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SUMMARY

Complex spatiotemporal expression patterns ofgf3 and  commissure formation was abnormal in the absence of
fgf8 within the developing zebrafish forebrain suggest their  either Fgf3 or Fgf8; however, most severe defects were
involvement in its regionalisation and early development. observed in the absence of both. Defects were observed in
These factors have unique and combinatorial roles during patterning of both the midline territory, within which the
development of more posterior brain regions, and here we commissures normally form, and neuronal populations,
report similar findings for the developing forebrain. We  whose axons comprise the commissures. Analysis of
show that Fgf8 and Fgf3 regulate different aspects of embryos treated with an FGFR inhibitor suggests that
telencephalic development, and that Fgf3 alone is required continuous FGF signalling is required from gastrulation
for the expression of several telencephalic markers. Within stages for normal forebrain patterning, and identifies
the diencephalon, Fgf3 and Fgf8 act synergistically to additional requirements for FGFR activity.

pattern the ventral thalamus, and are implicated in the

regulation of optic stalk formation, whereas loss of Fgf3 Key words: FGF, Zebrafish, Forebrain, Telencephalon,

alone results in defects in ZLI development. Forebrain Diencephalon, Thalamus, Commissure, Zona limitans intrathalamica

INTRODUCTION distinguished by their gene expression patterns (Wilson and
Rubenstein, 2000; Hauptmann et al., 2002).
The vertebrate forebrain forms through a series of complex Fibroblast growth factors (Fgfs) regulate patterning events
morphological and molecular events and interactions. Initiaih the midbrain and hindbrain, and have synergistic actions
divisions, telencephalon and diencephalon, are furthewhen expressed in overlapping domains. Notably, Fgf8 and
subdivided to produce pallial and subpallial telencephalon anllgf1l7, expressed midbrain-hindbrain boundary (isthmus),
diencephalic derivatives: hypothalamus, ventral thalamus, zomagulate the patterning and later aspects of development of the
limitans intrathalamica (ZLI), dorsal thalamus and pretectunadjacent territories (Crossley et al., 1996; Reifers et al., 1998;
(Fig. 1A). Eyes and optic stalks are derived as outpocketingShamim et al., 1999; Martinez et al., 1999; Liu et al., 1999;
from the diencephalon (Puelles et al., 2000; Rubenstein et altying and Mason, 1999; Irving and Mason, 2000; Xu et al.,
1998). Comparatively little is known about the molecular2000; Reifers et al., 2000; Sato et al., 2001; Irving et al., 2002).
regulation of forebrain patterning, although fate mapping, gen€here is also a combinatorial role for Fgf8 and Fgf3, from
expression analysis, and genetic and transgenic analyses havesumptive rhombomere 4, in patterning the hindbrain
provided some mechanistic insights (Brown et al., 2001). (Walshe et al., 2002; Maves et al., 2002), and in induction of
Forebrain patterning in zebrafish begins during earlyhe adjacent otic placode (Phillips et al., 2001; Maroon et al.,
gastrulation stages (Grinblat et al., 1998), when telencephali2zp02; Leger and Brand, 2002).
diencephalic and retinal precursors already occupy distinct An emergent theme is one of both unique and combinatorial
domains (Woo and Fraser, 1995). The Hedgehog signalliniginctions for Fgfs in brain patterning. Several Fgfs are
pathway is required for ventral forebrain development irexpressed within the developing forebrain (Mason et al., 1994;
zebrafish (Varga et al., 2001) and Wnt pathway antagonist8jahmood et al., 1995; Crossley and Martin, 1995; Mahmood
such as hdl, boand mbl, are required for telencephalonet al., 1996; McWhirter et al., 1997; Reifers et al., 2000;
formation (Heisenberg et al., 1996; Kim et al., 2000; Fekany€rossley et al., 2001; Gimeno et al., 2002), and Fgf8 has been
Lee et al., 2000; Heisenberg et al., 2001). Local patterningssigned a role in forebrain development. Mutant mice carrying
within the anterior forebrain depends upon another Wnhypomorphicfgf8 alleles have smaller forebrains with midline
pathway antagonistiic, which is expressed at the anterior deletions (Meyers et al., 1998). A patterning function is
neural boundary (Houart et al., 1998; Houart et al., 2002). Oncupported by in vitro studies using both chick and mouse
established, telencephalic and diencephalic subdomains cantimsues (Shimamura and Rubenstein, 1997; Crossley et al.,
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2001), by in vivo studies in the mouse (Fukuchi-Shimogori anth situ hybridisation
Grove, 2001), and by analysis of the zebrafskerebellar In situ hybridisation reactions were essentially performed as described
(ace) mutant (Shanmugalingam et al., 2000). Although detailegreviously (Shamim et al., 1999; Maroon et al., 2002), except that
analyses are lacking, fgf8 also expressed in the forebrain, embryos younger than 24 hours post fertilisation (hpf) were not
(Mahmood et al., 1996; Raible and Brand, 2001; Walshe et afreated with proteinase K, and the hydrogen peroxide treatment was
2002) and its ectopic expression affects the expression fnitted.
certain forebrain markers (Koshida et al., 2002).

We report a complex and dynamic expression patteifigff@r

in the zebrafish forebrain, which partially overlaps with that oil(jser 128) antiseurm (Calbiochem), and apoptotic cells were detected

fgf8. Using morpholino oligonucleotides to inhibit Fgf3 andging the DeadEA colourimetric detection kit (Promega) as

Fgf8, both individually and together, we identify unique gescribed (Maroon et al., 2002). Numbers of dividing cells, within an

functions for Fgf3 in both telencephalon and several regions @frea measuring 200muby 300 pn encompassing the presumptive

the diencephalon, and in combinatorial actions with Fgf8. Iforebrain from four embryos at tailbud stage injected with either

addition, we report further roles for Fgf8 in forebrain control morpholinos, Fgf8 morpholinos (Fgf8mo), Fgf3 morpholinos

development. (Fgf3mo), or both Fgf8mo and Fgf3mo, were determined and
subjected to a Student’s t-test for statistical analysis.

