 6. Fgf signalling can locally inducgox3expression
and is required for cells to contribute to caudal CNS.
(A-L) Views of late gastrula stage wild-type embryos in
which donor (d) cells (brown) overexpressing the
genes/constructs indicated top right or left side of panels
were transplanted at late blastula stage. In C and D, the
host (h) embryos are overexpressing the RNAs indicated in
the bottom left-hand corner. Genes analysed are indicated
in the bottom right-hand corner. Orientation varies
depending on the location of the donor cells: (A) Q
laterodorsal, (B) lateral, (C,D) animal, (E,F) dorsal, (G, H)
lateral and (I-L) ventral views. In E-L, in situ stained -
(purple) embryos were photographed before (E,G,I,K) and
after (F,H,J,L) staining to reveal donor cells (brown). The
domains whersox3expression was suppressed (E-J) or
foxil expression was ectopically induced (K,L) are
outlined. (M,N) Lateral views of the head (M) and tail (N)
of 1-day-old embryos in which XFD-expressing donor
cells (d1, green) were mixed and co-transplanted with
wild-type donor cells (d2, red) to the same positions in
dorsal (M) or ventral (N) vegetal ectoderm at around 50%
epiboly stage. In the dorsal transplant, wild-type cells
localise to the hindbrain (hb), whereas XFD cells are
distributed in the midbrain (mb) and on the surface of the
1-day-old embryo, possibly in the epidermis (epi) (M). In § E
3

A d:fgf3 B

d:XFD

the ventral transplant, wild-type cells localise to tail spinal :
cord (sp) and somite muscle (mus), whereas XFD-
expressing cells are excluded from the spinal cord and
localise predominantly to the fin and epidermis (N).
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Fig. 7.Combinatorial al + s
activity of Bmp and Fgf Faf(-) Fgf(*) Ff(+) Fafl-)
signals promotes WT Bmp(') Bmp(+) Bmp(') Bm p(') Bmp(+) Bmp(+)
expression of different A B c E N F G

regional markers of the \

gastrula ectoderm. Later:
views of late gastrula sta
embryos with dorsal i
towards the right. Genes
analysed are indicated tc
the left of the rowsotx2
prospective head neural
ectodermhoxblh
prospective trunk neural il
ectodermgvel
prospective tail neural
ectoderm and mesodermr
p63 prospective
epidermis. Bmp activity
was modulated by
expression of exogenous
chordinor bmp2h Fgf
activity was modulated br ’f
expression of a dominan

negative Fgf receptor iv
(XFD) orfgf3. The

presumed state of activation of the two pathways is indicated in red/green above each column. Note that overexfgf@q&pmdiices
chordin(see Fig. 2Q) and therefore suppresses Bmp activity (Koshida et al., 2002).

hoxb1b otx2

evel

—

p63

contributes to the allocation of fates along the AP axis of thexogenous Fgf3 inducesox3throughout the ectoderm both
neural tube rather than to a neural versus non-neural fate din”- and in wild-type embryos (Fig. 8G,Hgvel is
choice. suppressed in wild-type embryas=87), whereas expression
These results suggest that the consequences of graded Bexpands throughout most of teex3expressing ectoderm in
activity are different in vegetal gastrula stage ectoderm, whictin-— mutants (=13) (Fig. 8E,F) with the exception of the
is exposed to Fgf signals from the germ ring than in animalorsal most ectoderm which retaimsxblbexpression in this
ectoderm (which we predict is unaffected by these Fgf signals3ondition (Koshida et al., 2002). These data suggest that a key
To test this hypothesis further, we manipulated the levels able for Chordin in the vegetal ectoderm is to suppessl
Bmp activity in embryos in which Fgf signalling was eitherand tail formation, and raise the possibility that cell fate in the
ubiquitously activated or was suppressed. When Fgf activitlateral vegetal ectoderm may be changed from trunk neural to
is suppressed, the entire ectoderm expresses either tta@l neural fate irdin~~ mutants. Indeed, the size of trunk may
prospective epidermal markg63or the prospective forebrain be smaller and tail bud larger din—-embryos compared with
markerotx2 depending on whether Bmp activity is enhancedvild-type embryos (Hammerschmidt et al., 1996; Myers et al.,
or suppressed (Fig. 7D,G). These data are consistent with tA802).
role of endogenous Bmp signalling in animal pole ectoderm of To directly assess if the expansionestlin lateral vegetal
wild-type embryos. Conversely, ubiquitous activation of Fgf3ectoderm of embryos lacking Chordin activity correlates with
signalling leads to either ubiquitoagelor hoxblbexpression, a switch from prospective trunk to prospective tail identity, the
again depending on the levels of Bmp activity [Fig. 7E,Ffate of lateral vegetal ectoderm was assessduhimorphants.
induction of hoxblb by fgf3 is also reported elsewhere As expected, lateral vegetal ectodermal cells contributed
(Koshida et al., 2002)]. These data are consistent with the rofgimarily to the trunk spinal cord in wild-type embryos (Fig.
we predict for endogenous Bmp signalling within vegetalkD,E,F; Fig. 81,J,K). By contrast, the majority of equivalently

