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SUMMARY

Generation of cell diversity in the vertebrate central and her5 expression occurs normally in the null mutants,
nervous system starts during gastrulation stages in the but is eliminated later on. Our observations suggest that
ectodermal germ layer and involves specialized cell groups, three signaling pathways, involvingpax2.1, wntl and fgf8,
such as the organizer located at the midbrain-hindbrain are activated independently in early anterior-posterior
boundary (MHB). Mutations in the zebrafish no isthmus  patterning of this area. In addition, analysis of the allelic
(noi) gene alter development of the MHB, and affect the series unexpectedly suggests thaboi activity is also
pax2.1gene (formerly pax(zf-b). Analysis of the structure  required during dorsal-ventral patterning of the MHB in
of pax2.1lreveals at least 12 normal splice variants. Theoi somitogenesis stages, and possibly in a latemgexpression
alleles can be arranged, by molecular and phenotypic phase. We propose that noi/pax2.1 participates in
criteria, into a series of five alleles of differing strength, sequential signaling processes as a key integrator of
ranging from a null allele to weak alleles. In keeping with  midbrain-hindbrain boundary development.

a role in development of the MHB organizer, gene

expression is already affected in the MHB primordium of

the gastrula neural ectoderm in noi mutants. eng3  Key words: Midbrain-hindbrain organizer, Neurogenesis,
activation is completely andeng2 activation is strongly  Regionalization, Neural patterning, Spliciiaxgenesno isthmus
dependent onnoi function. In contrast, onset ofwntl, fgf8  ZebrafishDanio rerio

INTRODUCTION region, and when and how exactly the organizer is able to act
in cell-fate determination of surrounding cells.
In vertebrate embryos, the fate of progenitor cells in the neural In this study, we focus on the function of zebrafisix2.1
tube is determined by their position with respect to cellulafformerly pax(zf-b) Krauss et al., 1991), a member of the
sources of inducing signals (Lumsden and Krumlauf, 1996¥amily of transcription factors that includgsx2 pax5 and
Transplantation experiments in chicken suggest that thpax8(the pax2/5/8 family) in mammals. The proteins in this
midbrain-hindbrain boundary (MHB; or mesencephalic-family share gairedtype domain and a partial homeobox as
metencephalic boundary, isthmus) may contain such BNA-binding motifs, an octapeptide for protein-protein
neuroepithelial organizer (Martinez et al., 1991; Marin andnteraction, and a transactivating/inhibiting domain at the
Puelles, 1994; see also reviews by Bally-Cuif and Wasse€arboxy terminus (Wehr and Gruss, 1996; Dorfler and
1995; Joyner, 1996; Puelles et al., 1996). Several transcriptiddusslinger, 1996; Pfeffer et al., 1998). A targeted and a
factors are required during development of the MHB, such aghemically induced null allele of murirfeax2 have different
Enl and En2 (Wurst et al., 1994; Millen et al., 1994), Pax®henotypes of variable strength, probably due to different