Cell death and division
ividing cells were detected using an anti-phosphorylated histone H3

MATERIALS AND METHODS
RESULTS
Fish stocks
ZebrafishDanio rerio, of the King’s wild-type (kwt) strain were used fgf8 and fgf3 have unique and overlapping

throughout these studies. They were maintained at 28°C, and embryegpression domains within the developing zebrafish
were staged according to Kimmel et al. (Kimmel et al., 1995). forebrain

Morpholino oligonucleotide injections Expression of fgf&vithin the developing zebrafish forebrain

Fgf8, Fgf3 and Fgf control morpholino oligonucleotides (Gene Tools)h"le been_ reported  previously  (Reifers et al, 1998;
at a concentration of 6gi, were injected into zebrafish embryos as Shanmugalingam et al., 2000), therefore only a brief
previously described (Maroon et al, 2002). Embryos weredescription is presented here to facilitate comparison with fgf3
dechorionated and incubated with the FGFR inhibitor SU5402, agxpressionfgf8 transcripts were first detected at the anterior
previously described (Maroon et al., 2002), except that SU5402 stoekargin of the forebrain primordium at the tailbud stage (Fig.
solutions were prepared at 10 mM and diluted to 0.1 mM for use. 1B). During early somitogenesis transcripts accumulated
within the dorsal telencephalon (Fig. 1C), and by late
somitogenesifyf8 expression was detected within the
anterior telencephalon, dorsal diencephalon, optic
stalks, posterior hypothalamus and retina (Fig. 1D,E).
At 30 hpf transcripts remained in the anterior
telencephalon, optic stalks and posterior tuberculum,
and were also detected in the epiphysis (Fig. 1F).
Descriptions of fgf3 expression in zebrafish

embryos have been reported previously (Phillips et al.,

F e
~ - -
tel
n’ / iy Fig. 1. Expression of fgf@B-F) and fgf3G-L) during
' osty g development of the zebrafish embryo forebrain. Lateral
os ' : (B-D,F,G,J-L) or dorsal (E,H,l) views with anterior to the
X left. The eye was removed in F and L to facilitate

20hpf fgf8 30hpf f/8 observation of expression in the brain. (A) Diagram
depicting brain subdivsions and structures relevant to this
study in a 24 hpf embryo. (B-Fgf8 expression at tailbud

G / H | stage (B), during early somitogenesis (C), late
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2001; Raible and Brand, 2001; Shinya et al., 2001; Maroon &tgf3 and Fgf8 are required for different aspects of
al., 2002; Walshe et al., 2002; Maves et al., 2002; Leger artdlencephalic regionalisation
Brand, 2002); however, detailed analyses of the developing/e investigated Fgf3 and Fgf8 function in telencephalic
forebrain were not included in those studieg3 transcripts  patterning. Embryos were injected with morpholinos and
were first detected in anterior neuroectoderm at 80% epibolgnalysed at the tailbud stage for eraxfiression at the anterior
(Fig. 1G), and at 90% epibofgf3 expression was detected in margin of the neural plate (Morita et al., 1995). Previous
cells of the presumptive forebrain and underlying prechordatudies have shown thainxlexpression at the tailbud stage is
hypoblast (Fig. 1H) (Phillips et al., 2001). At the beginning ofreduced in acembryos (Shanmugalingam et al., 2000), and
somitogenesiggf3was expressed in cells of the anterior neurathis was also observed following Fgf8mo injection (8/8).
boundary (row 1 cells; Fig. 1H,l). At early somite stageslnjection of Fgf3mo alone (n=10/10), or in combination with
transcripts became confined to the dorsal telencephalon and thgf8mo (n=11/11), resulted in a more severe phenotype, in
polster located anterior to the forebrain (Fig. 1J). At late somitevhich emx1expression was very weak or undetectable (Fig.
stages, very low level fgf®xpression remained in the 3A-D). Reduction of emx&xpression was only transitory as
telencephalon, while a new expression domain appeared in theer, at 24 hpf, expression was observed in the telencephalons
ventral hypothalamus (Fig. 1K)gf3 transcripts remained of all embryos injected with Fgf8mon£17/17), Fgf3mo
within the ventral hypothalamus until at least 30 hpf and werén=12/12), and both Fgf morpholinas<13/13). Furthermore,
additionally present in the optic stalks at this stage (Fig. 1L)in many cases, expression was expanded into the subpallial
domain of the telencephalon (Fig. 3E-H). These results implied

Morpholino oligonucleotides effectively inhibit Fgf3 that Fgf8 and Fgf3 were not required for specification of the
and Fgf8 functions but do not result in increased pallial telencephalon, but that both were required for correct
cell death or division in the forebrain specification of the subpallial telencephalon.

To analyse the involvement of Fgf3 and Fgf8 in forebrain Telencephalic patterning was further analysed by
development, 1- to 4-cell stage zebrafish embryos wer@vestigating the expression of two T-box transcription factors
injected with morpholino oligonucleotides to inhibit their expressed in postmitotic neurons of the posterior dorsal
translation. We have previously shown that these morpholintelencephalon, eomesodermin(eom; eomes — Zebrafish
oligonucleotides compromise Fgf8 and Fgf3 function,Information Network) and T-brain Itbrl) (Mione et al.,
phenocopying thace(fgf8) mutant and rendering Fgf3 protein 2001), as Fgfs have been implicated in the regulation of T-box
undetectable, respectively (Maroon et al., 2002; Walshe et atranscription factors in other embryological contexts (Smith et
2002). al., 1991; Griffin et al., 1998; Rossant and Cross, 2001).
Fgf morpholino injection did not appear to affect cell Expression of eorwas greatly reduced or undetectable in the
division in the forebrain at either the tailbud or 10-somite stagéorebrains of embryos injected with either Fgf8mo (n=13/13)
(10s; Fig. 2A-H); this was confirmed by Student$est or Fgf3mo (n=12/12), or both morpholinas=(8/18; Fig. 3M-
analyses. In addition, no changes in cell death were detect®). By contrast, telencephalic tbréxpression expanded
in forebrains at 10s (Fig. 2I-P) or at 24 hpf (data not shown)anteriorly following injection of Fgf8mo (n=12/23), but was
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Fig. 2.Cell death and division in the
forebrain are unaffected in embryos
injected with Fgf morpholinos.

(A-D) Dorsal views of the anterior neural
plate at tailbud stage. Numbers of dividing
cells within presumptive forebrain region
(indicated by the rectangles) were counted
and subjected to Student'sest analyses.
(E-H) Lateral views of whole-mounted
10s embryos, with anterior to the left,
showing dividing cells. (I-L) Occasional

F8mo apoptotic cells (arrowheads) detected
control F8mo ; F3mo F3mo dorsally in 10s embryos injected with
M N (0] P control morpholino (1), Fgf8mo (J),

Fgf3mo (K), or Fgf8 and Fgf3mo together
, (L). (M-P) Little cell death is detected in
4 X anterior neural tissue in 24 hpf embryos
5 injected with control mo (M), Fgf8mo
- 3 =S F8mo (N), Fgf3mo (O), or Fgf8 and Fgf3mo
control F8mo F3mo together (P).
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Fig. 3. Fgf3 and Fgf8 regulate telencephalic gene expression. Dorsal (A-D,M-P) or lateral (E-L,Q-T) views with anterior to the left.

