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SUMMARY

The telencephalon is formed in the most anterior part of
the central nervous system (CNS) and is organised into
ventral subpallial and dorsal pallial domains. In mice, it
has been demonstrated that Fgf signalling has an
important role in induction and patterning of the
telencephalon. However, the precise role of Fgf signalling is
still unclear, owing to overlapping functions of Fgf family

genes. To address this, we have examined, in zebrafish proceeded but

embryos, the activation of Ras/mitogen-activated protein
kinase (MAPK), one of the major downstream targets of
Fgf signalling. Immunohistochemical analysis reveals
that an extracellular signal-regulated kinase (ERK), a
vertebrate MAPK is activated in the anterior neural
boundary (ANB) of the developing CNS at early
segmentation stages. Experiments with Fgf inhibitors
reveal that ERK activation at this stage is totally dependent
on Fgf signalling. Interestingly, a substantial amount of

ERK activation is observed inace mutants in which fgf8
gene is mutated. We then examine the function of Fgf
signalling in telencephalic development by use of several
inhibitors to Fgf signalling cascade, including dominant-
negative forms of Ras (Ra%$l7) and the Fgf receptor (Fgfr),
and a chemical inhibitor of Fgfr, SU5402. In treated
embryos, the induction of telencephalic territory normally
the development of the subpallial
telencephalon was suppressed, indicating that Fgf
signalling is required for the regionalisation within
the telencephalon. Finally, antisense experiments with
morpholino-modified  oligonucleotides  suggest that
zebrafish fgf3, which is also expressed in the ANB, co-
operates withfgf8 in subpallial development.

Key words:fgf3, Ras, ERK, morpholino, SU5402, regionalisation,
Zebrafish

INTRODUCTION zebrafistacemutants, in which no functional Fgf8 is produced,
reveal the function offgf8 in the regionalisation of the
The telencephalon is the anterior-most structure in the CN$elencephalon; some subpallial markers are downregulated in
Though its morphologies are quite divergent in differenthe mutants (Reifers et al., 1998; Shanmugalingam et al.,
species, organisation of telencephalic subdivisions, subpalli@000). Furthermore, mutant mice in whitf8 function is

and pallial territories, are basically conserved between speciesduced, show the loss of olfactory bulb and reduction of the
(Wilson and Rubenstein, 2000). The subpallial telencephaloiorebrain (Meyers et al., 1998). However, owing to overlapping
constitutes most of the basal ganglia and the palliaéxpression and functional redundancy of Fgf family genes
telencephalon contains the progenitors in the cerebral cortex {Maruoka et al., 1998; Xu et al., 1999), a precise role of Fgf
mammals. Fate-mapping studies have revealed that tlégnalling in development of the telencephalon remains
telencephalon derives from cells at the anterior margin afinclear.

the neural plate (Rubenstein et al., 1998; Whitlock and We address this question in zebrafish embryos by direct
Westerfield, 2000). Experiments with mice and zebrafish havebservation of the response to Fgfs. Fgf receptors are members
demonstrated that the tissue located in the ANB plays aof the receptor tyrosine kinase (RTK) superfamily (Klint and
important role in induction and patterning of the telencephali€laesson-Welsh, 1999; Ornitz, 2000). At present, four
region (Shimamura and Rubenstein, 1997; Houart et al., 1998hembers are known and each of them has several splicing
Fof8 expressed in the ANB has been implicated in thesisoforms (Klint and Claesson-Welsh, 1999). In general, RTKs
processes (Shimamura and Rubenstein, 1997; Reifers et atigger, by way of Ras, a sequential activation of the mitogen-
1998; Shanmugalingam et al., 2000). The phenotypes @ictivated protein kinase (MAPK) (or extracellular regulated
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kinase (ERK)) signalling cascade (Cobb and Goldsmith, 1995Reads transplantation and SU5402 treatment

ERK is activated by dual phosphorylation of threonine andvouse recombinant Fgf8b protein (R&D Systems) or BSA was used
tyrosine residues by MAPK/ERK kinase (MEK) (Crews etat the concentration of 0.26/ul. Preparation of the beads soaked in
al.,, 1992). A monoclonal antibody raised against a dually-gf8b or BSA were performed as described in Makita et al. (Makita
phosphorylated form of ERK (dpERK) has been successfullgt al., 1998). Dechorionated embryos at tailbud stage were placed in
applied toDrosophila and Xenopus and reveals a dynamic % me‘ghylcgllulose in 1/3 Ringer’s solution and transplanted into the
dpERK staining pattern in early embryos (Gabay et al. 199750rebra|n using a tungsten n_eedle. After_transpl_antatlon, embryos were
Gabay et al., 1997b: Christen and Slack, 199Smrm;oph1ila, clltured at 28.5°C in 1/3 Ringer’s solution until use.

. = . ST - . Forinjection, 10 mg/ml SU5402 (Calbiochem) in DMSO was used.
several different RTKs participate in ERK activation, while, 'Nbechorionated embryos were placed in 1.5% methylcellulose in 1/3

Xenopusthe Fgf family seems to be responsible for the fullgingers solution and injected into thick head region at tailbud stage.
pattern of dpERK in early development as activation can b§mMSoO was injected as a control. Alternatively, dechorionated
blocked by the expression of a dominant-negative form of Fgdmbryos at proper stages were soaked for 10 minutes in SU5402/1/3
receptor (Christen and Slack, 1999). Ringer solution at a concentration of 0.1 mg/ml, and washed several
We find that ERK is activated in the zebrafish ANB. Liketimes with 1/3 Ringer’s solution. Treated embryos were cultured at
Xenopusthe activation in the ANB is attributable to an Fgf28.5°C in 1/3 Ringer’s solution until use. We found that the activity
signal. Interestingly, ERK activation in the ANB is maintained®f SUS402 varied a great deal, depending on the lot number. Thus,
in acemutants, suggesting other Fgfs function in this regionthe incubation was sometimes carried out at a concentration of 0.2
We also examined the function of Fgf signalling in zebrafisﬁng/ml'
forebrain patterning by use of several inhibitors of the Fgfbetection of apoptosis
Ras/MAPK' signalling cascade, such as dominant-negatiVpoptosis in zebrafish whole-mounts was detected according to a
form of Ras (Ra%!’) and the Fgf receptor, and a chemicalprotocol given by the manufacturer with some modifications (Dead
inhibitor of Fgfr, SU5402. In treated embryos, the induction ofEnd™ Colorimetric Apoptosis Detection System, Promega). After
telencephalic territory proceeds normally but the developmeriixation overnight in 4% paraformaldehyde (PFA) in phosphate-
of the subpallial telencephalon is suppressed, indicating thitffered saline (PBS), embryos were transferred in methanol and then
Fof signalling is required for the regionalisation within therehydrated in PBST (PBS/0.1% Tween 20). Subsequently, embryos
telencephalon. Finally, we show using antisense that both Fgfére digested in fig/ml proteinase K in PBS for 5 minutes and