ectoderm of wild-type embryos. positioned vegetal ectoderm cellsdim morphants contribute

to the tail, including the most caudal spinal cord, a region that
Alterations to Bmp activity in embryos lacking does not receive contribution from lateral ectodermal cells in
Chordin function affects the allocation of trunk wild-type embryos f=11) (Fig. 8L-N). Therefore in the
versus tail fates absence of Chordin function, equivalently positioned

To explore the possibility that in vegetal regions of theectodermal cells tend to contribute to more caudal regions of
ectoderm, Bmp signalling promotes the adoption of caudahe CNS than in wild type, supporting the idea that Bmp
neural fate, we examined marker gene expression and fatesaativity affects the allocation of regional AP fates in the vegetal
vegetal ectoderm idin— mutants/morphants in which Bmp ectoderm.

activity is enhanced. ldin”-embryos, the caudal markexel
is expanded to lateral vegetal ectoderm (Hammerschmidt et ab .

1996) (Fig. 8B), whereas vegetabx3 expression is not ISCussion

significantly altered (Fig. 3B, Fig. 8D). Furthermore, while Our study has revealed that combinatorial activity of the Bmp
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A B c D
Fig. 8. Lateral vegetal ectoderm contributes to A L A -'!‘ - ‘
tail rather than trunk spinal cord @hordino
mutant embryos. (A-H) Wild-type (wt), and WT evel din- evel WT sox3 din”- sox3

chordinomutant ¢lin-) gastrula stage

embryos, with or without injection ¢§f3, o3 F o 1S o3 |1 9f3
stained initially to shovevelexpression (red; - ’ o GaR
A,B.E,F) and subsequently to sheax3
expression (purple; C,D,G,H). Arrowheads in A

and B indicate the position of vegetal lateral

ectoderm, wherevelexpression is absent in WT evel din”- evel WT sox3 din”- sox3
wild type (A) while expanded idin”—(B). The
arrowhead in F indicates the dorsal most
ectoderm wherevelexpression is absent.

(I-N) Lateral views of gastrula (I,L) and 1-day-

old (J,K,M,N) wild-type (I-K) ancthordin E
morphant (din MO; L-N) in which fluorescein
was uncaged in lateral vegetal ectoderm (I,L,
arrowheads) and fates of fluorescent cells were
traced on the next day (J,K,M,N). In the wild-
type embryo, vegetal lateral ectoderm cells
mostly give rise to trunk neural tube (J,K,
arrowheads), whereas in tbieordinmorphant,

the cells occupy the tail, including the caudal
spinal cord (M,N, arrowheads). White lines in
I,.L indicate the vegetal limit of the germ ring.

din MO

and Fgf signalling pathways during blastula and gastrula stagegon the level of Fgf activity. Given that the consequences of
contributes to the subdivision of the embryonic ectoderm intactivation of the Fgf and Bmp pathways differ in different
prospective neural and epidermal domains. We show that iegions of the gastrula, it will be important to resolve how these
vegetal ectoderm, initiation of neural fate specification requireswvo signalling pathways influence cell fate.