(A-D) emxlexpression at the anterior margin of the forebrain primordium at tailbud stage. (A)ransctipts are detected in the presumptive
anterior forebrain in control embryos but are reduced in embryos injected with Fgf8mo (B), and are undetectable in embryos injected with
either Fgf3mo (C), or Fgf8mo and Fgf3mo (D). (Edfxlexpression at 24 hpf. (E) enegdpression is limited to the pallial telencephalon in
control embryos. Arrow indicates expression boundamxltranscripts are detected in both pallial and subpallial (arrow in F) telencephalon in
embryos injected with Fgf8mo (F), Fgf3mo (G), or Fgf8mo and Fgf3mo (H). ti+lL)(red) and dixZblue) expression at 24 hpf. (1) A control
embryo: dixZranscripts are found in the ventral thalamus and subpallial telencephalon, and extend into the posterior region of the pallial
telencephalon. tbriranscripts occupy the pallial telencephalon. (J) #xfiression extends into the anterior subpallial telencephalon, partially
overlappingdIx2 expression, in embryos injected with Fgf8mo (compare arrows in | atimtlJand dix2expression is reduced following

injection with either Fgf3mo (K), or Fgf8mo and Fgf3mo (L). (M-P) Telenceplealinexpression at 24 hpf. (M) eamanscripts are detected

in the telencephalon in control embryesmtranscripts in the telencephalon are reduced or undetectable in embryos injected with Fgf8mo (N),
Fgf3mo (O), or Fgf8mo and Fgf3mo (P). (Q-T) 28 hpf embryos, bisected along the AP axis, and mounted to show the internal brain surface
following detection of fgfgblue) and dixZred) transcripts. (Q) Control embryos express dixke telencephalon and ventral thalamus, and
fgf3in hypothalamus (and isthmus). (lgj3 transcripts (arrow) are upregulated in the telencephalon in the absence of Fgf8. Loss of Fgf3 (S),
or both Fgf3 and Fgf8 (T), results in the absenadhxd expression. d, diencephalon; tel, telencephalon.

reduced following Fgf3mo injection (n=15/18). When bothexpression by 28 hph€22/23), whereas Fgf8mo-injection had
morpholinos were injected the effects of the Fgf3 morpholinamo effect on telencephalic dIx2 expression at either 24 hpf
were dominant, with reduction of tbxpression (n=18/22; (n=11/11) or 28 hpf (n=21/21; Fig. 3I-L,Q-T). Double in situ
Fig. 3I-L). hybridisation results demonstrated that expanded tbrl
dix2 is expressed in the zebrafish telencephalon and ventrexpression in the subpallial telencephalon following Fgf8mo
thalamus from 13 hpf (Akimenko et al., 1994), and is requiredhjection was largely anterior and lateral to the more medially-
for the development of specific telencephalic neurons in mickcateddIx2 domain in that region (Fig. 3J).
(Qiu et al., 1995; Anderson et al., 1997). Injection of Fgf3mo Fgf3 and Fgf8 regulate the transcription of each other in the
resulted in variable reduction afllx2 expression in the hindbrain (Walshe et al., 2002), and we found that in the
telencephalon at 24 hpf (n=6/9), but complete loss o&bsence of Fgfdgf3 transcripts were strongly upregulated in
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the telencephalon at 28 hpf, whereas the absence of Fdiihction alone was sufficient to reduce levels of twhh
protein did not produce such an effect. Upreguldigi® transcripts (Shanmugalingam et al., 2000). However, others
transcripts were not detected in the telencephalons of embryhave previously noted subtle differences betweeraadd-gf8
lacking both Fgf8 and Fgf3, although normal expression wamsiorpholino-injected zebrafish (Draper et al., 2001).
detected in the hypothalamus=@3/23; Fig. 3I-L). Taken To examine patterning of the posterior ventral thalamus, dIx2
together, our data suggest that these two factors perform baihd pax6.1were analysed. As in telencephalon, injection of
combinatorial and unigue functions in telencephalic patterning=gf3mo resulted in reduced expressiordbf2 in the ventral

) ) . thalamus at 24 hpf (n=6/9), and complete loss of expression by
Patterning of the diencephalon requires Fgf3 and 28 hpf (n=23/23), whereas Fgf8mo injection had no effect at
Fgf8 function either 24 hpf (n=11/11) or 28 hph£21/21; Fig. 3I-L,Q-T).
We examined the effects of Fgf3 and Fgf8 inhibition onpax6.1expression marks posterior ventral thalamus, dorsal
regional diencephalic development using markers of théalamus and pretectum at 28 hpf (Fig. 4M) (Puschel et al.,
hypothalamus ghh, nk2.1b (titflb- Zebrafish Information 1992; Nornes et al., 1998; Hauptmann et al., 20p2%6.1
Network), fgf3], ventral thalamus [nk2.1b, shh, twhh, dIx2transcripts were detected in the diencephalons of all embryos
pax6.1 (pax6a — Zebrafish Information Network)], dorsal at 28 hpf; however, the extent and pattern of expression was
thalamus (pax6.1), zona limitans intrathalamica (shh) and optaltered in embryos lacking either Fgf3, or both Fgf3 and Fgf8.

stalks (pax2.1; pax2a Zebrafish Information Network). In these embryos, ventral thalamic and dorsal thalamic
domains of expression were reduced, and there was no clear
Hypothalamus separation between them, which is suggestive of defects in the

shhis expressed in the hypothalamus, as well as in othétll (Fig. 4M-P). Overall, we found patterning defects in both
regions of the brain at 30 hpf (Fig. 4A) (Krauss et al., 1993the anterior and posterior ventral thalamus in embryos lacking
Mathieu et al., 2002). Expression was substantially reduced rgf3, with more severe defects in the anterior ventral thalamus
embryos injected with both Fgf8 and Fgf3 morpholinosin embryos lacking both Fgf8 and Fgf3.

(n=14/20), but not in embryos injected with either morpholino o ) )

alone (Fig. 4A-D). By contrast, hypothalamic fgf@ression Zona limitans intrathalamica

was unaffected in embryos injected with the Fgf8mo and/ofhe ZLI expresses shh, may pattern the adjacent ventral and
Fgf3mo (Fig. 3Q-T). nk2.1b, required for ventral forebraindorsal thalamus, and, in chick, has been identified as a lineage-
development in mice (Kimura et al., 1996), is expressed in thestricted compartment (Zeltser et al., 2001). Embryos injected
zebrafish hypothalamus, as well as in the anterior ventralith either Fgf3mo (n=14/16), or both Fgf3mo and Fgf8mo
thalamus and subpallial telencephalon at 30 hpf (Fig. 4EYn=20/20), had substantially reduced expressioshdf in the
Previous studies showed reduced expression in the forebraiBikl region at 30 hpf. In particular, expression was undetectable
of zebrafish embryos deficient &hh signalling (Rohr et al., in the dorsal ZLI (Fig. 4A-D,AD’).