; - postfixed for 20 minutes in 4% PFA in PBS. Then the embryos were
and Fgf8 are required for normal development of the SpraH@mmersed in acetone for 7 minutes at —20°C and incubated in the

region. equilibration buffer (provided in the kit) for 10 minutes at the room
temperature. After incubation for 3 hours at 37°C in working strength

terminal deoxynucleotidyl transferase (TdT) enzyme, the DNA end-
MATERIALS AND METHODS labelling reaction using biotinylated dUTP was stopped by washing
. . in 2x saline sodium citrate (SSC) and PBST. Biotin was detected by
Fish maintenance horseradish-peroxidase-labelled streptavidin with diaminobenzidine

Zebrafish,Danio rerio, were maintained at 26°C and embryos were(DAB).

collected from natural crosses of wild-type fish. Homozygotes of o o ) )

acdi282a were obtained from crosses of heterozygotes. CollectedVhole-mount in situ hybridisation and histological

embryos were maintained in 1/3 Ringer’s solution (39 mM NacCl, 0.92nalysis

mM KCI, 1.8 mM CaCl}, 1.7 mM Hepes at pH 7.2) at 28.5°C. Digoxigenin-labelled probes were synthesised by in vitro
Embryos were staged according to hours postfertilisation (hpf) atanscription using T3, T7 and SP6 polymerases. Whole-mount in situ

28.5°C and morphological criteria (Kimmel et al., 1995). hybridisation was performed by the standard protocol with some
o modifications (Schulte-Merker et al., 1992).
mMRNA and morpholino injection For histological analysis, the specimens were embedded in

Capped sense RNAs were synthesised using the mMESSAGEechnovit 8100 (Heraeus Kulzer, Wehrheim) and cut jamn7
MMACHINE™ large scale in vitro transcription kit (Ambion) from ) )
the plasmid containing full-length humaes'l” (Deng and Karin, Immunohistochemistry and western blot
1994),Xenopus BFR4 (Hongo et al., 1999), and zebrafigffi3, fgf3- For whole-mount immunostaining, embryos were fixed with 3.7%
my¢ GFP andlacZ GFP andlacZ RNA were used as a control. The formaldehyde/0.2% glutaraldehyde/PBS for 1 hour at room
mRNAs were diluted to 0.8-1.0g/ul with distilled water and 200- temperature. After washing with PBS, they were dehydrated with
500 ngil (Rad'1?%), 400 ngll (bAFR4), 5 ngful (fgf3-myg or/fand 5  methanol and transferred to PBS. Then, they were washed with
or 100 ngll (fgf3) mRNAs were injected into one- to two-cell stage MABT (MAB/0.1% TritonX-100; MAB, 100mM maleic acid and
embryos. Morpholino oligonucleotides were solubilised in water att50 mM NacCl) three times for 10 minutes and MABDT (MAB/0.1%
the concentration of 50g/ul. The resulting stock solution was diluted Triton X-100/1% DMSO) twice for 30 minutes. After blocking with
to working concentrations in water before injection into one- to two2% FCS/MABDT, the embryos were incubated in the blocking
cell stage embryos. Injected embryos were cultured in 1/3 Ringersolution containing 1:10000 anti-di-phosphorylated ERK1 and ERK2
solution until use. The sequences of morpholino oligonucleotideMAPK-YT) antibody (Sigma) for overnight at 4°C. They were then
used in the present study were as follows (see Fig. 9N): fgf8-MOwashed with MABDT three times for 5 minutes, four times for 30
5'-TCAACCGTGAAGGTATGAGTCTC-3; fgf3-MO, 5-TATAA- minutes, and incubated in blocking solution again for 30 minute,
CCATTGTGGCATGGCGGGAT-3 4-mis-MO, B-TATTACCTTT- followed by incubation with the second antibody (1:500 anti-mouse
GTGGCATGCCGGCAT-3 and fgf3-MO’, 3-CAACAAGAGCAG- IgG biotin conjugated antibody, Vector Laboratory) for 2 hours at
AATTATAACCATT-3". room temperature. After the washing with MABDT as described
For construction ofgf3-my¢ the full-length offgf3 cDNA was  above, the signals were detected with ABC staining kit according to
amplified by PCR and inserted into pCS2+ containing Myc the manufacturer’s instructions (Vector Laboratory). To examine ERK
epitopes such that the Myc epitope is placed in the C terminus of Fgé&tivation in ace homozygous mutants at the five-somite stage,
(kindly provided by Dr M. Hibi, Osaka University). embryos obtained from two heterozygace carriers were cut into
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two pieces at the level of the hindbrain, and they were fixe A B
immediately. The anterior and posterior halves were then process * vw‘f\‘
for dpERK or myoD staining, respectively. !
Western blot analysis was performed following the standard methc
for ECL western blotting detection reagent (Amersham Pharmaci

Biotech). Proteins from three embryos were separated by 12.5' ~ y f \
polyacrylamide gels and transferred to HybBhA&CL™ membranes
(Amersham Pharmacia Biotech) by electroblotting. Monoclonal 75%-epi. 3-som.

antibody against dpERK was used at the same concentration as ut
in immunostaining. The homogenates were prepared from whol
embryos at 75% epiboly, bud and the six- to seven-somite stege.
homozygotes could be distinguished by morphology by the six-somit
stage.

For detection of Fgf3-Myc, 15 blastoderms taken from sphere-stac
embryos injected with RNAs were loaded in each lane. The san
staining protocol was applied except for that 9E10 (1:100 dilution
kindly provided by Dr Tatsumi Hirata, National Institute of Genetics)
and 2% skim milk were used as the first antibody and as a blockir
solution, respectively.

BrdU labelling and detection

To analyse cell mitosis at early segmentation stages, about 0.5 nl
25 mM of BrdU (SIGMA) was injected into the yolk at tailbud stage.
After 3 hours’ incubation, injected embryos were fixed with 4%
PFA/PBS for 2 hours at room temperature. After washing with PBS
the embryos were dehydrated with 25%, 75% and 100% methan(rig, 1. ERK activation detected by anti-dpERK antibody in wild-type
and rehydrates in PBST. They were then treated with proteinase K empryos. (A-C,E) Lateral view, dorsal towards the right. (F) Dorsal
Hg/ml in PBS) for 5 minutes at 37°C and with glycine-HCI (2mg/ml, view of the head region. (A) 75% epiboly stage; ERK activation is
pH 2.2) for 5 minutes at room temperature, followed by washing witlseen in the marginal mesoderm. (B) Three-somite stage; ERK
PBST and post-fixation with 4%PFA/PBS for 20 minutes at roomactivation is seen in the MHB and tailbud, and weakly in the ANB.
temperature. After washing with PBST, the embryos were treated wi(C) Five-somite stage; ERK activation in the ANB becomes strong.
2N HClI for 20 minutes at room temperature to relax chromatin an(p) sagittal section of the embryo shown in C. ERK is strongly
facilitate immunodetection of incorporated BrdU. Acid-treated activated in the ANB (C,D). (E,F) Eight-somite stage; staining in the
embryos were then washed in PBSDT (1%DMSO, 0.1%Tween20 iaNB is faint. Asterisks indicate the staining in the ANB and

PBS), incubated with PBSDNT (PBSDT+2% foetal calf serum) forarrowheads indicate the staining in the MHB. Scale barpb®h

30 minutes at room temperature, followed by overnight incubatiola-c g F; 30um in D.

with anti-BrdU antibody (1:200 dilution in PBSDNT, Sigma) at 4°C.