Fgf activity and can occur in the presence of Bmp signallin ] .

activity (Fig. 9). Indeed, the regulation of prospective neura%mp signalling may promote caudal neural fate by

non-neural marker gene expression in vegetal ectoderfggulating cell movements

appears to be independent of all dorsal organiser activity, as@ven that Bmp activity may not directly specify cell identity
still occurs in the most severely ventralisedabod mutant  (as it promotes several distinct fates for ventrally positioned
embryos in whiclB-catenin-dependent development of dorsalcells), it is intriguing to consider how this pathway can promote
structures fails to occur (Kelly et al., 2000). This study showshe adoption of caudal neural fate. An attractive possibility is
that both Fgfs and Bmp antagonists can promote neur#hat it does so by regulating the movements of gastrulating
development and may help reconcile the differing mechanisntlls. Solnica-Krezel and her colleagues (Gonzalez et al., 2000;
proposed to regulate early neural development and patternidyers et al., 2002) have analysed movements of gastrulating

in amniotes and anamniotes. cells in embryos with different levels of Bmp activity. They
o have shown that laterally positioned cells in the wild-type

Bmp activity promotes fates of cells on the ventral gastrula move dorsally, whereas the ventral-most cells fail to

side of the gastrula converge dorsally and consequently end up in the tail bud area.

We find that Bmp activity promotes fates of cells positioned orn din”—embryos, the domain of non-convergence is expanded
the ventral side of the gastrula ectoderm irrespective of wheth&aterally with the likely consequence that more cells end up in
or not these cells are destined to contribute to neural or nothe tail bud. Therefore, if Bmp-dependent regulation of dorsal
neural structures. In vegetal ectoderm, Bmp activity promotesonvergence also occurs within the ectoderm, then this model
tail neural fate at the expense of trunk neural cell fates wherepsovides an attractive explanation of why laterally positioned
towards the animal pole, it promotes epidermal at the expengeospective neural cells have a higher likelihood of ending up
of neural fates (Fig. 9). Other studies have shown that Bmin the tail spinal cord inlin”— embryos.

activity promotes caudal and ventral mesodermal fates If the role of the Bmp pathway in caudal development is
(Munoz-Sanjuan and Hemmati-Brivanlou, 2001; Myers et al.primarily to regulate cell movements, then other pathways may
2002), and so Bmp signalling may have graded activitcooperate with Bmps to impose caudal cell fates. Several
throughout all germ layers, promoting all fates that lie on theandidates are well documented (Munoz-Sanjuan and
ventral side of the gastrula. Our data helps to reconcile hoWwemmati-Brivanlou, 2001), and in fish, Agathon and
high levels of Bmp activity during gastrulation can promotecolleagues (Agathon et al., 2003) have recently shown that
development of both epidermis and tail neural tissue bgntire tail structures could be induced by simultaneous
showing that these alternative consequences are dependaativation of Bmp, Nodal and Wnt pathways. Although a role
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i) animal ectoderm to contribute to caudal CNS structures. This is consistent with
data in other species that suggest Fgfs are important regulators
of neural induction (Bertrand et al.,, 2003; Kengaku and
Okamoto, 1995; Lamb and Harland, 1995; Streit et al., 2000;
iii) ventral ectoderm  @pidermal neural iv) dorsal ectoderm Wilson et al., 2000; Ying et al., 2003). However, there is
2 a larger body of literature that indicates Fgf signalling
promotes caudalisation of neural tissue (Bally-Cuif and
Hammerschmidt, 2003; Cox and Hemmati-Brivanlou, 1995;
Koshida et al., 1998; Kudoh et al., 2002) and it will be
important to determine if these two activities are separable.