2001). Unexpectedly, embryos co-injected with Fgf8mo and

Fgf3mo had normahk2.1bexpression in the hypothalamic Optic stalks

(and telencephalic) regions (Fig. 4H), despitelstihg greatly  The optic stalks are transitory structures through which retinal
reduced when both Fgf8 and Fgf3 were inhibited (Fig. 4D)axons extend to the diencephalpax2.lis expressed in the
These results suggest that residual Shh in embryos injectegtic stalks and is required for their development (Krauss et
with both morpholinos may have been sufficient to regulatal., 1991; Macdonald et al., 1997). At 18 hpf, two well-
nk2.1b, or that expression of the latter was dependent upseparated lateral domains of pax2.1 expression corresponding

earlier Shh signalling. to the optic stalks were present in embryos lacking either Fgf8
(n=13/13) or Fgf3 (n=15/15). By contrast, when both Fgfs were
Ventral thalamus depleted these expression domains were fused at the midline

The ventral thalamus is situated between the ventrdh=10/14), providing further evidence for a patterning defect
telencephalon and hypothalamus (Fig. 1A). nk2uas in the ventral thalamic midline and a potential problem with
expressed in the ventral thalamus in both control and Fgf8maeparation of the eye field (Fig. 4Q-T), although there was no
injected embryos at 30 hpf (Fig. 4E,F), but was reduced avidence of cyclopia.

absent in embryos lacking Fgf8=16/16), or both Fgf8 and In summary, diencephalic patterning defects were observed
Fgf3 (n=17/17), whereas other sites of expression were largeiy the ventral thalamus in the absence of Fgf3, and were more
unaffected (Fig. 4G,H). To further examine regionalisation okevere in the absence of both Fgf3 and Fgf8. Additional Fgf3-
the anterior ventral thalamus, we analysed embryos at 30 hgépendent defects were found in the ZLI, whehfr was

for the expression of tiggywinkle hedgehoghh), which is  reduced and adjacent thalamic pax@éoains merged.

normally expressed in the ventral midline of the developing o o _

neural tube, including that region of the ventral thalamug\xon tract formation in the forebrain is disrupted in

located between the optic stalks (Ekker et al., 1995). We fourimbryos lacking Fgf3 and Fgf8

that embryos co-injected with Fgf3mo and Fgf8mo lackedAt 16 hpf neurons appear as bilateral clusters within the
twhh expression in the ventral thalamus (n=22/23), whereaforebrain (Wilson et al., 1990; Ross et al., 1992). A pair of
expression in embryos injected with either Fgf8me20/20)  ventrorostral clusters, positioned ventral to the optic stalks
or Fgf3mo (n=22/23) was unaffected (Fig. 4I-L). Althoughwithin the diencephalon, extend axons towards the midline at
these results clearly demonstrated a requirement forfgfh 18 hpf to form the post-optic commissure (POC). Soon after,
and fgf3 for twhh expression in the ventral thalamus, theya pair of dorsorostral clusters within the telencephalon extend
differed from a previous study suggesting that los§@B  axons to form the anterior commissure (AC; Fig. 5A-C).
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Fig. 4. Diencephalic gene expression is altered in the absence of Fgf8 and Fgf3. Lateral views of embryos bisected along the AP axis and with
eyes removed (A-D,E-P), frontal (') or dorsal (Q-T) views. (A-D) shéxpression at 30 hpf. Embryos mounted to show internal surface of

the brain. shiis expressed in the ventral midline of the brain, anterior hypothalamus and ZLI in control embrgbé éAjpression is

unaffected in embryos injected with Fgf8mo (B), is slightly reduced after injection of Fgf3mo (C), but is reduced throughout the brain,
especially in the hypothalamus (arrow) and ZLI, when both Fgf3mo and Fgf8mo are injected-{D).A4 A-D, but frontal views with the

ZLI in focus. Arrows indicated the dorsal extensbhexpression. shbxpression in the ZLI extends into the dorsal diencephalon in control

(A") and Fgf8mo-injected (Bembryos. Dorsal shéxpression in the ZLI is severely reduced in embryos injected with either Fgf3nor(C

both Fgf8mo and Fgf3mo (P (E-H) nk2.1bkexpression at 30 hpf. nk2.kbexpressed in the subpallial telencephalon, anterior ventral thalamus
and hypothalamus in control embryos (E). Expression is unaffected in embryos injected with Fgf8mo (F). Ventral thalannn éxpress

reduced in embryos injected with Fgf3mo (arrowhead; G), and absent (arrowhead) in embryos injected with both Fgf8mo and Fgf3mo (H). (I-
L) twhhexpression at 30 hpf. twh& expressed in the anterior ventral thalamus (arrowhead) in control embryos and those injected with either
Fgf8mo (J) or Fgf3mo (K), but not in those co-injected with Fgf8mo and Fgf3mo (arrowhead; L) p@té?)expression at 28 hpf. In control
embryos pax6.is expressed in the telencephalon, posterior ventral thalamus and dorsal thalamus (M). Expression is unaltered following
injection with Fgf8mo (N). pax6.&xpression domains are smaller and merged following injection with either Fgf3mo (O), or both Fgf8mo and
Fgf3mo (P). (Q-T) pax2.é&xpression in developing optic stalks (and isthmic region) at 18 hpf. Two well-separated optic stalks are present in
control embryos (Q). A slight reduction rax2.1expression is detected in embryos injected with Fgf8mo (R), whereas expression is relatively
normal in embryos injected with Fgf3mo (S). Thex2.1lexpression domains are fused (arrowhead) in embryos injected with both Fgf8mo and
Fgf3mo (T). dt, dorsal thalamus; h, hypothalamus; os, optic stalk; vt, ventral thalamus; zli, zona limitans intrathalamica.
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Because morpholino injections affected forebrain midline genwhich the axons extend, or both. To investigate whether
expression patterns, we examined the formation of thes#orsorostral and ventrorostral cluster neurons differentiated
commissures. The AC and POC were visualised using atorrectly, we analysed Fgfmo-injected embryos for neuronal
acetylated B-tubulin antibody at 34 hpf, following Fgf gene expression during early and late stages of differentiation.
morpholino injection (Fig. 5D-F). The AC did not form zashlalasha— Zebrafish Information Network), a member
properly in embryos injected with Fgf8mo=g8/19), and axons of the achaete-scutdamily of transcription factors, is
with abnormal trajectories were observed in the space betweerpressed in the zebrafish ventral forebrain from 9 hpf, and by
the two commissures, which is normally devoid of axons, irl8 hpf it is expressed in dorsorostral and ventrorostral clusters,
agreement with previous results (Shanmugalingam et aland in presumptive epiphysizashlais proposed to have a
2000). The POC developed normally in the majority of thes@roneural function, and expression precedes neuronal
embryos (n=18/19; Fig. 5G-1). Commissure formation wadlifferentiation (Allende and Weinberg et al., 1994). We
more severely affected in embryos injected with Fgf3mo: botlexaminedzashlaexpression at 18 hpf when the first forebrain
the AC (n=14/16) and PO@£12/16) failed to form, and axons neurons differentiate. A minority of embryos injected with
projected abnormally. In less severely affected embryos, tHegf8mo had reduced expression in the dorsorostral and
AC and POC were situated abnormally close together at theentrorostral clusters, with increased expression of zashla
midline (Fig. 5J-L). Both commissures failed to form andpresumptive epiphysis n€5/13). Injection of Fgf3mo
axons projected abnormally after co-injection of Fgf3mo andn=13/13), or Fgf3mo and Fgf8mm=%15/15), resulted in a
Fgf8mo (n=9/12), and in the most severe cases no axons wam®re dramatic phenotype; dorsorostral and ventrorostral