After intense washing with PBSDT and blocking with PBSDNT, the

embryos were incubated overnight with the second antibody (1:50ﬂz] ; o

JRTYES ) . - . ree-somite stage, and the strongest staining is observed at the
dilution in PBADNT, anti-mouse IgG antibody biotin-conjugated, ,. . ’ Lo T . : .
\{ector Laboratory) at 4f’C. After intgnse .washing in PBSDT, the{'r\]/e}_som'te S{aget (asterlsbk in Fig. 1CI)t.hHItSItEOF|2?<gICE%{|' Set_ctlo_nstﬁf
signals were detected with ABC staining kit as described above. 1€ TIve-SOmite stage embryos reveal tha activaton in the

For cell count, the stained embryos were embedded in TechnoJierebrain is confined to the ANB (Fig. 1D). The activation
8100 and serially sectioned au&. Three sagittal sections (more than gradually decrease (Fig. 1E,F), and become undetectable by
10 um apart to each other) at the midline of the telencephalon frorthe stages later than 12 somites. The activated pattern closely
each treated embryo were selected, and the total number of positiesembles that reportedXenopugChristen and Slack, 1999).
and negative cells in each section was counted (six to seven embryos
for each treatment). The ‘ventral’ corresponds approximately to thEgf-dependent activation of ERK at segmentation
region that is positive for ERK staining. stages

As ERK activation is triggered by downstream targets of
various RTKs (see Introduction), we examined the contribution

RESULTS of Fgf signalling toward ERK activation by use of inhibitors to
o ) ) Fgf signalling cascade. We first tested whether or not ERK
ERK activation pattern in developing embryos activation at segmentation stages is Ras-dependent by injecting

ERK is one of well-known downstream mediators of Fgfsynthetic RNAs encoding dominant-negative form of human
receptor (Gotoh and Nishida, 1996; Chirsten and Slack, 1999Ras (Ra¥l7), in which serine at position 17 had been
We examined the pattern of ERK activation in whole embryossubstituted by asparagine (Deng and Karin, 1994). The
focusing on the anterior neural region. During gastrulationsynthetic RNAs were injected at one- to two-cell stages, and
strong activation is detected in the blastoderm margin that givestained for dpERK at segmentation stagesRad'1”-injected

rise to the mesoderm (Fig. 1A). This activation is finallyembryos, all positive staining disappeared (43/48, Fig. 2A,B).
confined to the tailbud region by the end of gastrulation. Thi#Ve then examined the effects of XFD (Amaya et al., 1991) and
midbrain/hindbrain boundary (MHB) becomes positive at thdbAFR4 (Hongo et al., 1999), a dominant-negative form of
end of gastrulation, and the activation reaches a peak level denopus Fgfrl and Fgfr4a, respectively. Both types of
the three-somite stage (Fig. 1B). After the activation in thelominant-negative Fgfrs effectively reduced ERK staining
MHB, the anterior part of the forebrain becomes positive at thé24/24 for XFD and 30/30 forAFR4; Fig. 2C), although the
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Fig. 3.Immunostaining and western blot for activated ERIde
i mutants. (A,B) Dorsal views of the head region at the five-somite
(e ~ embryos stained with anti-dpERK antibody. ERK activation in the
ANB is detected in both the wild-type (A) andehomozygous
mutant (B). Asterisks indicate the anterior edge of the neural plate.
(C) Western blot analysis of activated ERK; the equal amount of
! GFP Rash'? bAFRA4 XFD homogenates prepared from wild-type acémutant at the six- to
seven-somite stage were loaded in each lane. Relative intensity of the
major band is shown at the bottom of each lane. Relative intensity

75% bud 6s 75% bud 6s 75% bud 6s 75% bud 6s

— -— — - 157 was normalised by a non-specific minor band (asterisk) that is
insensitive to any Fgf inhibitors (see Fig. 2). Scale baprB0n
-32.5 A,B.

v -2 dEEEEsE

100 51 100 34 23 {20 26 & 22 3% 12 65 effect of XFD tended to be weak. Finally, developing embryos

J » & were treated with a chemical inhibitor to Fgfr, SU5402.
& & SU5402 has been reported to inhibit specifically the kinase

— - s activity of nearly all types of Fgfr (Mohammadi et al., 1997).
; We injected 10 mg/ml of SU5402 into the anterior thick region
-32.5 of the brain near the ANB at tailbud stage (see Fig. 2D), and

K - -

the embryos were fixed at the five-somite stage, followed by
anti-dpERK staining. Again, the positive staining in the ANB
Fig. 2. ERK activation in embryos treated with inhibitors to Fgf was greatly reduced in injected embryos (19/19, Fig. 2E,F).
signalling. All embryos were analysed at the five-somite stage.  \Western blot analysis confirmed this result. As shown in Fig.
(A-C) Lateral view, dorsal towards the right; ERK activation 21,J, one major band (50 kDa) was detected by anti-dpERK
observed irGFP-injected embryo (A) is suppressed by injection of 5 iogy The intensity of this band much decreased (about
Rad'17 (B) andbAFR4(C) RNAs. (D) Schematic representation of 20% of the control) after injection &ad'” or bAFR4 RNAS

the SU5402 injection; SU5402 (F) or DMSO as a control (E) was .
injected into the head region at the tailbud stage. (E,F) Dorsal viewg"d SU5402 treatment (Fig. 21,J). However, the effeatrdd

of the head region; ERK activation in the ANB is suppressed by th&NAs did not last long, and the activation level recovered to
injection of SU5402 (F). (G,H) Lateral view of the head region; ~ more than 50% by the six-somite stage (Fig. 2I).

BSA- (G) or Fgf8b- (H) soaked beads were transplanted in the Fgf-dependent activation of ERK was further examined by
thick head region at tailbud stage. Ectopic ERK activation is foundtransplantation of Fgf-soaked beads into the anterior head
around the Fgf8b beads (H). (I) Western blot analysis of activated region. Ectopic activation of ERK was induced around the
ERK after RNA injections. Homogenates prepared from injected  transplanted beads that had been soaked in PBS containing
embryos at 75% epiboly, tailbud (bud) and six-somite (6s) stages acombinant mouse Fgféb (15/15, Fig. 2H), while no such
are loaded. Western blot detects one major band of about 50 kDa activation was detected around BSA-soaked bead (12/13, Fig
(arrow), which is sensitive to inhibitor injections. Relative intensityr?G) Taken together, we conclude that under our experiméntai

of the major band is shown at the bottom of each lane. (J) Wester . S .
blot analysis of activated ERK after SU5402 treatment (soak conditions, ERK activation in the ANB was entirely dependent

method, see Fig. 8E,F). Homogenates prepared from control- and N Fgf signalling. Though ERK activation may not represent
SU5402-treated embryos at the three-somite stage are loaded. all the activity of Fgf signalling, it is reasonable to assume that
Relative intensity of the major band is shown at the bottom of eacithe positive staining is an indicator for the activation of Fgf

lane. Relative intensities in (1,J) were normalised by a nonspecific signalling.

