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Erratum

Engrailed and Fgf8 act synergistically to maintain the boundary between diencephalon and

mesencephalon
Scholpp, S., Lohs, C. and Brand, Dlevelopmenfi30, 4881-4893.

An error in this article was not corrected before going to press.

Throughout the papeefnadshould be read a@sphA4 as the authors are referring to the gene encoding the ephrin A4 rece
(EphA4) and not to that encoding its ligand ephrin A4.

We apologise to the authors and readers for this mistake.
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Summary

Specification of the forebrain, midbrain and hindbrain ~ However, a patch of midbrain tissue remains between the
primordia occurs during gastrulation in response to signals forebrain and the hindbrain primordia in such embryos.
that pattern the gastrula embryo. Following establishment This suggests that an additional factor maintains midbrain
of the primordia, each brain part is thought to develop cell fate. We find that Fgf8 is a candidate for this signal, as
largely independently from the others under the influence it is both necessary and sufficient to represpax6.1and
of local organizing centers like the midbrain-hindbrain  hence to shift the DMB anteriorly independently of the
boundary (MHB, or isthmic) organizer. Mechanisms that  expression status ofeng2eng3 By examining small cell
maintain the integrity of brain subdivisions at later stages clones that are unable to receive an Fgf signal, we show that
are not yet known. To examine such mechanisms in the cells in the presumptive midbrain neural plate require an
anterior neural tube, we have studied the establishment Fgf signal to keep them from following a forebrain fate.
and maintenance of the diencephalic-mesencephalic Combined loss of both Eng2/Eng3 and Fgf8 leads to
boundary (DMB). We show that maintenance of the DMB  complete loss of midbrain identity, resulting in fusion of the
requires both the presence of a specified midbrain and a forebrain and the hindbrain primordia. Thus, Eng2/Eng3
functional MHB organizer. Expression of pax6.1, a key and Fgf8 are necessary to maintain midbrain identity in the
regulator of forebrain development, is posteriorly neural plate and thereby position the DMB. This provides
suppressed by the Engrailed proteins, Eng2 and Eng3. an example of a mechanism needed to maintain the
Mis-expression of eng3 in the forebrain primordium subdivision of the anterior neural plate into forebrain and
causes downregulation ofpax6.l, and forebrain cells  midbrain.

correspondingly change their fate and acquire midbrain

identity. Conversely, in embryos lacking botheng2 and  Key words: CNS, Engrailed, FgfBorebrain, Midbrain, Isthmus,
eng3 the DMB shifts caudally into the midbrain territory. Zebrafish Danio rerio

Introduction and the midbrain expands forward into the tip of the neural

Pattern formation in the CNS primordium at the neural platdibe. Following this initial patterning step, further mechanisms
stage is controlled by distinct mechanisms along the anteriof?Ust exist that maintain and refine regional identity in the
posterior (AP), left-right and dorsal-ventral axes (reviewed by'eural tube. Organizing centers are probably crucial for
Lumsden and Krumlauf, 1996; Rubenstein et al., 1998; Wilsoft@intenance processes, e.g. the organizers located at the
et al., 2002). Studies in amphibia have suggested an ‘activatiéﬂ'dbraln-hl'ndbraln boundary (MHB) and at the anterior neural
and transformation’ model of AP patterning, whereby earlyoorder (reviewed by Rhinn and Brand, 2001; Wurst and Bally-
neural tissue is initially anterior in character and later orfcuif, 2001; Wilson et al., 2002). _ _

becomes transformed into more posterior character by signalsThe paired-domain proteins Pax6 in the diencephalon and
originating from more caudal regions of the embryoPax2/5/8 in the midbrain and MHB organizer serve an
(Nieuwkoop and Nigtevecht, 1954) (see also Foley et alimportant function during the maintenance phase and subdivide
2000). Among the postulated posteriorizing signals aréhe anterior neural plate into forebrain, midbrain and hindbrain
Fgfs, retinoic acid, Nodals and Wnt proteins (Wilson anddomains [Pax6 (Walther and Gruss, 1991; Stoykova et al., 1996;
Rubenstein, 2000; Wilson et al., 2002). Wnt proteins are likelysrindley et al., 1997) and Pax2/5/8 (Urbanek et al., 1994; Favor
to be one of the earliest patterning signals acting in the formingt al., 1996; Schwarz et al., 1997; Schwarz et al., 1999; Lun and
neural primordium. The zebrafish mutahtadlesghdl) and  Brand, 1998; Pfeffer et al., 1998; Scholpp and Brand, 2003)].
masterblind(mbl) carry mutations in the genes encoding thelLoss-of Pax6 function in mice and in chicken cause a fate
components of the Wnt pathwagf3 and axin, respectively, change of the caudal diencephalon into mesencephalic tissue
and exhibit severe anterior patterning defects (Heisenberg €$toykova et al., 1996; Matsunaga et al., 2000). Conversely,
al., 1996; Kim et al., 2000; Heisenberg et al., 2001). In thesectopic Pax6 expression in the chick midbrain causes a
embryos, the forebrain and the eye anlage are reduced or absgmivnregulation ofPax2 and Engrailed gene expression and
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posterior enlargement of the diencephalon (Matsunaga et atycle (Brand and Granato, 2002). Embryos were staged according to
2000). Similarly, posterior forebrain expression Bax6  Kimmel etal. (Kimmel etal., 1995) or in hours post-fertilization (hpf)
expands into the presumptive midbraifPax2andPax5double ~ at 28°C for 24-hour-old or older embryos. To prevent pigment
deficient mutant micePax2/9 (Schwarz et al., 1999) pax2.1 ~ formation, some embryos were raised in 0.2 mM 1-phenyl-2-thiourea

: ; ; PTU, Sigma). The data we present in this study were obtained from
mutantzebrafish (Scholpp and Brand, 2003) with concomitant alysis of TL wild-type fish and of homozygome isthmu2%a

enlargement of the posterior commissure as the anatomic - e i
landmark of the diencephalic-mesencephalic boundary (DMB bryos, ho-embryos” in the following (Brand et al., 1996).

(Macdonald et al., 1994; Mastick et al., 1997). These@njections
experiments show that Pax6 plays an essential role ifor preparation of MRNA the complete ORFéog3was amplified.
determining forebrain fate, whereas Pax2/5/8 is essential fahe following primer were used: forward-5TC CCG TTC GTT
development of the midbrain and MHB territory. TCT TTT TG-3; and reverse,'5STCT TTG GAC TTC AGC ATG

In addition to Pax genes, the Engrailed homeodomaifA-3'. We subcloned the cDNA into the vector pCS2+ (Rupp et al.,
transcription factors are necessary to maintain midbrain fate #994) and used the SP6 message machine kit (Ambion) for
chicken, mice and zebrafish (Wurst et al., 1994; Araki and@nscription. The amount of injected mRNA was estimated from
Nakamura, 1999; Scholpp and Brand, 2001). Mis-expressiotll?e concentration and vqu_me of a sphere of mRNA |nJ_ected into oil
of Enlin the antérior neural tube repres&e6 expression, at the same pressure settings. mRNA was dissolved in 0.25 M KCI

T ) . with 0.2% of Phenol Red and back-loaded into borosilicate
resulting in a rostral shift of the DMB (Araki and I\I"’lkamur"’l'capillaries prepared on a Sutter puller. During injection, mMRNA was

1999). Similarly, mis-expression of the Meda&@j2gene can  geposited into the cytoplasm of one- to two-cell stage embryos.
repress forebrain fate, including optic vesicle formationTypically, 500 pgeng3RNA was injected. The embryos were fixed
(Ristoratore et al., 1999). The phenotyp&of knockout mice  at appropriate stages prior to in situ hybridization and antibody
demonstrates its importance for proper development of thstaining.