observed in the midline (Fig. 5M-0O). cluster expression was severely reduced or absent, whereas
) ) ) o ) epiphysial expression was expanded in these embryos (Fig.

Fgf3 is required for differentiation of forebrain 6A-D). These results indicated a protential problem with

neurons neuronal specification in dorsorostral and ventrorostral clusters

Failure of commissure formation could occur as a result of am embryos lacking functional Fgfs, in particular in embryos
defect in the neurons themselves, or in the territory througlacking Fgf3.

A

Fig. 5.Lack of Fgf8 or Fgf3 results in

_ aberrant axon trajectory and failure of

vrc commissure formation in the forebrain.

(A-C) Diagrams depicting neuronal clusters
(light brown) and axon tracts (dark brown)
during zebrafish forebrain development [from
information and diagrams in Wilson et al. and
Ross et al. (Wilson et al., 1990; Ross et al.,
1992)]. Lateral (D,G,J,M) or frontal
(E,FH,I,K,L,N,O) views focussed on the
anterior and postoptic commissures following
immunocytochemistry at 34 hpf with
acetylated Bubulin antibodies. (D-F) Control
embryos showing anterior and postoptic
commissures. (G-1) Anterior commissure
formation is defective in embryos injected
with Fgf8mo. In some cases there is a
complete failure of anterior commissure
formation (H), and in other cases axons with
abnormal trajectories (arrowhead) extend
towards the midline (I). (J-L) Formation of
both commissures is defective in embryos
injected with Fgf3mo. In some cases, axons
extend across the midline (arrowhead),
partially forming commissures that are
positioned abnormally close together (L).
(M-O) There is a pronounced failure of
commissure formation in the absence of both
Fgf8 and Fgf3 (N). In severe cases, no axons
enter the midline (O). ac, anterior
commissure; drc, dorsorostral cluster; ep,
epiphysis; npc, nuclei of the posterior
commissure; poc, post-optic commissure;
vce, ventrocaudal cluster; vrc, ventrorostral
F8mo+F3mo Smo+F3mo +F! cluster.
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We also analysed the effects of inhibiting Fgf function oncorresponding to those observed with the Fgf morpholinos.
gene expression in differentiated neurons of the dorsorostrBimbryos were treated from 50% epiboly until 80% epiboly
and ventrorostral clusters at 30 hpf. Homeobox getesnd  [corresponding with fgéxpression in the shield (Walshe et al.,
lim1 are expressed by subsets of dorsorostral and ventrorost202), and prior to expression in the presumptive forebrain],
cluster cells, and by other neurons within the zebrafisfrom 80% epiboly until tailoud (when onfgf3is expressed in
forebrain (Korzh et al., 1993; Toyama and Dawid, 1997). Athe presumptive forebrain), continuously from 50% epiboly
30 hpf, dorsorostral and ventrorostral expressiomsiéfand  until tailoud, from tailoud until 8s (wherigf3 and fgf8
lim1 was unaffected in embryos lacking Fgf8 (isl1, n=20/20;expression overlaps in the telencephalon), or from 13s until 18s
liml, n=18/18), but was greatly reduced in embryos lackingqwhen distinct fgf3 and fgf8expression begins in the
either Fgf3 (isll, n=14/19jm1, n=14/19) or both Fgfsigll,  diencephalon). Sister embryos were taken from each batch and
n=18/20;lim1, n=17/21; Fig. 6E-L). These results suggest thatnalysed for ernexpression immediately following treatment.
Fgf3 is required for expression of both early and late neuronarm is a transcription factor downstream of MAPK that is
markers in the dorsorostral and ventrorostral clusters, and théépendent upon Fgf signalling for its transcription in the
abnormal neuronal specification may contribute to theebrafish embryo (Raible and Brand, 2001; Roehl and
commissural defects observed in embryos lacking functionadlliisslein-Volhard, 2001). In all casestm expression was

Fof3. eliminated from the forebrain (and other regions) of the

) . ) ] . embryo following SU5402 treatment, which indicated the
Forebrain patterning requires Fgf signalling at effective inhibition of Fgf receptor (Fgfr) signalling (Fig. 7A-
multiple developmental stages H; data not shown).