In this study, we show that abrogation of Fgf activity leads
to loss of prospective neural tissue on the ventral side of the
ii) vegetal ectoderm embryo (supporting a role for Fgf signalling in an early step of
neural induction) and also anteriorisation of the residual neural
tissue on the dorsal side of the embryo (supporting a role for
Fgf in posteriorisation) (see also Koshida et al., 1998; Kudoh
et al., 2002). Some of our data and other reports suggest that
Fig. 9. Summary of results. The cartoon in the middle represents a Fgf-dependent induction of prospective neural fate and
lateral view of a gastrula stage embryo. Prospective epidermis is ligitosteriorisation of induced neural tissue are separable events.
green; prospective CNS is purple, with dark colour indicating For example, induction of expression of the posterior neural
prospective anterior fate and progressively lighter colour indicating Ene,hOXblbby Fgf3 depends on Chordin function (Koshida

douajue

[COMEDIT

|ednau
Jousysod

posterior anterior

progressively more posterior fate (as indicated in the legend to Fig. g 5| ' 2002) and is probably mediated indirectly by retinoic
the organisation of prospective dorsal versus ventral prospective C '

; ol . ; id (Kudoh et al.,, 2002). By contrast, induction of the
structures is not indicated). Prospective mesendoderm is yellow. Bmﬁ) fi | K 31andzic2is ind dent
activity is graded during gastrulation: high ventrally and low dorsally rospective neural markesex3 sox31andzic2is independen

(i,ii). This gradient is established, at least in part, by an opposing ©f Chordin activity (this study). Furthermore, Koshida et al.
gradient of dorsally derived Bmp antagonists such as Chordin (e.g. (Koshida et al., 2002) have shown that XFD-expressing cells
Hammerschmidt and Mullins, 2002). Fgf may also have graded ~ transplanted to wild-type hosts are still able to expnesb1h
activity during blastula and gastrula stages: high vegetally and low asupporting an indirect role for Fgf onoxblb expression.

the animal pole (iii,iv) (Figs 2, 3) (Furthauer et al., 2002; Roehl and However, our results suggest that ventral vegetal ectodermal
Nusslein-Volhard, 2001; Tsang et al., 2002). In the animal gastrula cells may directly need to receive Fgf signalling to specify
ectoderm, hlg_h levels of Bmp activity promotes eplder_mal fate, whileheyral fate (to inducsox3 to suppresoxiland to contribute
Bmp antagonists promote neural fate (i). Conversely, in vegetal to caudal CNS). Therefore, at least in part, the roles of Fgf

ectoderm, Bmp activity promotes caudal neural fate, whereas Bmp signalling in neural induction and posteriorisation by Fgf seem
antagonists promote the adoption of more rostral neural fate (ii). Th(?o be separable

different consequences of activation or suppression of Bmp activity
in animal and vegetal ectoderm are influenced by Fgf-dependent

promotion of prospective neural fate in vegetal ectoderm (iii). In Other signals may cooperate with Fgfs during

addition to promoting neural specification, Fgf signalling formation and differentiation of neural tissue
posteriorises neural tissue in the vegetal ectoderm, most obviously édthough the regulation of early neural/non-neural marker
the dorsal side (iv). gene expression in vegetal ectoderm is independent of Bmp

antagonism, this does not discount the possibility that Bmp
antagonists may be contributing to the maintenance and/or
for Wnt signalling in posterior development is supported byfurther differentiation of neural plate. Although there has not
many other studies (e.g. Erter et al., 2001; Hashimoto et abeen any detailed analysis of mature neural tissughabod
2000; Marlow et al., 2004), a requirement for Nodal signallingnutant or other severely ventralised embryos, it appears that
to form tail tissue is less clear given that fish embryos lackingelatively few neurones are present in these fish (Gonzalez et
Nodal activity do still form tails that contain neural tissueal., 2000) (T.K., unpublished), despite the early expression
(Feldman et al., 2000). Nevertheless, it is likely thatof vegetal prospective neural markers. This suggests that
cooperation between several signalling pathways (e.gxposing ectodermal cells to Fgf signalling alone at blastula
Haremaki et al., 2003) is required for ventrally positioned celland gastrula stage is not sufficient to maintain and promote
to move and adopt appropriate fates within the tail. further differentiation of the neural tube. Bmp antagonists such
To our knowledge, a source of tail neural tissue distant froras Chordin and Noggin 1 may therefore contribute to later steps
the dorsal organiser has not been shown for other model the induction, maturation and/or maintenance of neural
species and it will be of interest to determine if there are simildissue. Indeed, the idea that Chordin is not necessary for the
roles for Bmp activity in promoting caudal neural fates in thesénitial phase of neural induction but rather functions at a later