mesencephalon (Wurst et al., 1994; Liu and Joyner, 2001). For transient knock-down of gene expression, Morpholino-
Zebrafish eng2 and eng3 (eng2a and eng2b — Zebrafish ~ antisense oligomers (Morpholinos; MO; by GeneTools) were prepared
Information Network) are the functional orthologues of thetargetingeng2andeng3(Scholpp and Brand, 2001yf3 (Raible and
murineEnlgene and are expressed in similar spatial domain?ra”d' 2001)fgf4 andfgf8 (Arakuoand Brand, 2001) by dissolving in
during late stages of gastrulation and early :~:omitogenesl§m'VI HEPES-buffer with 0.2% Phenol Red. Morpholinos were

ected into the yolk cell close to the blastomeres between the one-
(Force etal., 1999). A knock-down of these genes causes a | eight-cell stages at a concentration of 4 ng/nl. For a control,

of pax2.1 expression and severe defects in midbrainangomized mis-priming morpholinos (con-MO) were used, which
development, similar to those observed in mice (Scholpp anghowed no effect on embryos injected at 15 ng/nl but cause unspecific
Brand, 2001). Furthermore, Pax2/5deficient mice and fish, effects at a concentration of 30 ng/nl. Morpholino-injected embryos

Engrailed expression is strongly reduced or eliminated (Fav@morphants) were fixed at given stages prior to in situ hybridization

etal., 1996; Lun and Brand, 1998; Pfeffer et al., 1998; Schwarr antibody staining.
et al., 1999). Sequences were as follows:

Little is known about intercellular signals regulating the €n92MO, S-CGC TCT GCT CAT TCT CAT CCA TGC T3

formation of the DMB. In addition to Pax6 and En, the secreted fer}g_?"wMoo’;'éiTé_IfAAg EAA‘J’I’I gié Li%fﬁr?’i? ﬁ"g?,.
factor Fgf8 is involved during establishment and maintenance of fgf34b ’-mi-smatch ECAC TAA CAA GAA GAC CAC AAT- TAT
the anterior CNSEgf8 knockout studies in mice and zebrafish A_Sq; P ‘
showed that Fgf8 is essential to maintain the MHB, to induce {4t v0, 5-GCC GAC TGG ACA CTC ATC CTT CTA A3
the cerebellum and to pattern the midbrain (Crossley et al., 1996;fgf8- MO, 5-GAG TCT CAT GTT TAT AGC CTC AGT A-3 and
Brand et al., 1996; Reifers et al., 1998; Picker et al., 1999; Chi con-MO, 8-CCT CTT ACC TCA GTT ACA ATT TAT A-3.

et al., 2003). These observations raised the possibility that ) _

Engrailed expression is maintained in the midbrain through Fdphibition of Fgf signalling

signaling, but so far evidence for direct action by Fgf is lacking\t 90% epiboly, an inhibitor of Fgf signalling, SU5402 (Calbiochem)
(Reifers et al., 1998; Liu and Joyner, 2001). was added to the medium at a concentration pM8as described

Although the mechanisms involved in establishing APprevioust(Reifersetal.,2000). Embryos were incubated for different

patterning in the anterior neural tube are well studied, it is uncledf Periods and fixed directly after treatment.

how the AP subdivisions are maintained, and how this relates {gplantation of FGF soaked beads

organizer function in the anterior neural plate. We study th@eparin-coated acrylic beads (Sigma) were prepared as described
formation and maintenance of the zebrafish diencephaligyeviously (Reifers et al., 2000). The beads were implanted
mesencephalic boundary to understand such maintenangsilaterally into the region of the presumptive anterior midbrain of
mechanisms. Based on expression studies and functional analysikl-type andno isthmusnutant embryos at the 10 somite stage (10
during DMB formation, we find thatng2andeng3genes play ss). Embryos were incubated for 2 hours at 28°C and fixed at the 15
a crucial role in maintenance of the DMB. In addition, wess for further examination.

find that Fgf signalling molecules, in particular Fgf8, act
synergistically witreng2andeng3as non-autonomous signals to
maintain midbrain identity and hence position the DMB.

Transplantation

Embryos were injected with 400 pg mRNA of a truncated FGF
receptor (XFD) as described previously (Launay et al., 1996).
Rhodamine-dextran (Mini Ruby, Molecular Probes) was co-injected

Materials and methods for tracing cells after injection. At shield stage, cells from the region
i ) of the presumptive midbrain region were taken from a donor embryo
Maintenance of fish and implanted into a non-labeled host embryo. At 10 ss, embryos were

Breeding fish were maintained at 28°C on a 14 hour light/10 hour daffikked prior to in situ hybridization and antibody staining.
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Labeling of cell clones via laser-based activation of caged Gene expression at the diencephalic-mesencephalic
fluorescein boundary

Non-fluorescent, photoactivatable (caged) fluorescein as a cell tracéo determine when the DMB is first established, we examined
for fate mapping in the zebrafish embryo was described by Kozlowslkhe expression gfax6.], pax2.] fgf8 andeng2at earlier stages

et al. (Kozlowski et al., 1997). We used a UV laser (Phototronigf development. Expression péx6.1starts within the anterior
Instruments) to uncage .the dye more locally. A solution of 5% anionigearal plate at the end of gastrulation, at 90% epiboly, in close
DMNB-caged fluorescein (2 nl) (Molecular Probes, D-3310), 0.25 roximity to, but already separate fropax2.1lexpression at

KCI, 0.25% Phenol Red and 40 mM HEPES-NaOH (pH 7.5) wa : 0 . : .
injected in embryos at the one-cell stage and for development tl Qe MHB (Fig. 1D). At 100% epibolpax6.1is expressed in

embryos were kept in a dark humid chamber at 28°C. At the 6 s \{VO al_mos@ triangular pat_ch_es anterior J.[O mle_leIZ.lexpressmn
embryos were oriented in a viewing chamber dorsal up and a las@Pmain (Fig. 1E). The midline expression is not yet detectable
with 365 nm focused through aX@vater-immersion objective was at this stage. At the end of epiboly, the two lateral expression
used to activate the dye 2-4 seconds/cell in the presumptive anterid@mains ofpax6.1in the forebrain fuse at the most rostral part
midbrain area. The embryos were fixed at 26 hpf prior to in sit@at the midline. In the more caudal part, midline expression is
hybridization. still not detectable, leading to a horseshoe-like pattern. This
pattern is known for many genes expressed in the anterior
forebrain, for example foemxl (Shanmugalingam et al.,
9000). The posterior parts of the bilatgrak6.1domains fuse
d’;\long the midline at tailbud stage (Fig. 1F). Anterigox6.1
weakly expressed, whereas expression in the posterior

In vivo imaging of the development of the DMB

At shield stage, dechorionated wild-type host embryos containin
transplanted donor cells (see above) were stained with pbh®0

Bodipy-FL-ceramide C5 (Molecular Probes) in Ringer medium for 3
minutes. At 26 hpf embryos were scanned by confocal microsco

and fixed prior to in situ hybridization and antibody staining. orebrain is comparatively strong, indicating a graded
expression (Fig. 1C) (Grindley et al., 1997). At tailbud stage,
Whole-mount in situ hybridization expression gpax6.1starts in the presumptive hindbrain region,

Whole-mount mRNA in situ hybridization were carried out asspecifically in two stripes adjacent to the midline, which will
described by Reifers et al. (Reifers et al., 1998). Digoxygenin- anthter be located in the basal plate (data not shown). At 24 hpf,
fluorescein-labeled probes were prepared from linearized templat@ge anterior expression domain dix6.1is restricted to the
using an RNA labelling and detection kit (Roche). Stained embryoﬁiencephalon (Fig. 11) (Macdonald et al., 1994). Tha6.1
were dissected and mounted in glycerol. Embryos were photographd 5 e of the earliest markers of the presumptive forebrain and

on a Zeiss Axioskop and assembled using Adobe Photosho . .
Expression patterns have been described previoefig4 (Xu and fts posterior expression boundary marks the DMB.