Morpholinos can interfere with gene function from the time of Expression of eorin the posterior telencephalon at 24 hpf
their injection. Therefore, to provide an indication of thewas reduced when either Fgf3 or Fgf8 activity was
temporal requirement for Fgf signals, and also an independecompromised (see Fig. 3A-D). Embryos treated with SU5402
assay of Fgf function, embryos were treated at different stages different stages were therefore analysed at 24 hpf to identify
with the FGFR inhibitor SU5402 (Mohammadi et al., 1997)when Fgfr signalling was required to establish norewi

and subsequently analysed for changes in gene expressiexpression. A small proportion of embryos treated between

Fig. 6. Expression of neuronal markers is altered in embryos lacking Fgf8 and Fgf3. Lateral views of whole-mounted embryos with anterior to
the left. (A-D) zashla&xpression at 18 hpf. In control embrypashlaexpression is detected in the dorsorostral cluster in the telencephalon

and in the ventrorostral cluster in the diencephalon, as well as in the presumptive epiphysis (A). Injection of Fgf8mo results in a slight reduction
of zashlaexpression in neurons of the ventral diencephalon. By contrast, expression within the presumptive epiphysis is expzrsthda (B).
expression is lost from dorsorostral and ventrorostral clusters, but is expanded in the presumptive epiphysis in embryos injected with either
Fgf3mo alone (C), or with Fgf8mo and Fgf3mo (D). (Ei$f) expression at 30 hpf. In control embryis$] is expressed in a subset of

neurons within dorsorostral and ventrorostral clusters (E). There is very little effect exps$sion following fgf8mo injection (Fxl1

expression is reduced in the dorsorostral and ventrorostral clusters in embryos injected with Fgf3mo (G), and reducesbiostraldduster

and virtually absent in the ventrorostral cluster in embryos injected with both Fgf8mo and Fgf3mo (HinlUdxpression at 30 hpf. lim&
expressed in a subset of neurons within the dorsorostral and ventrorostral clusters (I), and is unaffected following Fgf8mo injection (J).
Injection of Fgf3mo results in reducéiohl expression in many neuronal populations of the brain, including dorsorostral and ventrorostral
clusters (K), whereas limexpression is lacking in most neuronal populations, including the dorsorostral and ventrorostral clusters, following
injection with both Fgf8mo and Fgf3mo (L). d, diencephalon; drc, dorsorostral cluster; ep, presumptive epiphysis; tehaieleneap

ventrorostral cluster.
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50% and 80% epibolynE3/19), or between 80% and tailbud (Fig. 71-L; data not shown). These results imply that Fgf
stages (n=3/17), failed to express ewnthe telencephalon. signalling can regulate eoraxpression in the developing
The expression domain ebmin the remaining embryos was telencephalon throughout gastrulation and early somitogenesis.
expanded anteriorly. A higher proportion of embryos had nk2.lbexpression in the telencephalon was also examined
reduced or undetectable eoexpression at 24 hpf when in treated embryos. Whereas telencephalic nk&xfvession
treatment covered the entire gastrulation period (50% epibolyas not dependent upon Fgf3 or Fgf8 function (see Fig. 4E-
to tailbud stage; n=11/21), or early somitogenesi8(24), H), transcripts were absent in embryos treated with SU5402
whereas treatment at later stages failed to adf@riexpression between 80% and tailbudn£21/21), or tailbud and 8s

Cc

SuU5402

80% epiboly - tb erm erm

|
=

)

Fig. 7.FGF signalling is required for forebrain patterning during gastrulation and somitogenesis stages. Dorsal (A,D,E,H) or lateral (B,C,F,G,I-
T) views of whole-mounted control embryos (A-D,I,M,Q), or embryos treated with SU5402 (E-H,J-L,N-P,R-T) during the developmenta
periods indicated. (A-H) Sister embryos taken from each batch immediately following treatment with either DMSO (A-D) or SU5402 (E-H),
and analysed for expressionesm, an FGF-responsive gene, to test the effectiveness of inhibition. Foresbnaixpression is efficiently

blocked by SU5402 following treatment from 80% to tailbud stage (A,E), tailbud to 8s (B,F) and 13s to 18s (C,D,G,H). After treatment,
remaining embryos were allowed to develop to 24 hpf (I-L) or 30 hpf (M-T). Control embryos exprassieempallial telencephalon (1).

SU5402 treatment from 50% epiboly to tailbud stage elimiredasexpression (J), whereas treatment from 80% epiboly to tailbud results in
expansion of eoraxpression into the subpallial telencephalon (K; compare arrowheads in | and K). SU5402 treatment during somite stages
does not alter the eoexpression boundary (arrowhead; hi2.1b expression in the telencephalon and diencephalon at 30 hpf in a control
emrbyo (M). SU5402 treatment from 80% epiboly to tailbud stage (N), or from tailbud to 8s (O), completely blocks exprek2itbionfthe
telencephalon and reduces expression in the ventral thalamus, whereas hypothalamic expression is less affected. Trd&stent &om

results in reduced nk2.Hxpression in the telencephalon and ventral thalamus but does not affect hypothalamic expressioex@ession

in the forebrain at 30 hpf in a control embryo (Q). Althoigihexpression in the dorsal diencephalon is expanded, all other sites of expression
are reduced or eliminated following SU5402 treatment from 80% epiboly to tailbud (R), or tailbud to 8s (S). There is little effect on isl1
expression following treatment from 13s to 18s (T). fb, forebrain; hb, hindbrain.
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(n=30/30), and reduced following treatment between 13s ar p
18s (n=14/14; Fig. 7M-P). These results suggest that Fg
signalling is required continuously between 50% epiboly ani
18s for correct telencephalic patterning, and that inhibitior
results in either loss or alteration of gene expression domair
They also indicate that other activators of Fgfrs, in addition t , . . )
Fgf8 and Fgf3, regulate telencephalic patterning. dfg.ﬂ expression required for patterning events in the
Expression of nk2.1bin the ventral thalamus and UG dastiation SR = o
hypothalamus was also analysed in embryos treated wi veatekhaamugancl

SU5402. A proportion of embryos treated between 80% g
epiboly and tailbud failed to expres&2.1bin the ventral
thalamus and hypothalamus={/21), whereas remaining al

embryos retained some hypothalamic expression. Embryc
treated between tailbud and 8s (n=27/30), and between 13s ¢
18s (n=14/14), had reduced expression in the ventral thalam fgf3 and fgfg expression  required together for patterning events
and normal expression in the hypothalamus (Fig. 7M-P). Thesduring early somitogenesis in the subpallial telencephalon and
results supported those obtained using Fgf morpholinos, whic ventral thalamus
indicated the requirement for Fgf3 and Fgf8 signalling in therig. 8. Diagram depicting sites of fgéd fgféexpression relative to
ventral thalamus. In addition, the results suggest that Fgtheir proposed roles in forebrain patterning in the zebrafish embryo.
signalling, possibly involving other Fgfs, is required for (A) Inhibition of Fgf signalling by SU5402 treatment prior to the
hypothalamic development during gastrulation stages, but onset of fgf&xpression in the presumptive forebrain at tailbud stage
not required at later stages. results in forebrain patterning defects that correlate with those

To examine the requirement for Fgf signalling specificallyoPserved following injection of Fgf3mo. Based on these and other
within dorsorostral and ventrorostral clusters, SU5402-treate€Sults itis proposed thigf3 expression during gastrulationis
embryos were analysed for expressionisil at 30 hpf. required for subsequent correct regional specification of the pallial