(Torres et al., 1995; Brand et al., 1996; Favor et al., 1996), Pagfenetic backgrounds (Torres et al., 1995; Favor et al., 1996).
(Urbanek et al., 1994), Otx1 and Otx2 (Ang et al., 1996The phenotype of homozygous mutants ranges from strong
Acampora et al., 1997) and Gbx2 (Wassarman et al., 1997@efects in development of midbrain, eye, ear and kidney (Favor
Among the secreted factors, the vertebrate homologue et al., 1996) to nearly normal development of the MHB (Torres
DrosophilaWingless, Wntl (McMahon et al., 1992) and Fgf8,et al., 1995). Pax5 and Pax8 which are expressed in
a member of the fibroblast growth factor family, are requiredverlapping domains witfPax2 at the MHB (Nornes et al.,
for MHB development in mice (Crossley et al., 1996; Meyersl990; Asano and Gruss, 1992; Plachov et al., 1990) may
et al., 1998) and zebrafish (Reifers et al., 1998). In spite of thmntribute to this variability. Inactivation of murine Pax5 leads,
identification of many factors that function in development ofon its own, only to mildly abnormal development of the
the MHB territory, it is unclear which aspects of developmenposterior midbrain and anterior cerebellum (Urbanek et al.,
of this area are controlled by the various gene products, ho#994). When botlPax2andPax5are inactivated, the resulting
this is linked to the generation of the organizer potential in thiphenotype is more severe than in either single mutant,
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suggesting that the murine members of this family camt about 27°C (Westerfield, 1994). Mutant carriers were identified
functionally replace each other (Urbanek et al., 1997; Schwaky random intercrosses. To obtain embryos showing the mutant
et al., 1997). phenotype, two heterozygous carriers for a mutation were crossed
In zebrafish, lethal mutations in three genes identified if? one another. Typically, the eggs were spawned synchronously at
systemaic mitagenesis Screens affect development of YT o (e next moring. and embryos were colected, sorted
MHB' Homozygousacerebe_llar(ace Brand et al., 1996) or addition, morphological features were used to determine the stage
spiel-ohne-grenze(spg Schier et a]., 199,6) embryos Iac.k the of the embryos, as described by Kimmel et al. (1995). In some cases,
MHB and the cerebellum, but retain a midbraicerebellaris 5 mm phenylithiourea (PTU) was added to prevent melanization.
a mutation in the zebrafighf8 gene (Reifers et al., 1998); the |spjation and initial characterization ab isthmusis described in
gene affected bypgis not known. Embryos homozygous Brand et al. (1996). For survival tests, embryos were dechorionated
mutant for strongno isthmus (noi)alleles lack the mid- on the day of birth, kept at low density (approx. 20 per 9 cm dish)
hindbrain boundary and cerebellum, as well as some or all @hd the E2 medium was frequently changed.
the dorsal and ventral midbrain (Brand et al., 1996). @re
mutation,noith442 is genetically linked to theax2.1gene, and
in this allele a stop codon interrupts fheex2.1reading frame,