Brulet, 1984)gbx1(Rhinn et al., 2003pax6.1(original clone cZK3) . The earlypax2.lexpression marks the future midbrain and
(Krauss et al., 1991b; Krauss et al., 199¢ag2andeng3(Ekker et  iSthmus (Krauss et al., 1991a; Lun and Brand, 1998). The
al., 1992)0tx2 (Mori et al., 1994)pax2.2(Pfeffer et al., 1998), and €Xpression opax2.1starts in two wings at midgastrula stage,

isl1 (Okamoto et al., 2000). 80% of epiboly, which fuse into one band at the tailbud stage
_ o (Fig. 1F) (Lun and Brand, 1998). Surprisingly, double in situ
Antibody staining hybridization experiments withax6.1andpax2.1lrevealed a

We visualized the Engrailed proteins with a monoclonal antibody 4D9ap between these two expression domains (Fig. 1D-1); that is
Eﬁaﬁ' et a'dr ﬁ?ﬁgl)ggi')”gAthe pmtfco'ldes?gbgd by Holder anld Hée—S cells wide on cross-sections at tailbud stage (11 sections
older and Hill, - A monoclonal antibody against acetylatedy, g mined, Fig. 1G). At mid-somitogenesis stage (6 ss) the gap
tubulin (Sigma, T-6793) was used at 1:20 dilution to reveal neuron ! ) ' . .
that have started axogenesis (Wilson et al., 1990). B_etwee_rpaxz.lanqlpax6.1W|de_ns, partl_cu_larly on the dorsal
side (Fig. 1H). With progressive restriction @éx2.1to the
isthmic zone, the midbrain emerges free of expression of either

Results pax6.1lor pax2.1 At 24 hpf, expression qfax2.1is restricted
o _ ) to the area of the isthmus proper (Fig. 11).
Morphology of the forebrain-midbrain territory In contrast topax2.1 mapping of the expression p&x6.1

Development of the DMB can be visualized using confocatelative to the Engrailed genes does not reveal a gap (Fig. 1J-
microscopy of living embryos stained with the lipophilic dye M). Expression okeng2starts at 90% of epiboly, at the same
Bodipy-FL-ceramide C5 which detects plasma membranegosition as thepax2.1 expression domain (Fig. 1J) and
and extracellular spaces (Fig. 1A,B). At 26 hpf an indentatiogenerally follows the pattern opax2.1 However, eng2

of the neuroepithelium is visible at the diencephalic-expression is detectable more anteriorly ghax2.lexpression
mesencephalic boundary (DMB) that corresponds to that 100% of epiboly (Fig. 1J). From this stage onwards, the
position of the posterior commissure (Fig. 1B), which servegposterior boundary gfax6.1land the anterior boundary efig2

as an anatomical landmark of the DMB (Macdonald et al.are immediately adjacent to each other (Fig. 1K,L), with a
1994; Mastick et al., 1997). Forebrain neuroepithelial cellslight overlap in one or two cell rowsng3expression starts
stretch from the basal to the ventricular side (Fig. 1B, labeledround tailbud stage as a transverse band in the forming
cell), and round up during division at the ventricular surfacemidbrain. Neithereng2 nor eng3is detectable elsewhere in
Through strong proliferation, cells of the midbrain tectumthe presumptive forebrain. At 24 hpf, all Engrailed genes,
form a broadened neural tube. In situ hybridization analysisicluding engl(engla— Zebrafish Information Network) and
with pax6.1of the same embryo reveals that the posterioeng4 (englb— Zebrafish Information Network) are strongly
expression boundary and the position of the PC both lie at thexpressed at the isthmus, and anterior and posterior to the
DMB, as shown previously in fish and chicken (Macdonaldpax2.1expression domain in the midbrain (Fig. 1N). Thus, in
et al., 1994; Matsunaga et al., 2000; Scholpp and Brandpntrast topax2.1 theeng2andeng3genes are expressed in
2003). the future midbrain territory and are posteriorly adjacent to
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Fig. 1. Anteroposterior patterning in the early neural tube.
Morphological analysis and whole-mount double in situ
hybridization of wild-type embryos with indicated markers and
stages. (A-C) The transition between forebrain and midbrain is
marked by altered morphology, the postepak6.1gene expression
boundary and location of the posterior commissure (PC).

(A-C) Morphology of the diencephalic-mesencephalic boundary
(DMB): confocal microscopy of a living Bodipy-FL-ceramide C5
stained embryo at 26 hpf (B); (A) scanning plane. The white arrow
indicates the position of the biotinylated rhodamine-dextran labeled
cell and white circles indicate the position of the PC as a
morphological landmark of the DMB. (C) The same embryo after in
situ hybridization with gax6.1probe and antibody staining against
biotin to visualize the position of the labeled cell (red arrow).

(D-R) Analysis of expression patterns at the territory of the DMB:
expression pattern gax6.landpax2.1. pax6.1s first detectable at
90% of epiboly in a ‘salt and pepper’ distribution (D; black arrows).
A horseshoe-like pattern is visible at 100% (E). (G) Cross-section of
the embryo in F visualizes the gap betwpar6.landpax2.1at

tailbud stage (arrowheads). (H,l) Pattern of gap at 6 ss and 24 hpf.
(J-N) Expression pattern pax6.1andeng2 From the onset (J) until
midsomitogenesis (M) there is no gap between the expression
domains ofpax6.1landeng2 At 24 hpf (N), the expression efhg?2is
much broader on the MHB compared wiidx2.1(l) and fades out

into the midbrain. (O-R) Expression patterrpak6.1andfgf8. fgf8

is first expressed in a wide band spreading from the MHB
primordium over to the anterior hindbrain (O). At tailbud stage the
expression is confined to the MHB territory and the presumptive
rhombomere 4 (P). In the early phase of neural patterning, ~10 cell
wide gap is shown between the expression domains (O,P). At 6 ss the
gap increases in size to 20 cells (Q). At 24hpf, the expressigfBof

is refined to the posterior part of the MHB (R). Arrowheads
demarcate the gap between the expression domagax6fland the
indicated marker (D-R). Asterisks mark th&x6.1free territory
(E,J,0). dd, dorsal diencephalon; eye, eye anlage; fb, forebrain;
fec, facial ectoderm; DMB, diencephalic-mesencephalic boundary;
mb, midbrain; MHB, midbrain-hindbrain boundary; ost, optic stalk;
PC, posterior commissures, somites per stage; tb, tailbud stage;
tec, tectum opticum. Percentage specifications are percent of epiboly
indicated in the figures.

suggests thatng2/eng3but notpax2.] might interact with

the pax6.1 domain starting at late gastrulation until mid- pax6.1 during formation of the DMB. To investigate this
somitogenesis stages (Fig. 1M). This close proximity ofurther, we mis-expresseceng3mRNA unilaterally by
Engrailed gene angax6.1expression suggests a regulativeinjecting into one blastomere at the two blastomere stage.

interaction during formation of the DMB.