; . telencephalon (tbrl), the subpallial telencephalon (dIx2), the ventral
Transcripts were absent or greatly reduced following treatmel 5 1amus (dix2) and the ZLI (shh), and for gene expression in

between 80% epiboly and tailouth=16/16), and between precyrsor and differentiated neurons throughout the forebrain
tailbud and 8s (n=22/22). Notably, expression in the epiphysizash1a, limiand isl1). (B) fgfaand fgfgexpression overlaps in the
was expanded in embryos treated at these stagHs. dorsal telencephalon during early somitogenesis, and these Fgfs are
expression was virtually normal in the dorsorostral anctproposed to have combined roles in patterning the subpallial
ventrorosral clusters of embryos treated between 13s and 1telencephalon (restriction of emespression) and the anterior
(n=26/26; Fig. 7Q-T). These data suggest that neurons withventral thalamus (positive regulation of twénd negative regulation

the dorsorostral and ventrorostral clusters depend upon Ff dpaxz.éexplres?i'c:)nf)é In addition, Fgf8 isfprcl)posedhtol_function .
. - : e “independently of Fgf3 in some aspects of telencephalic patterning
signalling prior to 8s for specification. Moreover, they are(e_g. repression of torand fgf3expression). h, hypothalamus; tel,

consistent with the data obtained using Fgf3 and I:gﬂtelencephalon; vt, ventral thalamus. Asterisks indicate the ZLI. In the

morpholinos, as both techniques resulted in reduséld  i5qrams, the early domain of Fgf3 expression is indicated in
expression in the dorsorostral and ventrorostral clusters, andtquuoise in A; the domain of Fgf3 and Fgf8 co-expression is

expanded epiphysial expression. indicated in dark blue in B. In both figures, forebrain regions with
defects are indicated in pink and yolk is depicted in yellow.

DISCUSSION
of some subpallial (anterior) markers and expansion of pallial

We investigated Fgf3 and Fgf8 function during zebrafisHposterior) markers when inhibited. Thisgma3Dand netl
forebrain development, and found that complex and dynamimtnl— Zebrafish Information Network) (Shanmugalingam et
spatiotemporal expression underlies requirements throughoat, 2000) are downregulated &te mutants, whereas emx1,
the forebrain. Following their inhibition, either singly or in tbrl andfgf3expand anteriorly (this study). Overall, these data
combination, defects in expression of genes associated witlie consistent with functions ascribed to Fgf8 in mouse
early patterning functions were observed in telencephalogmbryos. In addition, our results with SU5402 show that
hypothalamus, ventral thalamus, dorsal thalamus, ZLI andubpallial expression of nk2.lb also dependent upon Fgf
epiphysis (Fig. 8). Subsequent neuronal differentiation andignalling. This may be mediated in part by Fgf8, as others
axon pathfinding were also found to be abnormal. report slightly downregulated expression in #ee mutant

Studies of murine Fgf8 function indicated roles in forebrainand/or morpholino-injected embryos (Shanmugalingam et al.,
regionalisation (Shimamura and Rubenstein, 1997; Meyers 2000; Shinya et al., 2001); however, it was unaffected in our
al., 1998; Fukuchi-Shimogori and Grove, 2001). Howeverstudy.
although Fgf3 is also expressed dynamically in avian and In most respects, inhibition of Fgf8 with morpholinos in this
murine forebrains (Mahmood et al., 1995; Mahmood et alstudy reproduced effects on the forebrain that had been
1996), no forebrain defects have been describdegf8-null  previously reported by others (Shanmugalingam et al., 2000).
mice, although detailed analyses have not been reportétbtable exceptions were the failure of morpholinos to
(Mansour et al., 1993). downregulate the expression of transcripts for tamdhnk2.1b.