species. step of neural development has been suggested from neural
_ _ _ _ induction assays in chick (Stern, 2002; Streit et al., 1998).

Fgf signalling promotes both induction of In our studies, we noticed that although exogenous Fgf

prospective neural fate and posteriorisation of the induced early prospective neural marker genes it actually

ectoderm appeared to inhibit the expression of markers of mature

We show that Fgf signalling promotes expression oheuronal identity such asuC (data not shown). This is of
prospective neural markers and is required for ectodermal ceilsterest in light of recent observations that, in chick, levels of
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Fgf activity are believed to be high in immature neural tissueegulation of the Bmp signalling pathway in prospective
and low in mature neural tissue (Diez del Corral et al., 2003anterior neural tissue (Furthauer et al., 2004) and preliminary
Indeed Diez del Corral et al. propose that inhibition of Fgfdata suggest that abrogation of Fgf activity at stages earlier
activity is a necessary step in the maturation of neural tissuban reported here leads to more severe depletion of anterior
that allows neuronal differentiation to occur. Thus, althoughmeural tissue (T.K., unpublished).
exogenous Fgf activity may promote early steps in neural Inthe animal (prospective anterior) gastrula stage ectoderm,
development (induction of expression of prospective neurddmp antagonists emanating from the organiser, its derivatives
markers and suppression of prospective epidermal markers)aihd other tissues are crucial for neural development, whereas
may inhibit this prospective neural tissue from progressing te prospective caudal regions, prospective neural fate appears
a fully differentiated state. Furthermore, it has recently beeto be specified by Fgfs emanating radially from the germ ring
shown that Sox protein activity in undifferentiated neural tissu¢Fig. 9). Therefore, we suggest that the organiser and the germ
inhibits neurogenesis, and that this activity needs to beng constitute two distinct and at least partially independent
suppressed through the activity of proneural bHLH proteinsources of signals that promote neural development. We predict
(Bylund et al., 2003). Therefore as expression of Sox genestisat the combined activity of germ ring and organiser signals
promoted by Fgf signalling (this study) (Streit et al., 2000), thiestablishes prospective neural tissue from the dorsal animal
may provide an explanation of how Fgf can promote earlectoderm through to the ventral vegetal ectoderm. One
neural fate yet inhibit later neuronal differentiation. consequence of this view of early neural induction is that the
The molecular mechanisms by which Fgfs and Bmmeural to non-neural ectodermal fate choice should not only be
antagonists interact to regulate prospective neural/non-neurebnsidered as occurring between dorsal and ventral ectoderm
gene expression are undoubtedly complex. In our study, waut also, on the ventral side of the gastrula, between animal
have shown that Fgf3 can indusex3in ectodermal cells and vegetal ectoderm.
without suppressing the ability of the Bmp pathway to induce
bmp4and suppresshordinexpression. This indicates that Fgf ~We thank Eric Weinberg for providinghabodmutant embryos;
activity does not lead to a comprehensive block of BmFg:oIIeaguesmthe scientific community for providing reagents; Claudio
signalling. However, data from other studies have show tern, Les Dale, Masa Tada, Anukampa Barth and members of our

: boratories for discussions of this work; and the fish facility staff for
intracellular crosstalk between Fgf and Bmp pathways b@ire of the fish. This work was supported by grants from the Wellcome

which Fgf pathway activation can antagonise Bmp pathwa¥rust and BBSRC to S.W. S.W. is a Wellcome Trust Senior Research

activity. For example, in frogs, Map kinase, a downstreangeiow, T.K. was initially funded by HFSP and JSPS fellowships.
effector of Fgf SIgnalllng,. phOSphor_Wate_S a linker domain inv.c. receives funding from FONDECYT (1020902) and is a
Smadl thereby suppressing Bmp signalling (Pera et al., 2003)elicome Trust IRDA Fellow.