We find thateng3 mis-expression causes a repression of

At the onset opax6.lexpressionfgf8is expressed in a more pax6.1lin the anterior part of the embryo from the onset of its

posterior and wider stripe thgrex2.1(Fig. 10). Thefgf8-

expression, whereas hindbrain expression is unaffected (Fig.

expressing region covers the prospective MHB and continué®A,B). Otx2, another gene expressed in the prosencephalon
into the fourth rhombomere, but leave the midbrainand midbrain, is not affected, indicating that change of cell fate
primordium free (Reifers et al., 1998). At tailbud stage, a gafrom forebrain/midbrain to hindbrain fate does not occur (Fig.

of ~15 cell rows is visible between the posterior limipak6.1

2A,B). In a later phase at 26 hphig3mis-expression leads to

expression and the anterior limit &§f8 expression. The an alteration in gene expression and structure of the DMB,
distance between these two expression domains remaiasualized by repression gbax6.1 and efnad (previously
similar until mid-somitogenesis (Fig. 1P,Q). After this period,known asephA4, a further marker gene respecting the DMB
the distance increases owing to the strongly proliferatingMacdonald et al., 1994). In addition absence of the posterior

midbrain primordium between thpax6.k and the fgf8-

positive domains (Fig. 1R).

Engrailed-dependent repression of  pax6.1 during
formation of the diencephalic-mesencephalic
boundary

commissure is observed on the injected side (Fig. 2D; white
arrowheads). We also found thzdx6.1dependent structures
such as the eyes (Bally-Cuif and Wassef, 1994; Halder et al.,
1995) were reduced or absentimy3mis-expressing embryos
(Fig. 2C,D,M) (Ristoratore et al., 1999). The injection of
different amounts oéng3mRNA led to a repression pax6.1

Our gene expression study pé&x6.1and Engrailed genes in a dose-dependent manner specifically in the anterior part of
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Fig. 2. Mis-expression oéng3results in +ena3
an anterior shift of the position of the A DmB 9 B

DMB. Mis-expression of 500 pgng3
mMRNA in one cell at the two blastome!
stage (A-D). The broken line indicates
the midline; the upper side is the conti
side (con) and the lower side is the
injected side (inj). At 1 spax6.1
expression is strongly diminished in th
injected side (black arrowheads). The
expression obtx2is not altered. To
localize the experimental sidacZ
mMRNA was co-injected and detected v
a secondary, FITC-coupled antibody (
At 26hpf,efnadis suppressed at the

pax6/otx2  1ss

injected side (C). The mis-expression con | DMB
eng3results in an altered formation +en93 K DME L
(n=36, out of 84) or in a loss of the mb

posterior commissure£23, out of 84;

D, white arrowheads). To follow the fa
of small cell clones ieng3mRNA- 26h an6 26h paxé 26h
injected embryos, caged fluorescein w 4_!_

co-injected witHacZ-mRNA in control o 1588 oo 600pg

embryos or together withtng3mRNA

(E-J). For this experiment, a microscope was used that was provided with an nitrogen laser unit (E) and a grid (rastensizerd shield

stage, the embryos were orientated dorsal side up with the shield to the left. The fluorescein dye was uncaged with g3&&enigathe
position of the gridx-axis, —4;y-axis, —3 (F). A picture of a living embryo at shield stage was superimposed on a dark field picture to visualize
the clone, and a grid was overlaid. ‘sh’ marks the position of the shield. At 15 ss, the cell clones are visible in theteypasterior

diencephalon visualized by a superimposed pseudo lateral picture of the same living wild-type embryo with a darkfield-‘upiciscenc

(G). In situ hybridization fopax6.lexpression on the same embryo shows that the clone is locategpaxéhgpositive domain (encircled by

red dots, H). Small cell clones that were uncaged in embryos injected with 88g3mRNA are located in thpax6.Xnegative region,

suggesting a transformation of cell identity (1,J). (K-M) Injection of different amour@sgmRNA (300 pg and 600 pg, indicated by the red
triangle below) show concentration-dependent reductigrax®.lexpression and of the size of the eye anlage (arrowheads). After the injection
of 600 pgeng3mRNA, the forebrain expression péx6.1is completely abolished and the eye anlage was not detectable (M). DMB,
diencephalic-mesencephalic boundary; eye, eye anlage; hb, hindbrain; mb, midbrain; PC, posterior commissure; sh, shield.

the embryo (Fig. 2K-M). At the highest injected amountthe posterior diencephalon, as markedplayx6.1expression
of mRNA (600 pg), development of the presumptive(Fig. 21,J;n=7). In addition, we do not observe an increase of
diencephalons was completely blocked, as seen by total lossa#ll death in the labeled clones by Acridine Orange staining.
the pax6.1expression (Fig. 2M). The same amountiaafZ-  We therefore conclude that in thag3injected embryos cells
MRNA has no effect (not shown). located in the position of the presumptive diencephalic neural
The absence of the diencephalon and the suppression of thiate, including the eye anlage, become transformed into a
formation of the eye could either be the result of cell death anidbrain fate. These results show thetg3is capable of
of transformation of forebrain into midbrain tissue or arepressing forebrain identity in the cephalic neural plate.
combination of both. We therefore examined small cell clones
in the territory of the presumptive forebrain neural plate ofnactivation of Engrailed gene expression causes
eng3misexpressing and of control embryos, and mapped therebrain expansion
location of the clones relative to marker gene expression at I® determine whether Engrailed genes are also required to
ss. For this, we adopted a recently described labeling techniqaeppress forebrain identity in the cephalic neural plate, we
(Kozlowski et al., 1997). Embryos were injected at the one-cekbxamined the development of embryos deficient dng2
stage with a caged-fluorescent dye. At the appropriate stageaad eng3 To inactivate the Engrailed genes, we injected
nitrogen laser emitting a wavelength of 365 nm was used tmorpholino antisense oligomers (Nasevicius and Ekker, 2000)
uncage the dye in a small group of cells (Fig. 2E). At shieldo prevent translation of the early expressed geng®and
stage, we activated the dye in both control embryos and ieng3(Scholpp and Brand, 2001). We compared the phenotype
embryos co-injected with 500 pegng3mRNA at a position of morpholino-injected embryos teo isthmus(noi) mutant
which gives rise to the diencephalon or its derivativeembryos that lack functional Pax2.1 protein. Inrtbemutant
according to the fate map of Woo and Fraser (Woo and Frasembryos, thepax5 transcripts are not detectable (Lun and
1998) (Fig. 2F). In control embryos, we found that all of theBrand, 1998).
labeled cells were located in either the eye anlage or the With regard to development of the DMB, the repression of
diencephalon, and all labeled cells exprespa#6.l (Fig.  eithereng2or eng3did not lead to a phenotype different from
2G,H; n=9). By contrast, in theng3injected embryos, the the control embryos (Scholpp and Brand, 2001). In contrast to
majority of labeled cells were located in the presumptivehis, double knock-down of botbhg2and eng3 caused the
midbrain territory, and only a few labeled cells were located ixpression of the diencephalic marker ggrees.landephA4
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A DMB2 con B +MO-e2/3 C noi

pax6/pax5s 15ss

Fig. 3. The DMB shifts posteriorly in embryos deficient for D DMB* con E O-e2/3 F . nof
eng2/eng3The forebrain expression domainpaix6.lexpands é « ‘ ?‘
posteriorly in embryos deficient feng2/engat 15 ss (A,B). :
noi mutants are recognized by the absengea@bexpression : ’ -

(C). The normal AP extent of the forebrain is marked by a whit
arrow from the anterior tip of the telencephalon to the posterio?ph'q‘”paxs 1588

border of the forebrain; this arrow is of the same length in G B con H
A,B,D,E. The red arrow indicates the expansiopa6.1 i |
expression observed in embryos lackamgy2/eng3r noi "< 4 "'m
function. A comparable phenotype is observed imtsienutant i v
embryos (C,F). Diencephalic expressiorefifadis similarly =

expanded ireng2/eng3norphant embryos (D,E) amebi mutant paxalHY L
embryos (F). Proliferation of forebrain cells is unaffected, as J +‘MQ-e2f3

visualized bya-Phosphohistone 3 antibody and in situ
hybridization withpax6.1probe of wild-type ané&ng2/eng3
morphant embryos at the indicated stages (G-L). The expanded
pax6.1territory is marked by red arrows. (M,N) émg2/eng3 pax6/0—H3 7ss 15ss
morphants Engrailed protein is not detectable byithe

Engrailed antibody 4D9. (O,P) The expansion is paralleled by M " £ N +MO-e2/3
posterior shift of the posterior commissure (arrowheads) at 32

hours, stained with antibodies against acetylated tubulin.