minor band (asterisk) that is insensitive to any treatments. Asterisks

100 21.5

in A-H indicate endogenous staining in the ANB and arrows ERK is activated in the ANB of ace mutants
!ndécate the transplanted beads. Scale barjtd@ A-F; 50um We then examined ERK activation ate mutants. Theace
in G,H.

mutation is a G to A transition in the splice site after the second
exon of thefgf8 gene, which leads to incorrect splicing
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Fig. 4. Expression pattern and the
activity of zebrafistgf3. (A-
E) Expression pattern é§f3.

wt B wt C wt D wt

; * : * s
(A,C,E) Dorsal view of the head SRR '
region. (A,B,E) Tailbud stage and Wt’ﬂ' #'
(C,D) five-somite stage, wild-type U N e LY 9
embryos (A-D) angcemutant ¢ A X h ( AL \ |
embryo (E)acehomozygous mutants fgf3 ol Y Jg[.?\ Yt Ao TR L~ RN
were recognised by fragmentetyoD _ 17
staining in adaxial cells. (B,D) Sagittal E L ol 4 fgf-i- 9
sections taken from the embryo shown ;

in A,C, respectivelyfgf3 expression in
the ANB is maintained normally iace
mutant embryo. (F,G) Lateral view,
dorsal towards the right; ERK is X

activated in the whole embryo when fgf3, myoD w ERK s

injectedfgf3 (F); the effect is cancelled

by co-injection oiRad'1” RNAs (G).

As shown in F, Fgf3 exhibits strong posteriorizing and dorsalizing effects when overexpressed at early stages (S. Kuldiskled)np
Asterisks indicate positive staining in the ANB and arrowheads indicate that in the MHB. Scale Ipan: ih08,C,E-G; 30um in B,D.

generating a truncated non-functional protein (Reifers et aldefects in the MHB and tail region. In most cases, the tail and
1998). Because, at the five-somite stage, homozygoes yolk tubes did not extend well and the segmented structures in
mutants can not be distinguished morphologically from wildthe trunk was hardly observed, indicating that the disruption of
type embryos, we examined the expression pattemmyoDin Fgf signalling cascade affected mesodermal tissues.
the trunk region. It has been reported that the adaxial cells &urthermore, we observed that the forebrain and midbrain
homozygousace mutants show reduced and fragmentedregion tended to be enlarged, probably owing to reduced
expression ofmyoD (Reifers et al.,, 1998). Although the posteriorising signals derived from the non-axial mesoderm
intensity of ERK staining varies to some degree and tends {(®#Woo and Fraser, 1997; Koshida et al., 1998). In addition to
be weaker as compared with wild-type siblings, a substantidhe MHB and tail, in more than half dRad'l“-injected
amount of positive reactions are reproducibly observed in thembryos the telencephalic region became turbid at 33 hpf,
ANB (7/10, Fig. 3A,B) oface mutants. Western blot analysis especially in the ventral part of the telencephalon (Fig. 5A,B).
revealed that the level of ERK activation was about half of th®NA fragmentation analysis revealed that apoptotic cells were
wild type in ace mutants. These results indicated that Fgfinduced by overexpression of RA$ (8/11, Fig. 5C,D).
signalling remains activated in the ANB in the absence oApoptotic cells were frequently observed in the ventral part of
Ace/Fgf8. telencephalon but less in the dorsal. However, at 26 hpf, there
was little apoptotic cell detected in the entire telencephalon of
Zebrafish fgf3 is expressed in the wild-type and  ace Rad''"-injected embryos (18/18, Fig. 5E,F).
ANB To determine whether the telencephalic patterning was
The temporal and spatial pattern of ERK activation correlatedltered before the appearance of apoptosis, we stained
well with that offgf3 expression in the ANB (compare Fig. 1C, injected embryos with forebrain markers at different
D with Fig. 4C,D) (Shanmugalingam et al., 2000). Zebrafistdevelopmental stages between bud to 26 hpf. In situ
fgf3 starts to be expressed at the end of the gastrulation in thgbridisation analyses with 1-day-old embryos revealed that,
anterior head region, the anterior forebrain and MHB (Fig. 4A)in Rad'1’-injected embryos, development of the subpallial
and its expression persists until around the 10-somite stagelencephalon was severely affected. In zebrafishdidtal-
(Fig. 4C). Histological sections reveal that the anterior stainintessrelated geneadlx2, is normally expressed in the subpallial
is located in the ANB (Fig. 4B,D), whefgf8is also expressed telencephalon and diencephalon (Akimenko et al., 1994).
(Shanmugalingam et al., 2000). Importarfifyf3 expression is Overexpression of R3%7 reduced or abolisheddix2
maintained in the ANB ofice homozygous embryos at the expression in the telencephalon (42/60, Fig. 5G,H), while
tailbud stage (10/10, Fig. 1E) and mid-somite stage (10/10)he expression in the diencephalon was unaffected.
suggesting that Fgf3 may compensate for the function of Fgf@verexpression of RY%’ also reduced the expression of
in theaceANB. Indeed, Fgf3 is a potent activator of ER§f3  zebrafish nk2.1b (Rohr et al.,, 2001), which is a basal
RNA injection into one- to two-cell stage embryos inducedelencephalic marker related to moldex2.1(Shimamura et
ERK activation in entire embryo (25/25, Fig. 4F), while thisal., 1995; Rubenstein et al., 1998) (61/64; Fig. 51,J). Contrary
activation was abolished by co-injection Bad'l’” RNAs to the subpallial markers, the expression domainsnokl

(38/38, Fig. 4G). (Morita et al., 1995),eomesodermir(eon) and T-brain-1

o (tbrl) (Mione et al., 2001), which are normally confined to
Inhibition of Ras-dependent pathway suppresses the pallial region of the telencephalon at 26 hpf, nearly
the development of subpallial telencephalon covered the entire region of the telencephalorRa®\”-

To explore the roles of Fgf signalling in zebrafish forebrairinjected embryos (32/37 f@mx3, Fig. 5K,L; 25/25 foreom
development, we examined the effects Rd\17 injection.  Fig. 5M,N; 24/24 fortbrl, Fig. 50,P).
Morphologically, Rag'1-injected embryos showed obvious The loss of the subpallial telencephalon was detected as
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p lacz B Fig. 5. Patterning and neurogenesis in
the telencephalon iRad\17-injected
embryos. Injected RNA is shown in the
upper right and the probe used is
indicated at the bottom. (A,B) Lateral
view of the head regioiRad\1”-injected
embryo exhibits the turbid
telencephalon, truncation of a part of the
eye and no MHB (arrowheads in A,B) in
the head region. 'Aand B are high
magnification views of the telencephalic
region of A,B respectively. (C-