In the zebrafish telencephalon, Fgf8 appears to be primariglthough other explanations are possible, this may indicate
involved in establishing anteroposterior (AP) polarity, with lossncomplete inhibition of Fgf8 by the morpholino and raises the
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possibility of dose-dependent requirements for this ligand in Shhexpression is a characteristic of the ZLI, which develops
forebrain development. Unfortunately, this could not beas a compartment between dorsal and ventral thalami (Larsen
investigated further as higher concentrations of the morpholinet al., 2001). Because of its tightly regulated
proved to be lethal at gastrulation stages (.M., unpublished)}compartmentation, and expression of genes sushtesd the
We also find roles for Fgf signalling in posterior Wnt genes (Garda et al., 2002), the ZLI is postulated to be a
telencephalic development, with Fgf3 required for pallial tbrisignalling centre within the diencephalon. Our results show
anddIx2 expression, while Fgf3 and Fgf8 are required togethethat Fgf3 function is required for the expressiostdiin dorsal
for eomexpression. ZLI, and for the separation of adjacent ventral and dorsal
We and others have examined roles of Fgf signalling ithalamic pax6.1 expression domains. Taken together, these
telencephalic development using dominant-negative Fgfreesults suggest that ventral and dorsal ZLI formation may be
(dnFgfrs), Fgfr inhibitors or dominant-negative Ras isoformsdifferentially regulated, and that Fgf3 function is required for
an effector of Fgfr signalling (this study) (Shinya et al., 2001)dorsal ZLI formation. However, it seems unlikely that Fgf3
Inhibition of Ras activity results in a loss of telencephditi?  directly regulates dorsal ZLI formation as it is only detected in
and nk2.1b, and anterior expansion @x1, eomand tbrl the ventral diencephalon at relevant stages, instead factors
(Shinya et al., 2001). This is not entirely consistent with therucial for ZLI formation may depend upon earlier Fgf3
inhibition of Fgf3 and Fgf8, either singly or together: in thefunction for their expression or function.
absence of Fgf8, tbrand emxlexpand anteriorly, whereas  Bothfgf8andfgf3come to be expressed in the hypothalamus
eomis downregulated by both Fgf morpholinos. Although Ragduring somitogenesis. Howeveihh expression was reduced,
may function downstream of other receptors, anteriobut not abrogated, following injection with both Fgf8mo and
expansion of tbrivas also seen following ectopic expressionFgf3mo, and all other markers were unaffected, which
of dnFgfrliiic or dnFgfr4 (also a iiic isoform) (Shinya et al., suggested that fgéhd fgf3were not essential for most aspects
2001), which is consistent with a loss of Fgf8 function, but nobf hypothalamic development. This was supported by the Fgfr
a loss of Fgf3, or of both Fgf8 and Fgf3. This might reflect thénhibition studies.
specificity of Fgf3 for iiib Fgfr isoforms (Kiefer et al., 1996; The midline tissue of the ventral thalamus and subpallial
Ornitz et al., 1996); because dnFgfrs are thought to function @slencephalon provides an important conduit for axpas2.1
ligand-dependent inhibitors, it is possible that the iiic Fgfrtranscripts were upregulated in the ventral thalamic midline
isoforms would not have inhibited the Fgf3 signalling requirecbetween the optic stalks in the absence of Fgf8 and Fgf3, a
for telencephalic tbre&xpression. Thus, the complexity of Fgf3 phenotype also observed in embryos after elevation of Shh,
and Fgf8 functions in forebrain development may reflect notesulting in midline tissue with optic stalk morphology
only to their dynamic expression patterns, but also Fgfr ligan(Macdonald et al., 1995). Optic stgdax2.1expression begins
specificity and expression dynamics. All Fgfrs are expressed et 6-7s (MacDonald et al., 1997), whéyf3 and fgf8are
the developing zebrafish forebrain but data is unavailable f@xpressed in adjacent telencephalic tissue. Thus, Fgf3 and Fgf8
individual Fgfr isoforms, although we have reported iiib andmay serve to antagonise Shh, and to repress inappropriate
iiic isoforms during avian forebrain development (Thisse et al.pax2.1expression in midline tissue.
1995; Walshe and Mason, 2000; Sleptsova-Friedrich et al., We found that, in the absence of Fgf8, formation of the
2001; Tonou-Fujimori et al., 2002). anterior commissure was severely compromised, whereas
Surprisingly, we also found that loss of Fgf8 upregulatedormation of the post-optic commissure was less affected. This
telencephalicfgf3, whereas loss of Fgf3 did not affectis consistent with a role for Fgf8 in patterning midline tissue
expression, and loss of both Fgf3 and Fgf8 together resulted @fi the subpallial telencephalon through which the anterior
an absence of ectopic fgf3. These data suggest a complmmissure forms. Others also identified a requirement for
interplay of Fgf activities in regulating fgxpression. This Fgf8 in the formation of the anterior commissure, and proposed
appears to be a common theme in the developing brain as Fdftat this was probably because of defects in the midline tissue
and Fgf8 regulate the transcription of each other in theather than in the axons themselves (Shanmugalingam et al.,
hindbrain (Walshe et al., 2002), and Fgf8 regulates its owB000). In support of this, our analyses showed that lack of Fgf8
transcription in the forebrain (Shanmugalingam et al., 2000).had little effect on neuronal gene expression in either ventral
We found that Fgf3 and Fgf8 are required for the patterningr dorsal rostral clusters. Loss of Fgf3 affected both
of multiple diencephalic derivatives. In ventral thalamus, theeommissures, consistent with a role for Fgf3 in patterning both
most striking defects occurred in embryos lacking both Fgf&ubpallial telencephalon and ventral thalamus. However, a lack
and Fgf3. These embryos lacked transcriptsnfd.1b, twhh  of Fgf3 also resulted in reduction or loss of proneural gene
and dix2, and shhexpression was reduced, with midline expression and differentiation markers in dorsorostral and
expression of pax2.éxpanded. Althougshhexpression was ventrorostral clusters, but not in the loss of the clusters
greatly reduced, the presence of nk2.1b transcripts [Shthemselves, indicating that a problem with neuronal
dependent in the mouse (Shimamura and Rubenstein, 19%fjecification may have contributed to the commissural defects.
Ericson et al., 1995)] angax2.1[Shh-dependent in zebrafish Embryos deficient in both Fgf8 and Fgf3 exhibited more
(Macdonald et al., 1995)], indicated either that forebrain Shlextreme commissural phenotypes but showed similar effects on
function was not fully compromised or that Shh activity wasneuronal markers as Fgf3mo alone.
required at an earlier developmental stage. Our results alsoWhereas axons extended within the midline territory
confirm a previous study, which identified a role for Fgf8 infollowing inhibition of Fgf3, inhibition of both Fgf3 and Fgf8
patterning the ventral thalamic midline (Shanmugalingam efrequently resulted in a complete absence of axons from the
al., 2000), and extend those data to provide evidence that Fgfddline territory.
is also required to pattern that tissue. Dynamic spatial and temporal expressiorfgi8 and fgf8,
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coupled with both unique and combinatorial actions inGriffin, K. J., Amacher, S. L., Kimmel, C. B. and Kimelman, D. (1998).
forebrain development, suggested that Fgf signalling is Molecular identification of spadetail: regulation of zebrafish trunk and tail

; ; ; ; i« Mmesoderm formation by T-box gen&evelopmeni25, 3379-3388.
required during multiple stages of forebrain morphOgeneSI%rinblat, Y., Gamse, J., Patel, M. and Sive, H1998). Determination of the

Thi_S_W&S inVESti_gated by p_harmaCOIOgical inhibition of Fgfr zebrafish forebrain: induction and patterniDgvelopment 125, 4403-4416.
activity during different periods of development. Our resultsHauptmann, G., Soll, I. and Gerster, T(2002). The early zebrafish forebrain
confirmed a requirement for Fgfr activity in forebrain from at is subdivided into molecularly distinct transverse and longitudinal domains.

least the beginning of gastrulation until 18s. This contrasts with Brain Res. Bull. 57, 371-375.
. A . Lo . . Heisenberg, C.-P., Brand, M., Jiang, Y.-J., Warga, R. M., Beuchle, D., van
studies that indicate that Fgf patterning activities in hindbrain, co o ™3 "M, Furutani-Seiki, M. Granato, M. Haffter, P..

isthmus and otic induction only require signalling during & Hammerschmidt, M. et al. (1996). Genes involved in forebrain
brief, 2 hour period from late epiboly (Walshe et al., 2002; development in the zebrafishanio rerio. Developmerit23, 191-203.
Maroon et al., 2002). It should be noted that SU5402 alsfeisenberg, C.-P., Houart, C., Take-uchi, M., Rauch, G.-J,, Young, N.,

. ; outinho, P., Masai, I., Caneparo, L., Concha, M. L., Geisler, R. et al.
produced some additional effects on gene expression an 2001). A mutation in the Gsk3-binding domain of zebrafish

embryo morphology not observed when Fgf3 and Fgf8 were pjasterblind/Axini leads to a fate transformation of telencephalon and eyes
specifically inhibited. These are indicative of additional to diencephalonGenes Dewl5, 1427-1434.

functions of Fgf signalling in forebrain development, mostHOUfart, o Wes”terfield, M. %ndeilsor_\, ﬁ. W.(199§)-f/.\§ma" p?pulaﬁon

i i i of anterior cells patternst € Torebrain during zeoralls gastru Atadare
likely mediated by other Fgf ligands. 301, 788.792.
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