Asterisks mark the epiphysis. DMB, diencephalic-

mesencephalic boundary; fb, forebrain; hb, hindbrain. o—eng 15ss

to expand posteriorly, first detectable at the 7 ss and becoma&sppress posterior diencephalic fates, assumed to be due to its
more prominent at later stages such as the 15 ss (Figthmus-inducing ability (Sato et al., 2001). &ce mutant
3A,B,D,E). This expansion correlates with a caudal shift oembryos with a non-functional Fgf8 protein or in M8
some branches of the posterior commissure into thimjected embryos, thepax6.1 expression domain in the
presumptive midbrain territory at 32 hpf (Fig. 30,pax5 forebrain expands slightly into midbrain territory (Fig. 6J).
expression is not detectable in the M@g2and MOeng3 This raised the possibility that midbrain induction (via
injected embryos (Fig. 31,J). The observed phenotypéduction of Engrailed genes) and forebrain suppression might
resembles that of theax2.1mutantnoi (Fig. 3C,F) (Scholpp be two separate events. We therefore examined the effect of
and Brand, 2001). The lack of a functiopak2.1protein leads Fgf signalling on posterior forebrain development.

to the absence of expression of the Engrailed genes, except fofTo determine whether Fgf8 has a direct effectpam6.1

a very faint and transient expressioren§2at the tailbud stage expression, we introduced an ectopic source of Fgf8 protein
(Lun and Brand, 1998). The repression of the Engrailed mRNAear the DMB. Heparin-coated beads soaked with the FGF8b
translation via morpholino injection did not produce a moreprotein isoform (MacArthur et al., 1995) provide a local source
pronounced phenotype than ti@ mutant, arguing thagax2.1  of functional protein that can diffuse over a few cell diameters
largely exerts its function vieng2and eng3 (Scholpp and (Storey et al., 1998). We implanted FGF8b-coated beads into
Brand, 2001)eng2andeng3are therefore both necessary andthe anterior part of the prospective midbrain of wild-type
sufficient to restrict the posterior forebrain boundary in theembryos at the 5 ss. Two hours after implantation, we observed
cephalic neural plate. In keeping with the transformation of cellepression ofpax6.1in the implanted side of the embryos
type identity in the neural plate that we observed a&tg3 (n=11), whereaseng3 expression was expanded anteriorly
overexpression (Fig. 2), loss ehg2andeng3function does (n=5) (Fig. 4A,B). To determine whether Fgf8-dependent
not cause overproliferation of forebrain cells at the 7 ss, 15 sspression ofpax6.1requires functional Pax2.1 or Engrailed
and 24 hour stage, as detectediRhosphohistone 3 antibody proteins, we implanted the FGF8-soaked beads into the

and Pax6 double-stained embryos (Fig. 3G-L). prospective midbrain afoi mutants, which normally lack both.

) ) We recognizechoi homozygous embryos by simultaneously
Effects of ectopic FGF8 on the diencephalon and the staining the experimental embryos withg3 probe. On the
midbrain implanted side, the FGF8-bead caused a repressipax6f1

In noi mutant embryos or embryos depleteeen§2andeng3  in the forebrain, as described above for wild-type embryos. To
the DMB did not expand to the hindbrain, nor was theour surprise, we found that on the implanted side the FGF8-
presumptive midbrain completely absent. This result suggestead was able to induceng3 expression around the
that an additional signal might maintain the midbrain and/ommplantation site, although ingax2.deficient situation. Thus,
posterior forebrain, possibly via interaction wiftax6.1  FGF8-bead implantation could by-pass the requirement for
Previous experiments have demonstrated that Fgf8 is able Rax2.1 as an upstream regulator of Engrailed gene expression.
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presumptive midbrain neural plate might require Fgf to keep
them from following a forebrain fate. To test this idea, we
blocked reception of Fgf signalling in small cell clones in the
midbrain by expressing the dominant negative Fgf-receptor
(Fgfr) XFD (Amaya et al., 1991). We co-inject&&D-mRNA

with a fluorescent lineage tracer into the one blastomere stage.

S OmB

At shield stage we transplanted small cell clones from the

pax6/eng3 10ss injected embryo into the territory of the presumptive midbrain
= - of a wild-type embryo, i.e. before the onsetpafx6.1and

C - pax2.lexpression (Fig. 5A-C). The resulting chimaeras were

examined for fluorescent cell clones located in the midbrain
and subjected to in situ hybridization at the 10 ss. Transplanted
cells autonomously expressed the forebrain margeass.1

and efna4 in the presumptive midbrain (Fig. 5D,®5=5),
whereas surrounding midbrain cells express nefiag6.1nor
efna4.

To examine if the transplanted cells also lack midbrain
identity, we stained chimaeric embryos with monoclonal
antibody 4D9, which detects all Engrailed proteins, as a
midbrain marker (Patel et al., 1989). Cells expressing XFD,
which were unable to transduce the Fgf signal did not co-
express Engrailed armqphx6.1(n=4) (Fig. 5H-J). As a control,
we transplanted cells that are labeled only with the fluorescent
marker. These cells display normal expression of Engrailed
protein, visible as co-localization of the red fluorescent lineage
tracer and the green fluorescent labeled antibodies in the nuclei
(Fig. 5K-M). Expression of marker genes for the anterior
hindbrain @bx1), for the MHB territory {gf8) and for

paxé/eng3 10ss
E noi =
P

pax2.2/eng3 10ss

Fig. 4.FGF8-bead represspax6.1lexpression in the anterior neural
plate. (A) FGF8-soaked unilaterally implanted beads rejpeds. 1
expression in the posterior diencephalon of a wild-type embryo
(arrowhead). An ectopic induction efg3expression was observed

around the bead (B). In t®i mutant embryogyax6.1lis also rhombomeres 3 and Xrpx2Q were not observed in such

repressed by FGF8 (C) ardg3is ectopically activated in the clones (Fig. 5N,0On=10). Together, these results indicate that
absence of functional Pax2.1 protein. Intloémutant embryos XFD-expressing cells in the midbrain change their identity
pax2.2 apax2.tindependent marker at the MHB, is not induced in  cell-autonomously and acquire forebrain character, but not
the same timeframe (E,F). All pictures show dorsal views with hindbrain character, if they are inhibited from transducing an

anterior to the left, (B-D) show darkfield pictures of embryos in Fgf signal. The neighboring host cells are unable to by-pass
(A,C,D); stages as indicated; arrowheads indicate the posterior  the plock to Fgf signalling and rescue the midbrain phenotype.
order e exreson doman e e, oites W Conclad tat ecepton f a e ot sgnl 4 neceseary
boundary; eye, eye anlage; fb, forebrain: hb, hindbrain. %o prevent forebrain fate and to maintain midbrain fate.