F) Sagittal section of the embryos
detected for DNA fragmentation at 33
hpf (C,D) and 26 hpf (E,F); apoptotic
cells are detected in the telencephalon of
theRad"1"-injected embryo at 33 hpf
(arrows in D) but not at 26 hpf (F). (G-
X) Lateral views (G-R,U-X) and dorsal
views (S,T) of the head region; whole-
mount in situ hybridisation was
performed at the 26 hpf (G-P,U,V), 14-
somite (Q,R), 15-somite (S,T) and 12-
somite (W,X) stages. Subpallial
telencephalic expressionsaik2
(G,H),nk2.1b(1,J,Q,R),islet-1

(U,V) andzash1aW,X) are lost in the
Rad'1"-injected embryo while the pallial
telencephalic markersmx1
(G,H,S,T),eom(M,N) andtbrl

(O,P) cover the entire telencephalon.
(Y,Z) Sagittal sections of the
telencephalon showing BrdU labelling
at the seven- to eight-somite stage after
injection of GFP (Y) andRad\1’RNAs

(2). The labelled cells are indicated by
arrows. The telencephalic region is
marked by broken red lines. The ventral
(V) and dorsal (D) regions we defined in
the sections are separated by broken
blue lines. The ‘ventral’ corresponds
approximately to the region showing
strong ERK staining. Arrows in
A,B,G,1,Q,U,W indicate the subpallial telencephalon, arrowhead in K,M,0,S
indicate the subpallial telencephalon which is negativerimx1 eomor tbrl.

Dots indicate the boundary between the telencephalon and ventral diencephalon.
di, diencephalon; tel, telencephalon. Scale baprfin A,B,Q,R,W,X; 10um in
C-F,Y,Z; 30pum in G-P.

early as segmentation stages. In normal embrp&®,1b  within the telencephalon was stopped at its early phase (at least
expression in the telencephalon starts to be detected arouasl early as 10-somite stage of development) when Ras/MAPK
the 14-somite stage (Rohr et al.,, 2001). Howewd®.1b cascade was blocked. During these early stages, inhibition of
expression was not detected throughout development iRas pathway may affect cell growth in the telencephalic region.
Rasd'1”injected embryos (20/20; Fig. 5Q,R). Consistemtiy?

expression in the telencephalon, which starts to be activated 1apje 1. Cell proliferation in the telencephalon oRag¥17-
around the 15-somite stage (Akimenko et al., 1994), was ni injected embryos

observed irRad'1"-injected embryos at any stages (30/36, dat:

not shown). In normal embryosmxlis first expressed in the _ Ventral Dorsal
telencephalic region, and, by the 10-somite stage, th GFglng_e_Cted 32-52413-9 29-52/014-7
expression is downregulated in the anteriormost of thi ~ Ras"'injected 33.4%:x6.7 34.2%+4.9

forebrain, which may be fated to the subpallial telencephalo  itic cells were counted 3 hours after injection of BrdU at the tailbud
(Morita et al., 1995; Shanmugalingam et al., 2000). Thistage. Six embryos f@FP and seven embryos f&ad'l” were examined
downregulation, however, was never observedRimd17- and the proportion of BrdU-positive cells were averaged in the ventral and
injected embryos (29/29; Fig. 5T). Thus, the regionalisatioidorsal part of the telencephalon.
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Fig. 6. Telencephalic territory is normally specifiedRad!1’- GFP B Ras"'”
injected embryo. Injected RNA is shown in the upper right and the
probe used is indicated at the bottom. (A-D) Dorsal views of the
head region at tailbud staganxlexpression in the prospective
telencephalon is not altered Bad'17injection (A,B);gsc
expression in the prechordal plate is not altereR&g'17 injection
(C,D). (E,F) Lateral views of the head region at the five-somite stage,
anterior towards the lefbf-1 expression in the telencephalon is
normally seen irRad'1%-injected embryo. (G,H) Lateral views of the
head region at 15-somite stage, anterior towards thete#;
expression in the anterior forebrain is normally downregulated in
Rad'1-injected embryos. Arrows indicate the mid-diencephalon.
Scale bar: 7p5m in A-D; 50pum in E-H.

To test this, we injected BrdU in®ad\1’-injected embryos
tailbud stage and examined the proportion of labelled
after 3 hours’ incubation (8-10 somite stage). However, w
not find any significant difference in cell proliferation in
telencephalon, either in ventral or dorsal region (Fig. *
Table 1).

In addition to the region-specific markers, Resaffectec
markers for neuronal differentiation in the telencephi
islet 1 expression around the anterior commissure (Ino

, 1994) (Fig. 5U) was not observed Ras'!"injectec
embryos at 26 hpf (19/20; Fig. 5Vzashlaexpression i
the telencephalon was also undetectablRas'1? injectior
(20/24; Fig. 5W,X)zashlaone of the zebrafish genes relc.._ ..
to Drosophila achaete-scutéCampuzano and Modolell, Inhibition of Ras-dependent pathway does not affect
1992), starts to be activated in the part of the subpallighe formation of telencephalic territory
telencephalon at 12-somite stage (Allende and Weinbergn contrast to the regionalisation within the telencephalon,
1994). These data demonstrated that\Rasuppressed the early overall patterning of the forebrain appeared normal in
differentiation of putative subpallial neurones. Rad\17-injected embryos. As described aboemx] an early

Fig. 7. Patterning and neurogenesis
in the telencephalon in thiAFR4
andXFD-injected embryos.

Injected RNA is shown in the upper
right and the probe used is indicated
at the bottom. Lateral view (A-

M) and dorsal view (N,O) of the
head region are shown. Whole-
mount in situ hybridisation was
performed at the 26 hpf (A-K), 14-
somite (L,M) and 15-somite

(N,0) stages. Subpallial
telencephalic expressionsaik2
(A,B), nk2.1b(C,D,L,M) andislet-1
(E,F) are suppressed in th&FR4
injected embryo, while the pallial
telencephalic markersmx1
(G,H,N,0), andbr1 (1,J) cover the
entire telencephalon. Similarly, in
the XFD-injected embryotbrl
expression is expanded (K). Arrows
indicate the subpallial
telencephalon, and arrowheads
indicate the subpallial
telencephalon, which is negative for
emx] eomor tbrl. Dots indicate

the boundary between the
telencephalon and ventral
diencephalon. Scale bar: ffn in
A-K,N; 50 um in L,M.
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A DMSO B SU5402 another early telencephalic markef-1, which is expressed in

the telencephalon and a part of eyes (Toresson et al., 1998),
was not altered bRRad'17injection when examined at the five-
somite stage (20/20; Fig. 6E,F) and 24 hpf (41/41, data not
shown). Furthermore, downregulation ofx2 at the mid-
somite stage in the region fated to the telencephalon and ventral
diencephalon (Mori et al., 1994) normally occurred in injected
embryos (33/34; Fig. 6G,H). Thus, the establishment of
telencephalic and diencephalic territories normally takes place
even when the Ras/MAPK cascade is suppressed.