Assuming similar Fgf-dependent regulation of Smad1l activity

occurs in fish, then either this is insufficient to abrogate BmjNote added in proof

signalling, or there may be several independently regulateTivo very recent papers examine early activity and function of
intracellular responses downstream of Bmp receptor activatiothe Fgf pathway in zebrafish (Furthauer et al., 2004; Tsang et
In addition to intracellular crosstalk between these twal., 2004). We briefly cite the Furthauer paper in the

pathways, Fgf signalling can profoundly affect Bmp signallingDiscussion, but it contains additional data pertinant to our
activity through the regulation of expression of secreted Bmptudy.

antagonists such as Chordin (Koshida et al., 2002; Furthauer

Is Fgf signalling required for induction of anterior Agathon, A., Thisse, C. and Thisse, §2003). The molecular nature of the
: : ) zebrafish tail organizeNature424, 448-452.

prospective neural 'tlssue' ) . Akai, J. and Storey, K. (2003). Brain or brawn: how FGF signaling gives us

In our study and in related experiments (e.g. Griffin et al., both.Cell 115 510-512.

1995; Koshida et al., 1998), XFD injection and SU5402Amacher, S. L., Draper, B. W., Summers, B. R. and Kimmel, C. §2002).
treatment both Suppressed posterior neural induction Whereaghe zebrafish T-box genes no tail and spadetail are required for development
. . . . . ! .. of trunk and tail mesoderm and medial floor pl&evelopmeni29 3311-

anterior neural fate was retained in both situations. This is 3354
consistent with some experiments in other species showingagaya, E., Musci, T. J. and Kirschner, M. W. (1991). Expression of a
requirement for Fgf activity only in posterior neural dominant negative mutant of the FGF receptor disrupts mesoderm formation
development (Munoz-Sanjuan and Hemmati-Brivanlou, 2001), 'Qafe'\f}loPjusaﬁg‘?\;3;039';6‘3(12%%72')27;&' duction of neural crest cels

: : Py . , M. J. yor, R. . y inducti u :
.By contras_,t, in chick and ascidian (and from Some exper_lmen lessons learned from frog, fish and chiCkur. Opin. Genet. Ded2, 452-
in frogs), it has been proposed that Fgf activity is crucial for 45g.
induction of neural tissue, including anterior domainsBakkers, J., Hild, M., Kramer, C., Furutani-Seiki, M. and
(Bertrand et al., 2003; Hongo et al.,, 1999; Hudson and Hammerschmidt, M. (2002). Zebrafish DeltaNp63 is a direct target of Bmp
Lemaire. 2001: Streit et al.. 2000: Wilson et al 2000) One signaling and encodes a transcriptional repressor blocking neural

.b.l.’ . f’1 in fish I,: f o b o . d . specification in the ventral ectoderBev. Cell2, 617-627.

possi “ty IS t at. In nsh, g activity may be require m, Bally-Cuif, L. and Hammerschmidt, M. (2003). Induction and patterning of
prospective anterior neural tissue at lower levels or at earlier neuronal development, and its connection to cell cycle co@tot. Opin.
stages than in more caudal neural tissue. If so, then sufficientNeurobiol. 13, 1-10.
early Fof ativity might sl be present in manipulated embryode, € &, Kshinas, 1. Fow B, Soytlr ©: Seevener =,
'T‘ our experiments to allow dev?bpment of rostral neural information’throughout the entire neural plaBevelopmentl26 4977-
tissue. Indeed, very recent studies have shown that earlysgg7.

activation of Fgf signalling plays an important role in theBertrand, V., Hudson, C., Caillol, D., Popovici, C. and Lemaire, R2003).
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