Fgf signalling is necessary to maintain the position

To examine whether the repressionpak6.lis due to the ©Of the DMB until 10 ss
induction of an ectopic isthmus-like structure within aThe above results lead us to determine when Fgf signalling is
relatively short time period, we stained these mutant required to suppress forebrain fate, and to compare this with
embryos carrying an FGF8 bead f@ax2.2 and eng3 the onset of gene expression in the forming DMB. We treated
expression. We usgzhx2.2as a marker for the MHB, because embryos with the pharmaceutical Fgfr inhibitor SU5402
it is regulated independently @lax2.1at midsomitogenesis (Mohammadi et al., 1997) at different developmental time
stages (Pfeffer et al., 1998). Inoi mutants, pax2.2 is  points and for varying time periods. Wild-type embryos treated
downregulated at this stage but it is still present in a ventralith SU5402 showed only a weak posterior expansion of the
expression domain. Similar to the previous experiments, weiencephalic pax6.1 expression, similar to the phenotype
were able to induce expressionesfg3but not expression of observed iracemutant embryos (not shown). We then repeated
pax2.2.This finding suggests that FGF8-bead implantatiorthe SU5402 inhibition witmoi mutant embryos, which lack
might cause forebrain repression independent of MHBeng2andeng3expression (Lun and Brand, 1998) and therefore
organizer induction (Fig. 4E,Fn=4). Interestingly, beads provided an opportunity to study the role of Fgf signalling in
coated with FGF4 showed a similar effect, i.e. induction o1 sensitized background. We applied the inhibitor from 80%
eng3and repression gfax6.1(n=6) (not shown). epiboly, i.e. before the onset pdx6.1lexpression, until 15 ss.

We conclude that Fgfs are involved in maintaingmgg3  This treatment causes a strong expansiqraab.lexpression
expression in the midbrain territory independent of functionainto the territory of the presumptive midbrain around 15 ss in
Pax2.1 protein. Furthermore, Fgfs are able to repress forebraini embryos (Fig. 6A,B). Inhibition between 5 ss to 15 ss led

fate, as monitored by expressionpaix6.1 to a weaker expansion p&x6.lexpression (Fig. 6C), and with
) ) ) ) ) ) inhibition from the 10 ss onwards, posterior expansion of
Fgf-bllnd cells in the midbrain acquire forebrain fate pax6_1 is no |0nger observed (F|g 6D), even when the

Our findings raise the possibility that cells located in thdreatment was continued until 24 hpf (not shown). We conclude
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Fig. 5.Midbrain cells that cannot respond to Fgf signalling acquire
forebrain character. Embryos were injected with 40XpPD-mRNA

Research article
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Fig. 6. Eng2/Eng3 and Fgf8 act synergistically in positioning of the
DMB. The positioning of the DMB is dependent on Fgf signalling in
early somitogenesis. Embryos were orientated dorsal side upwards
and anterior towards the left. Inhibition of Fgf signalling via the
pharmaceutical Fgfr inhibitor SU5402 1) in noi mutant embryos
from 90% of epiboly to 15 ss leads to a strong expansion of the

(A), grafts of these donor embryos were transplanted to a wild-type anteriorpax6.1domain (A,B). A weaker expansion is visible when

host embryos (B) and fixed at indicated stages prior to staining

the treatment starts at 5 ss and lasts until 15 ss (C). After 10 ss,

procedures (C). Arrows indicate transplanted cells. (D,F) Cell clonesnhipition of Fgf signalling does not lead to a posterior shift of the

in the midbrain express the forebrain markeas6.1landefna4.
Transplanted cells contain rhodamine dextran (E,G), but do not
express the midbrain marker Engrailed, as visualizea-Bygrailed
antibody 4D9 staining (H-J). Control transplantations wit¢riD
MRNA show co-localization of rhodamine dextran arBngrailed
staining (K-M). (J,M) Superimposed pictures of H,K and I,L.
Transplanted cells do not express any of the hindbrain maykeis
fgf8 or krox20(N,O). a, anterior; fb, forebrain; hb, hindbrain; p,
posterior; r3, rhombomere 3.

that Fgf signalling is necessary in combination weitlg2/eng3
for positioning of the DMB until about the 10 ss.

Fgf8 and Engrailed act in a synergistic fashion to
position the DMB

forebrain expression @fax6.1(D). (H,J) Eng2/Eng3- and Fgf-
deficient embryos show a stronger expansion of the forebrain
expression opax6.1than do single deficient embryos (F,G).

(E-G) Embryos were orientated laterally and anterior is towards the
left. The forebrain expression domainpaix6.lexpands in wild-type
embryos (E)noi mutant embryos (F) and in M@f8 morphant
embryos (G). Imoi mutant embryos, injected with M@f8, the
forebrain and hindbrain expression domain fuses (H). A comparable
phenotype is observed imi mutant embryos treated with Fgfr
inhibitor SU5402 from 90% of epiboly until 15 ss (l).doemutant
embryos injected with M@ng2/eng3orebrain and hindbrain

domain fuses similarly (J). DMB, diencephalic-mesencephalic
boundary; fb, forebrain; hb, hindbrain.

morpholino (MO) antisense oligos, alone or in combination.

To determine which Fgf is required for correct positioning of(Araki and Brand, 2001; Raible and Brand, 2001). The

the DMB, we blocked the translation fof3, fgf4 andfgfg, all

embryos were injected with 4 ng of MO and showed gene-

of which are expressed at the MHB, via injection ofspecific defects. M@gf8 injection phenocopies thece
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A con B + MO-fgig C noi D noi + MO-fgf8

' .-E ' \ . Fig. 7.Morphological analysis of the
4 o b » function offgf8 andeng2/engat the
DMB

DMB at late stages. In comparison with
the control embryo at 26 hpf (A), the
expression oéng2is absent irfigf8-MO
+ MO-fgl8 G noi H noi + MO-fgfg morphant embryos (B), inoi mutant
“ Bl s embryos (C) and ifgf8&-MO-injected
noi mutant embryos (D). The expression
L 4 domain ofpax6.1weakly expands in
> - h fgf8&-MO embryos (B), strongly inoi
mutant embryos (C) and it fuses in the
28h ish1 weeh iskg >N NUNB8h  oyple treated embryos (D). The border
+ MO-fgf8 K noi |_ yoi+ MO-igig of thepax6.lexpression is marked by
arrowheads (A-D). The position of the
posterior commissure (PC) is altered in
eng2/eng3andfgf8-deficient embryos
(E-L). Embryos were orientated dorsal
' side upwards and anterior towards the
28h | o-tub 28h | o-tub 28h | o-tub top. At 28 hpf thesl1 Staining labels the
neurons of the epiphysis and
interneurons of the PC (E-H). In addition, acetylated tubulin is marking the outgrowing axons
(I-L). The position of the neurons of the PC is shifted posteriodgf;BiMO-injected embryos
(F,J); a stronger expansion and an increased number of neurons were foumbimniiznt
embryos (arrowheads; G,K). Furthermore, the axon bundle of the PC is fanned out. The strongest
phenotype was observed in embryos deficient for Engrailed and Fgf8 (H,L). The number of
interneurons is strongly increased (H), and the PC is not formed at all (L). Single branches project
into the territory of the misspecified hindbrain (white arrows). Red arrows indicate the most lateral
position of the PC and asterisks indicate the position of the epiphysis. Nunislépaisitive
epiphyseal neurons in wild-type, MfQf8, noi mutant embryos anaoi mutants injected with MO-
fgf8 (M). Values are the average of the total number of neurons of 10 embryos per treatment. Error bars show the standaaddieviation
asterisks indicate significant differenceB£9.01) when compared with wild-type siblings.
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mutant in 79% of the injected embryos (not shown) (Araki andhe Eng genes are responsible for forebrain repressioaiin
Brand, 2001). The injected embryos showed a weak expansiomutants.