We also confirmed that R¥YY did not affect the
development of other parts of CNS: for example, the
expression of sonic hedgehahlj in the ventral spinal cord
and ventral diencephalon (Krauss et al., 1993) was normal in
Rad'”injected embryos (18/18, data not shown).

bAFR4, XFD and SU5402 produced the same
phenotypes as those with Ras  N17

- -’ ."J . g . . . . .
g dix2 & When specific inhibitors to Fgfr-mediated signal were
employed, essentially the same results were obtained (Table 2).
Fig. 8.Patterning and neurogenesis in the telencephalon after In bAFR4injected embryos, expression a2 (Fig. 7A,B),

treatment of SU5402. The probe used is indicated at the bottom. Allnk2.1b (Fig. 7C,D) andislet-1 (20/30, Fig. 7E,F) in the
embryos are lateral views of the head region at 26 hpf. Embryos wegg|ppallial telencephalon at 26 hpf was suppressed while pallial
injected with SU5402 (B,D) or DMSO (A,C) in the head region at markers,emx1(Fig. 7G,H),eom(23/29) andtbrl (Fig. 71,J)

tailbud stage (A-D). In E,F, the embryos were soaked in medium o hacsion covered the entire telencephalon. These effects
containing SU5402 at the five- and 10-somite stages, respectively. ere already observed at mid-somite stage. InbhieR4

(A-D) dIx2 expression in the subpallial telencephalon is abolished b)yv. ;
SU5402, whileemx1reaches the edge of the telencephalon after  Injected embryosnk2.1bexpression was suppressed (15/18,

SU5402 treatment. Note the smaller telencephalon is frequently sedhid- 7L,M) at the 14-somite stage aethxlwas expressed

in treated embryos (B,D). (E,B)x2 expression is greatly reduced ~ throughout the telencephalon at the 15-somite stage (43/44,
when the embryos are treated with SU5402 at the five-somite stageFig. 7N,O). By contrast, the territory of the telencephalon was
(E), while the expression is relatively normal when treated at the 10-established normally, judging from the expression pattern of
somite stage (F). Arrows indicate the gene expression in the emxlat tailbud stagepf-1 at the five-somite stages aotk2 at
subpallial telencephalon. Dots indicate the boundary between the the 15-somite stage (data not shown). The same phenotypes
telencephalon and ventral diencephalon, while arrowheads indicate,yere obtained wheXFD RNAs were injected (Table 2; Fig.

the ventral region that is negative ganx1 Scale bar: 5gm. 7K) (7/13 fortbrl).

Although the size of telencephalon tended to be smaller as
telencephalic marker, was normally activated at the tailoudompared with overexpression of R&sand WFR4, the
stage in the prospective telencephalic region ofRad'1’- injection of SU5402 (10 mg/ml) into the anterior head region
injected embryos (21/22; Fig. 6A,B). At this stage, weat the tailbud stage (see Fig. 2D) gave rise to similar
observed normal expressiongsic(Stachel et al, 1993) (21/21; phenotypes in gene expressionsddf2 (20/26; Fig. 8A,B),

Fig. 6C,D),dkk-1(Shinya et al., 2000) (28/28) ahtk1 (Fjose = emx1(9/13; Fig. 8C, D) andklet-1(11/18, data not shown).

et al., 1994) (20/20) in injected embryos, indicating thatRas bAFR4 and SU5402 also induced apoptosis in the ventral
did not affect the development of the underlying prechordabart of telencephalon, but the effect was weaker when
plate that is known to be important in establishment of theompared with that iRas'1”-injected embryos.

telencephalic region (Shinya et al., 2000). The expression of Among the RNAs injected{FD seems to be less effective

Table 2. The effects of RNA injection on telencephalic gene expressions

RNA injected
Rad'17 bAFR4 XFD

Subpallial markers dix2 nk2.1b dix2 nk2.1b dix2 nk2.1b
Normal expression 30.0% 4.7% 13.3% 9.4% 72.2% 0
Reduced expression 31.7% 12.5% 76.7% 37.5% 27.8% 69.2%
No expression 38.3% 82.8% 10.0% 53.1% 0 30.8%
n* 60 64 30 32 18 13

Pallial markers emxl tbrl emx1 tbrl emx1 tbrl
Normal expression 13.5% 0 11.1% 8.0% 53.3% 46.2%
Expanded expression 86.5% 100.0% 88.9% 92.0% 46.7% 53.8%
n* 37 24 45 25 15 13

*Total number of injected embryos.
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Fig. 9. Gene expression in the
embryos injected with morpholino-
modified (MO) antisense
oligonucleotides. Injected MO is
shown in the upper right and the
probe used is indicated at the
bottom. Lateral views of the head
region at 26 hpf. Embryos were
injected with 4mis-MO

(AF,1,K), fgf8-MO (B,G), fgf3-
MO (C,H,J,L), fgf8-MO and fgf3-
MO (D), and fgf3-MO andgf3
mMRNA (E). (A-E) Wild-type
embryos were used. Injection of
either fgf8-MO (B) or fgf3-MO
(C) reducesk?2.1lbexpression.
However, reduction afik2.1bis
further enhanced when both fgf8-
MO and fgf3-MO was co-injected
(D). (A'-C'") en2expression after
4mis-MO (A), fgf8-MO (B') and
fgf3-MO (C') injection.en2

¢ Lo : expression is reduced in fgf8-MO-
o @S@&g:@o&{ ‘aﬁ* [ translation start . injected embryo but remains
< §§ O & 5. .. unchanged in f{g3-MO-injected
[N ) « o — acatcccgecatgecacaatggttataattetgetettgttgtta -3 embryo. (Enk2.1bexpression is

fgf3-MO - rescued by co-injection of fgf3-MO

MO andfgf3 RNAs. (F-H) Embryos

; f het t

anti-Myc - . — 457 [e3-MO  S-TATAACCATTGTGGCATGGCGGGAT-3' v;zr:]ea:jcseedt? ]%r%z_)’\//glggubsu{)ﬁgetr;gs%&

4mis-MO  5"-TATTACCTTTGTGGCATGCCGGCUAT-3’

fef:MO'  SCAACAAGAGCAGAATTATAACCATT3 MO injection enhances the

reduction ofnk2.1bin some

embryos (17/58). (I-L) Injected

embryos fromaceheterozygous parents were double-stained sittandemx1(1,J) ordIx2 (K,L), and homozygous mutants were identified

by a lack ofen2expression in the MHB. An arrowhead in | indicates the subpallial telencephalon, which is negatmelf@ots indicate

the boundary between the telencephalon and ventral diencephalon. Scaleubar(/8) Western blot analyses of translation of injected
fgf3-myc RNA injections were carried out at the one-cell stage. The homogenates were prepared from injected blastula. Anti-Myc antibod
detects a major band about 50 kDa which is not present in control inje8EHRNAS). Relative intensity of the major band is shown at the
bottom of each lane. Relative intensity was normalised by a nonspecific minor band that appears in all lanes and ins@ngitivbrto

injection. (N) Morpholino oligonucleotides used in the present study. Red letters in 4mis-MO indicate mismatch nuclegtB&&do f

0 100 2.2 66.7

(Table 2). Especially, in the case dik2, only five out of 18 subpallial telencephalon (Fig. 8E). By contrast, treatment from
embryos injected witikFD RNAs showed reduced expression 10- and 15-somite stage gave rise to nomthet expression in
(Table 2). This could reflect the fact that the inhibitory effecthis region (Fig. 8F). Thus, Fgf signalling up to the five-somite
of XFD on ERK activation does not last long (Fig. 2I). In spitestage is crucial for the establishment of the subpallial
of these, all inhibitors showed the similar tendency and, thuselencephalon but, thereafterlix2 expression can be
we conclude that Fgf signalling through Ras/MAPK cascadenaintained without Fgf signalling.