of the forebrain markegvax6.1into the presumptive midbrain, = To determine the neuroanatomical consequencesy@.1

a loss ofeng2expression from the 15 ss onwards, and failureexpression in embryos lacking bofgf8 and eng2/eng3

of MHB formation (Fig. 6G). The same phenotype is observedependent forebrain restriction, we examined the phenotype of
in acemutant embryos (Reifers et al., 1998). The injection o28-hour-old embryos. We examined in particular the formation
MO-fgf8 into noi embryos caused a stronger expansion obf isl1l-positive neurons in the epiphysis (Masai et al., 1997)
pax6.1 expression into the presumptive midbrain than thaand the location of the posterior commissure with an antibody
observed after inactivation of eithégf8 or pax2.1alone against acetylated tubulin, in relation p@ax6.1 and eng2
(compare Fig. 6H, 6F and 6G). In the injected embryos, wexpression. Expanded forebrain expressionpak6.1 into
observe a fusion of the forebrain and hindbrain expressiothhe midbrain was visible in the M@f8 injected embryos,
domains ofpax6.1 By contrast, the injection of M@f3and when compared to theoi mutant embryos (Fig. 7B,C). A
MO-fgf4 did not lead to any changes with regard to thesignificantly enhanced phenotype is shown in embryos lacking
formation of the DMB (not shown). In addition, no single both fgf8 andeng2/eng3Fig. 7D). As observed during mid-
injection of the othefgf morpholinos, or a combination of somitogenesis stages, the forebrain and hindbrain expression
them, was able to increase thax6.1expansion in the MO- domains fuse ventrally, and only a dorsal patch of cells with
fgf8 injected morphants (data not shown). We conclude fronunknown identity remains free phx6.1expression at 28 hpf.
these experiments that among the Fgfs tested, Fgf8 is tlxpression of the Engrailed genes was absent in thdgi8O-
primary signalling molecule that restrigtax6.lexpression to injected embryos, in th@oi mutants and in MQgf&noi

the forebrain cephalic neural platd/e next compared the double mutants (Fig. 7B-D).

phenotype of MCigf8 injectednoi mutant embryos with that In noi mutant embryos the nuclei of posterior commissure
of SU5402-treatedoi mutant embryos. In both situations, the neurons stretch further posteriorly into the presumptive
forebrain and hindbrain expression domaingpa%6.1were  midbrain, compared with the control situation and compared
fused ventrally (Fig. 6H,l). To distinguish whether the lack ofwith wild-type embryos injected with M@f8 (Fig. 7E-G).

Eng gene expression imoi mutants, or the lack of some other This phenotype becomes significantly stronger after iyf®-
function controlled bypax2.l is responsible for forebrain injection intonoi mutant embryos (Fig. 7H). Compared with
repression, we injected M@ag2/eng3into the acerebellar the wild-type, we found an increase of about 50% of neurons
(ace mutant. We again observe the fusion of the forebrain aneixpressingsll1 in the dorsal midbrain (Fig. 7M). The posterior
hindbrain domains gfax6.1expression (Fig. 6J), arguing that commissure, visualized by anti-acetylated tubulin staining,
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stretches further posteriorly also in thei mutant embryos, 2001), and although we have not tested2 mis-expression,

and some fascicles of the commissure were not restricted ¥oe expect this to give the identical result @sg3 mis-

the territory of the DMB and crossed into the presumptiveexpression. These findings suggest that repressjoex6t1by
midbrain (Fig. 71-K). In MOfgf8-injectednoi mutants, the PC eng2/engdperates during establishment of the DMB at neural
axons lost their path completely, leading to a disorganizedlate stages. Our laser-uncaging experimeneng8injected
pattern (Fig. 7L). embryos support the idea that the crucial interactions take place
during early neural plate stages, and thus argue that
. . transformation of the forebrain neural plate into a midbrain
Discussion identity is the likely basis of the observed neuroanatomical
We studied the formation of the zebrafish diencephalicalterations at later stages embryos. An interesting side aspect
mesencephalic boundary (DMB) as a model to help us that pax6.1 expression is specifically affected in the
understand how neural tube subdivisions are maintained. Werebrain, but not the hindbrain neural plate in such embryos.
find that with regard to the DMB: (Bng3mis-expression is Expression ofpax6.1in the hindbrain and spinal cord may
sufficient to repress diencephalic fate; (2) knock-down of leadtherefore be under different genetic control, and indeed
to a caudal shift of the DMB at the expense of the presumptivaurine Pax6 is thought to act during dorsoventral, but not
midbrain; (3) Fgf8 protein is necessary and sufficient taanteroposterior patterning processes in the spinal chord
repress forebrain identity and to maintain midbrain identity(Goulding et al., 1993). A direct action of Eng2/Eng3 onto
independently of functional Pax2.1 protein; ($px6.1 forebrainpax6.lexpression is also supported by our loss-of-
repression by Fgf8 is necessary between the tailbud and 10fssction studies foreng2/eng3 Nevertheless, it remained
(14 hpf) to maintain the position of the DMB; and (5) a lackpossible that Pax2.1 would confipax6.1lexpression at the

of both eng2/eng3and fgf8 expression results in a fused DMB both directly and indirectly, via regulating Eng2/Eng3.
forebrain and hindbrain domain, and to loss of a proper DMBWe think this is unlikely, because FGF8-soaked beads can
We suggest that both midbrain autonomous mechanisms (viappresgpax6.1expression and forebrain identity even in a
Eng2/Eng3) and non-autonomous signals (Fgf8) maintain thgax2.kmutant genetic background, when implanted imbd
distinction between fore- and midbrain subdivisions of thenutant embryos (see below). Together, these results argue that

neural plate. eng2/eng3xpression is both necessary and sufficient as the
o ) ) key determinant for restrictingax6.1lexpression and forebrain
Positioning of the DMB requires  eng2/eng3 function identity at the DMB.

Previous work in mice had suggested that the DMB may be ) )

generated by mutual repression of Pax6 and Pax2 plus Pa®n-autonomous repression of forebrain fate by Fgf
(Schwarz et al., 1999). Loss of Pax2/5 in mice or Pax2.1 in fistignalling

leads to expansion of the forebrain, and loss of Pax6 leads Aokey observation of our work is that, as welleagy2/eng3
expansion of the midbrain into forebrain territory [Pax2/5Fgf signalling is also necessary for normal formation of the
(Schwarz et al., 1999), Pax2.1 (Scholpp and Brand, 2003RMB. Morpholino inactivation suggests that among the Fgfs
Pax6 (Stoykova et al., 1996)]. The nature of these interactiorexpressed in the early neural plate, Fgf8, but not Fgf3 or
is not understood during the early embryonic period when thegf4, perform this function, a notion that is further
DMB division is established. In particular, because Pax2/sonfirmed by our studies of tlaee(fgf8) mutant. The closest
controls the expression &nlandEn2 transcription factors, source for Fgf8 during the crucial phase of development is
it was not clear whether Pax2/5 act directly onto Pax@he forming midbrain-hindbrain organizer, located at the
transcription, as suggested for Pax2 during optic staljunction between the midbrain and hindbrain primordia. The
development (Schwarz et al., 2000), or if regulation occureemporal requirement for Fgf signalling, as seen by
indirectly via Enl and En2. Our expression analysis shows th@harmacological inhibition with the Fgfr inhibitor SU5402,
pax2.landpax6.lare initially not adjacent or overlapping at is consistent with the time of Fgf8 expression in the forming
the DMB, which would be a prerequisite for mutual repressionMHB organizer. Beyond 10 ss, Fgf signalling is no longer
pax6.2is a duplicatdPax6gene in teleosts with a potentially required. Wnt signalling during this period is thought to
similar function aspax6.1 However, because expression of subdivide the forebrain domain (Heisenberg et al., 2001,
pax6.2is restricted to the mid-diencephalon, it is unlikely toKudoh et al., 2002) (reviewed by Wilson et al., 2002).
contribute to formation of the DMB (Nornes et al., 1998). Ininterestingly, the likely source for Fgf8 at the MHB does not
contrast topax2.1 eng2and eng3 (the functional zebrafish directly abut the cells at the DMB, suggesting a possible
orthologues of the mammalidnl gene) (Force et al., 1999; long-range effect of Fgf8 signalling. We suggest that long-
Scholpp and Brand, 2001) abut or overlap with plaé6.1  range signalling may occur directly: our results show that an
domain already at the onset of expression, suggestingrtgat Fgf signal needs to be directly received by midbrain cells, as
and eng3may serve this repressive function. Evidence fronmidbrain cells expressing a dominant-negative Fgf receptor
mis-expression ofEnl and En2 in chick and OLeng2 in construct lose midbrain identity, and switch tgpax6.%
Medaka previously suggested that En can suppRes®  positive forebrain fate. This finding predicts that Fgf8 can
expression in the forebrain neural plate (Araki and Nakamuraignal over a considerable distance through the forming
1999; Ristoratore et al., 1999). We find that mis-expression ahidbrain neural plate, consistent with its role as a secreted
eng3has the same effect in zebrafish, causing suppression fafctor. During later stages of midbrain development, it is
forebrain development and expansion of midbrain fate. In losshought that Fgf8 polarizesphrinligand expression to allow
of-function conditions, the En genes function redundantly irproper formation of the retinotectal projection of retinal
mice and zebrafish (Hanks et al., 1995; Scholpp and Brandxons (Lee et al.,, 1997; Picker et al., 1999; Yates et al.,
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2001), which may also involve long-distance signalling by
Fgf8 in the forming tectum.

forebrain

Synergistic repression by Eng2/Eng3 and Fgf8 DMB

A key finding of our work is that the most extreme disruption midbrain
of DMB formation and concomitant reduction of midbrain g
formation is seen only after inactivation of both Eng2/Eng3 ani  or9anizer SEEERaIEIE>
Fgf8 function, arguing that both have parallel, independer hindbrain

functions in maintaining the DMB (Fig. 8). We observed this

in various genetic situations, e.g. when Eng2/Eng3 function i

knocked-down elt.her thrqugh mor_phollno Injetctltl)n_,.omm Fig. 8. Function ofeng2/eng&ndfgf8in AP patterning of the

mutant embryos, in combination with SU5402 inhibition of Fgfanterior neural plate. Pax6.1 (blue) demarcates the forebrain and
signalling, after more specific loss of Fgf8doemutants, or  hindbrain, whereas expressionesfg2/eng3yellow) andfgf8 (red)

after morpholino-inhibition of Fgf8 (Fig. 6). However, Fgf8 is can be observed in the midbrain/MHB organizer territory (A).
apparently also involved in Engrailed maintenance in th&ng2/Eng3 displays the cell-autonomous signal maintaining
midbrain primordium, becausagce mutants fail to maintain midbrain fate, whereas Fgf8 acts non-autonomous in the midbrain
eng2/eng3expression (Reifers et al., 1998). Moreover, Fgfgerritory visualized by red arrows. (B) Loss of Eng2/Eng3 causes a
bead implantation also causes activatioren§3expression ~Posterior shift of the DMB (blue arrow). Fgf8 expression is

in the forebrain, and Fgf8 may therefore repres6.1 unaffec.ted at Iea;t until 10 ss, suggesting a partial repression of the
expression also indirectly viaeng2/eng3 expression. forebrain expansion. Loss of both signal Eng2/Eng3 and Fgf8 causes

| v th vation oéna3 S I% in a loss of midbrain identity and in a fusion of forebrain and
mportantly, the activation oéng3expression in response 1o pingprain domain (C). Only a dorsal patch of cells remains free of

Fgf8 can occur even in the absenc@ax2.1 and is linked to  hax6 1expression. DMB, diencephalic-mesencephalic boundary.
concomitant reduction gbax6.1(Fig. 4). Similarly, in mice,

implantation of an Fgf8 bead causes repression of Pax6 even
in an Enl//En2’- background (Liu and Joyner, 2001).
Together, these findings provide evidence that Fgf8 can aahd the partially redundantwntlOb do not lead to
directly on the DMB. In chick, FGF8-soaked beads can activateredominately dorsal neural tube defects (Lekven et al., 2002).
Enl and Pax2 expression in the forebrain, which was suggestBdomising candidates are bone morphogenetic proteins
to reflect induction of an ectopic MHB organizer (Garda et al.(Bmps), which can repress Pax6 in the hindbrain and dorsal
2001). Based on our studies of DMB formation, an early steppinal cord (Goulding et al., 1993; Timmer et al., 2002).
in these events may the suppression of forebrain and suppémteed, in mice, Bmp6 and Bmp7 are expressed in the roof
of midbrain fate by FGF8-bead implantation, without a neeglate of the telencephalon, the midbrain and in the hindbrain
to induce an ectopic MHB organizer. This explanation igFuruta et al., 1997). Interestinghax6.lexpression becomes
supported by the fact that FGF8-soaked beads do not induegcluded in the dorsal part of the telencephalon and hindbrain
later markers of the MHB such pax2.2or pax5in noimutant  already during midsomitogenesis stages (Fig. 1J,K). However,
embryos under these circumstances (not shown). expression of zebrafisfmp7has not been detected in the roof
Notably, isl1l staining of Eng2/Eng3- and Fgf8-deficient plate of the midbrain (Schmid et al., 2000), suggesting that
embryos revealed that posterior parts of the diencephalon ameother member of the Bmp family, e.g. Bmp6, might perform
strongly expanded caudally, in particular the nucleus of thehis function.
posterior commissure in dorsal prosomere 1 (pl), whereas the _ ) ) o )
epiphysis in dorsal prosomere 2 (p2) appears less affected. TRax2 and its transient requirement in midbrain
posterior commissure, as the anatomical landmark of the DMBlevelopment and forebrain suppression
is likewise expanded caudally, as was noted alsPaix2/5 pax2.tdeficient zebrafisimoi mutant embryos andPax2/5
knockout mice and in zebrafisioi mutants (Schwarz et al., mutant mouse embryos lack Engrailed expression and later the
1999; Scholpp and Brand, 2003). Because of a lack of markensidbrain territory (Favor et al., 1996; Lun and Brand, 1998;
distinguishing p1 and p2, we cannot resolve whether a similé&chwarz et al., 1999). One possibility is therefore plaai2.1
preferential sensitivity of pl also applies at ventral neural tub@ax2/5 in mice) may itself confer midbrain character to
levels. However, forebrain markers abutting the DMB, likeneuroepithelial cells. Alternatively, Pax2 function might only
pax6.1or efna4 also expand at ventral levels in midbrain- be needed to ensure spatially restricted activation of Engrailed-
deficient embryos, suggesting that this may be the case. type genes, which in turn repress forebrain fate and control a
Even with the most extreme loss of Eng2/Eng3 and Fgf8, midbrain specific program. An important finding of our study
small group of cells located in the dorsal midbrain does nah favour of the latter possibility is thpaix2.1is not necessary
acquire pax6.1 expression. These cells express the dorsab achieve repression of forebrain fate, because Fgf8-soaked
markerswntl, wnt4and the dorsal midbrain markgax7c(not  beads implanted into the forebrain primordium can suppress
shown), and are therefore most likely neural tube cells with pax6.1, even in the absence of functiopalx2.1 Likewise, the
dorsal identity. Why do these cells not acquire forebraimormally stringent requirement fopax2.1 for eng2/eng3
character? One possibility is that an unknown signal caactivation (Lun and Brand, 1998) can be circumvented if
suppress pax6.tpositive dorsal diencephalic identity, or expression is directly activated by implantation of an Fgf8-
promote dorsal midbrain identity. This signal is unlikely to besoaked beads into the midbrain primordium. We therefore
Wntl or Wnt4 itself, because these are normally co-expressedggest that the main, and perhaps only, functiquar®.lin
in dorsal pl withpax6.1 Furthermore, knock-down afntl  the midbrain may be to activaeng2/eng3expression. This
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