is required for the development of the subpallial telencephalon. ) ]
Functions of Fgf3 and Fgf8 in the development of

The subpallial telencephalon requires Fgf signalling subpallial telencephalon and MHB
at early segmentation stages As described abovégf8 andfgf3 are co-expressed in zebrafish
Anti-dpERK staining revealed that ERK activation reached &NB, and ERK activation is maintained &te mutants. This
level peak at the five-somite stage and, thereafter, graduallgd us to analyse the role of Fgf3 in the development of
decreased. To address when Fgf signalling might be requiréde subpallial telencephalon. To do this, we blocked the
for development of the subpallial telencephalon, we treateflinction of Fgf3 by using antisense morpholino-modified
embryos with SU5402 at tailbud, five-somite, 10-somite andligonucleotides (morpholino) that were targeted to the
15-somite stages, and its effect alix2 expression was zebrafishfgf3 gene (fgf3-MO; Fig. 9N). Morpholinos have
examined. In this series of experiments, we soaked embryoslieen reported to work well as effective and specific
0.1 mg/ml or 0.2 mg/ml SU5402 in 1/3 Ringer’s solution fortranslational inhibitors in zebrafish (Nasevicius and Ekker,
10 minutes. This worked well, and the resulting phenotype i2000; Sakaguchi et al., 2001). Indeed, injectiofyf&targeted
the telencephalon was identical to that obtained with injectiomorpholino (fgf8-MOQO) at a concentration of 2@/ul (about
of SU5402. 10 ng injected) resulted in a phenocopyagk mutants, in

As summarised in Table 3, early treatment (bud to 5-somiteyhich nk2.1bexpression in the subpallial telencephalon was
with SU5402 led to loss or severe reductiondbf2 in the  reduced (29/29; Fig. 9B), although the phenotype tended to be
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Table 3. Alteration of dix2 expression in the telencephalon mutants, while no such effect was observed in control
of SU5402-soaked embryos injections (18/18 foemxland 11/13 fodIx2, Fig. 91,K). Thus,
the expression afxmlanddIx2is more dependent on Fgf3.

Treated stages | 1] 1} n

Tailbud 46.7% 53.3% 0% 15

Five somites 20.0% 45.0% 35.0% 20

10 somites 0% 0% 100.0% 21 DISCUSSION
15 somites 0% 0% 100.0% 21

_ In the present study, we report for the first time the spatial
Embryos at each developmental stage were treated with 0.1 or 0.2 mg/mi pattern of ERK activation in fish development. Strong ERK

SU5402 for 10 minutes and dIx2 expression was analysed in the L. . . B
telencephalon at 24 hours post femﬁsaﬁon_ Y activation is detected in the mesoderm, ANB, MHB and tailbud

I, nodix2 expression; II, reducedix2 expression; Ill, normadix2 in d_eve|0ping zebrafish embryos. Lik)é_enqpusembryos
expression. (Christen and Slack, 1999), ERK activation at zebrafish
nindicates the total number of the treated embryos. segmentation stages depends on Fgf signalling. We then

examine the role of Fgf signalling in forebrain development by

milder (compare Fig. 9B with 9F). Injection of u@/ul fgf3- use of inhibitors to Fgf signalling. Shanmugalingam et al.
MO (about 5 ng injected) also reduced the&.1bexpression (Shanmugalingam et al.,, 2000) have shown thatade
(28/29; Fig. 9C). However, co-injection of fgf8-MO and fgf3- embryos, differentiation of the basal telencephalon and some
MO resulted in more severe reductionrik2.1bexpression putative telencephalic neurones were disrupted. In our study,
(29/29; Fig. 9D). These results indicate a co-operative actioifile phenotype obtained by suppression of Fgf signalling
of Fgf3 and Fgf8 omk2.1bexpression. encompasses that reported dne mutants. In addition, we

In the MHB, the effects of fgf8-MO and fgf3-MO were observe overall loss of subpallial fate and increased apoptosis
different from each other. Injection of fgf8-MO reduced thein the ventral telencephalon, which are not seenade
expression ofen2 (11/11; Fig. 9B) (Ekker et al., 1992) embryos. These data demonstrate that Fgf signalling in the
phenocopying thace mutant, while that of fgf3-MO did not ANB is required for the development of the subpallial
affect the expression (23/23; Fig.'9C telencephalon.

To test the specificity of the phenotype, we made another . ) o
fgf3-MO designed against moré Sequence (fgf3-MO’; Fig. Fgf8 is not a sole Fgf involved in ERK activation in
9N). fgf3-MO’ exhibits similar effects onk2.1bexpressionin the ANB
wild-type (32/41) and fgf8-MO-injected (22/26) embryos. WeAs in other vertebrates, zebrafi§§ii8 is expressed during
then constructed a cDNA encoding Fgf3 tagged with Mycastrulation in the mesoderm, presumptive MHB and
epitope at the C terminus, because an antibody againisiencephalon. (Furthauer et al., 1997; Reifers et al., 1998).
zebrafish Fgf3 is not available. Western blot analyses weiexpression in the CNS is prominent in the MHB and in the
performed with the embryos injected with eitfgf3-myc  anteroventral telencephalon at segmentation stages (Reifers et
RNAs alone oifgf3-mycand fgf3-MO. Co-injection of fgf3- al., 1998; Shanmugalingam et al., 2000). ERK activation
MO completely blocked the translation of injectig3-myc  appears to follow the expression patternfgiB up to mid-
RNAs, while the degree of inhibition much decreased in theéomite stage, suggesting thigf8 is responsible for ERK
case of 4mis-MO in which a four-base mismatch wasctivation. However, the analysis widtte mutants, in which
introduced into fgf3-MO (Fig. 9M). We also confirmed thatno functional Fgf8 is produced (Reifers et al., 1998), suggests
4mis-MO, when injected, did not affetit2.1bexpression (Fig. that Fgf8 is not a sole Fgf responsible for ERK activation.
9A). Furthermore, the effect of fgf3-MO was diminished whenAlthough the level of activation tends to be weaker, a
fgf3RNASs (5 ngjil, about 2.5 pg per embryo) were co-injectedsubstantial amount of ERK activation persists in the ANB
(9/18, Fig. 9E). We were unable to obtained 100% rescuef ace homozygous mutant. Expression analysis and
because the increased amountfgiB RNAs suppressed the overexpression experiments suggest that Fgf3 is one of the
head development in injected embryos even in the presencegndidates involved in ERK activation in the ANB.
of fgf3-MO, probably owing to strong posteriorising and After mid-somite stage, the level of ERK activation
dorsalizing effects of Fgf3 at the gastrulation stage (S. Kgradually decreases in the MHB and then in the ANB, whereas
M. S., M. Nikaido, N. Ueno, S. Schulte-Merker, A. K. and H.fgf8 expression remains high in these regions. This suggests
T., unpublished). Finally, we injected fgf3-MO (1@/ul) in  that Fgfs, albeit expressed, do not necessarily activate their
embryos obtained frorace heterozygous crosses. Seventeersignalling pathway. Alternatively, ERK activation may not
out of 58 injected embryos showed no or famk2.1b represent all Fgf activity, or antibody labelling may not detect
expression (Fig. 9H), while such enhanced phenotype was nlow levels of ERK activation. In fact, Fgfs are known to use
observed by injection of fgf8-MO (54/54; Fig. 9G). various signalling cascades other than Ras/MAPK such as

Finally, we examinegmxlanddIx2 expression in fgf3-MO-  phosphatidylinositol 3 kinase (Klint and Claesson-Welsh,
injected ace homozygous embryos. The expression of thesd999).
two markers are relatively normal@acemutants at 26 hpf. The ) o
ace homozygous embryos were identified by a lacken ~ Roles of Fgf signalling in normal development of the
expression in the MHB in double-stained embryos, as fgf3-Mc@ubpallial telencephalon
alone does not affeen2expression (Fig. 9C). Like SU5402 Analysis with telencephalic markers reveals loss of the
treatment, injection of fgf3-MO resulted in ventral expansionsubpallial fate after treatment with inhibitors to Fgf receptors.
of emx2(9/9; Fig. 9J) and reduction dfx2 (11/18 for severe In addition to region specific markers, disruption of Fgf
and 7/18 for mild reduction, Fig. 9L) expression ace  signalling reduces or abolishes the expression of differentiation
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markers specific to putative subpallial neurones. The effectte ANB, called row 1 cells, were found to possess the similar
seem direct because the underlying prechordal plate develoipglucing ability to the mouse ANR (Houart et al., 1998). The
normally in treated embryos as judged by gene expression. Thblation of row 1 cells resulted in the loss of telencephalic
present results, therefore, indicate that Fgf signalling in thenarkers and apoptosis in the anterior head region (Houart et
ANB is required for differentiation of subpallial neurones asal., 1998). As in vitro experiments in mice have demonstrated
well as establishment of the subpallial region. that Fgf8-soaked beads mimic nearly all activity of the ANR in

There are at least three possible explanations for th@ammals (Shimamura and Rubenstein, 1997), Fgf signalling
phenotype in affected embryos: (1) the ventral telencephaldms been proposed to account for the inducing ability of the
fails to acquire subpallial fate and develops into the palliumANR.
(2) the subpallial region is established but disappears due toHowever, we observe in the present study that the
cell death; and (3) cells in the subpallium fail to proliferate an@stablishment of the telencephalic and diencephalic territories
remains in a small number, while development of the palliahormally proceeded in the&Rad'“-injected embryos, as
telencephalon proceeds normally. As cell death in théndicated by normal expression patterndfidf emxlandotx2
telencephalon is detected only after loss or reduction of that early segmentation stages. This suggests more restricted
subpallial markers, the second possibility seems less likeljunctions of Fgf signalling in telencephalic development.
The detailed analysis of cell proliferation and movementéndeed, no expression of arfgf or activation of ERK is
during normal development of the subpallial telencephalon hadetected in the ANB at the gastrula stage when the overall
not been done in fish. Thus, we cannot rule out either the firpatterning of the CNS is specified. Consistent with this,
or third explanations. However, the following two observationsSU5402 treatment at mid-gastrula (75%-epiboly) stage did not
favour the first possibility. First, inhibition of Ras pathway doesaffect emx1 expression at tailbud stage (data not shown).
not affect cell proliferation in the telencephalon at earlyTherefore, although involvement of low level of Fgf signal can
segmentation stages (Table 1). Second, in affected embryegt be ruled out, our findings suggest that, in zebrafish, Fgf
subpallial markers such a2 andnk2.1bare never detected signalling is mainly required for regionalisation but not for
at any stages examined, suggesting that the subpallial fateiigluction of the telencephalon.
not induced from the beginning. ) o )

In the present study, inhibition of the Fgf signalling affectsOverlapping and distinct functions of Fgfs
only a part of the telencephalon, the subpallial region. Cells ifixpressed in the CNS
the subpallium are shown to derive from the ANB. The row Our antisense experiments suggest that Fgf3 co-operates with
cells in the ANB contributes to the anteriormost subpalliaFgf8 in the ANB. The antisense experiments seemed to work
telencephalon (Houart et al., 1998). The precise lineageell in the present study. We are able to generate a phenocopy
analysis by Whitlock and Westerfield (Whitlock and of ace mutant by injecting fgf8-MO, and fgf3-MO is able to
Westerfield, 2000) has revealed that cells in the ventrahhibit translation of injectetyf3 RNAs in a sequence-specific
telencephalon come from the anterior margin of the neurahanner. Furthermore, we recently demonstratedcesgnova
plate at the five-somite stage, whereas more posterior margi226D7)-MO injection phenocopiedasanova mutant, a
is fated to the dorsal telencephalon. Their fate map of theomplete loss of endodermal precursors (Sakaguchi et al.,
ventral telencephalon well fits with ERK activation domain tha001).
is narrower thamemxZXpositive domain (a maker for the entire  Although the injection of fgf8-MO or fgf3-MO alone results
telencephalon at early stages). Thus, it is reasonable to say tiatslight reduction oink2.1bexpression, severe reduction of
the effect of Fgf inhibition was observed in the region wherenk2.1bis observed after co-injection of fgf8-MO and fgf3-MO.
Ras/MAPK pathway is activated. The results demonstrate that both Fgf8 and Fgf3 are required

Brief treatment of developing embryos with SU5402 reveal$or normalnk2.1bexpression of the subpallial telencephalon.
that Fgf signalling is not required for subpallial developmentt has also been revealed tlamhxland dix2 expressions are
after 10-somite stage. The crucial period coincides with thenore dependent on Fgf3. These data may account for relatively
stage when the strongest activation of ERK is observednild defects in the subpallial telencephaloracémutants. In
However, it has been reported that the same treatment at 1Be MHB, however, zebrafish Fgf8 has a major role as indicated
somite stage still causes some defects in axon guidanbg the phenotype aice mutant, even thougfgf3 expression
between anterior commissure and post-optic commissuiig detected in the region (Fig. 4A,C). In support of this, the
(Shanmugalingam et al., 2000). Thus, it is likely that a cruciagéxpression oén2persists in fgf3-MO-injected embryos while
period for requirement of Fgf signalling varies, depending oithe expression is reduced in fgf8-MO-injected embryos. Thus,
the region and developmental processes of the telencephaldrgf8 and Fgf3 possess overlapping and distinct functions in the

. ) ) ] . ANB and MHB, respectively. Considering that there are

Fgf signalling may not be required for induction of certainly further Fgfs in zebrafish that have yet to be identified,
the telencephalic territory in zebrafish further molecular and genetic analyses will be required to
Studies in mice have provided evidence that the anterior neuralucidate full functions of Fgf signalling in the developing
ridge (ANR), which is located in the anterior boundaryCNS.
between the neural and non-neural ectoderm, plays an
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