Whole-mount in situ hybridization

Digoxigenin- or fluorescein-labelled RNA probes were prepared

. . . from linearized templates using an RNA labelling and detection kit
but leaves a large portion of the molecule intact, Suggesnn(@oehringer). Hybridization and detection with anti-digoxygenin or

that thenoi™42 mutation IS a hypomorphic allele pax2.1 anti-fluorescein antibodies coupled to alkaline phosphatase
(Brand et al., 1996, and this paper). . (Boehringer) is described in Reifers et al. (1998). To determine
A general property of organizer cell populations is that theyverlap in double stains with BM purple and FastRed fluorescent
control cell fate, via gene expression, at a distance. Becaus@bstrate (Boehringer), the BM purple reaction was allowed to
organizers are thought to produce morphogens that determipeceed until it quenched but did not obliterate the fluorescent
cell fate in a concentration-dependent manner, organizéiastRed signal. Stained embryos were dissected and thick
activity is often sensitive to the functional level of genesections prepared with sharpened tungsten needles; these were
products that are involved in controlling organizer functionmounted in glycerol and photographed on a Zeiss axiophot.
The availability of six chemically induced allelesnaf isthmus Composites were assembled with Adobe Photoshop. Probes and

: . o wild-type expression patterns are described elsewhengl-3
allowed us to clarify the requirement fpax2.1activity, and Ekker et al. (1992)Pax2.1 Krauss et al. (1091)Her5 Mller

suggesteq they might_ inac'_tivapaxZ.lto different_ degrees, et al. (1996);wntl: Molven et al. (1991);fgf8: Reifers et al.
thus forming an ‘allelic series’. Generally, functional levels,;99g).
assayed as gene copy number, are critical for several human
and murine Pax genes, includiRgx2(Tassabehiji et al., 1992, Cloning of pax2.1 cDNAs
1993; Hanson et al., 1994; Sanyanusin et al., 1995; Acamporatal RNA was prepared by the hot phenol method (Brown and
et al., 1997; Dahl et al., 1997; Schwarz et al., 1997). In thisafatos, 1988). cDNA was isolated by RT-PCR with nested
study, we use molecular and phenotypic criteria to establigpiimers flanking the coding region in at least two independent
that the availableo isthmusalleles form such an allelic series, @mplifications from pools of homozygousi embryos, subcloned
ranging from a null allele to weak alleles, and examine th to pCRII (Invitrogen) and sequenced using the T7 Sequenase kit
expression of potential target genes. Based on their expressi ﬁ[nersham).
candidate target genes were treggrailedgenes €ngl eng2  pax2.1 protein
andeng3 (Ekker et al., 1992wntl(Molven et al., 1991¥gf8 e \ild-type noim243aandnoit2%2coding regions were cloned into
(Reifers et al., 1998; Firthauer et al., 1997) and the bHLHQE60 or pQE30 (Qiagen). Expression and purification of
transcription factoher5 (Muller et al., 1996). Our analysis of recombinant proteins was performed according to manufacturer’s
the various alleles shows that multiple and sequentigdrotocol. Briefly, recombinant fusion proteins containxhigtidine
signalling events must act during development of the zebrafighg at the N (pQE30) and C terminus (pQE60), which allowed binding
MHB. and purification on Ni-charged Sepharose resin under denaturing
In the accompanying paper, isolation of three new zebrafisgpnditions using a _stepwise imidazole grad!ent. Proteins were
pax2/5/8genes is describegiax5 pax8and a secondyax2 renaturated by dolalysus (8,6, 4,2and 1 M urea) into Z-buffer (25 mM
like gene callechax2.2(Pfeffer et al., 1998). Whilpax2.1is 1S, PH 7.8, 20% glycerol, 12.5 mM MgCl, 0.1 M KCI, 1 mM DTT)
read tivated in the lat trula. th dditi | at 4°C. Wild-type and mutant proteins were prepared in parallel under
already activated In the 1ate gastrula, these additional genes & ica| conditions, and examined on Coomassie blue-stained gels to
activated much later, between the 4- and 9-somite staggnsyre purity (not shown).
Importantly, pax5 and pax8 expression at the MHB strictly
depends omoi/pax2.1function; in this tissue, inactivation of DNA electromobility shift assay
noi/pax2.1 can therefore be considered as functionallyThe sequences of the CD19-2(A-ins.) (Kozmik et al., 1992) and
equivalent to triple inactivation opax2/5/8 genes. These BSI+II (Song et al., 1996pax2binding sites have been described.
findings clarify the reasons for the apparent phenotypi®ouble-stranded oligonucleotides (100 pmol) were end-labelled
differences between mice and zebrafisax2(.1) mutants ~ With T4 polynucleotide-kinase and?PJdATP (6 uCi/u). Binding
(Brand et al., 1996; Pfeffer et al., 1998; see also Discussionjéactions were performed in 10 at 4°C for 30 minutes and
ontained an empirically determined amount of affinity-purified
Pax2.1protein, 100 ng of poly(dl-dC$2P-labelled probe (40,000-
50,000 cpm), 0.5 mg/ml BSA and Z-buffer. For the competition

MATERIALS AND METHODS experiments up to 10-fold excess of unlabelled probe (1 nmol) was
) ] added to the reaction. Binding reactions were examined on 6% non-
Fish maintenance denaturing polyacrylamide gels, in 8BE at 30 mA for 70

Zebrafish were raised and kept under standard laboratory conditionsnutes.
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RESULTS stalk, the inner ear and pronephric duct (Brand et al., 1996;
Macdonald et al., 1997), all areas that slpaw2.1expression.

Morphological strength of the  no isthmus mutant The strength of thaoi phenotype correlates with the ability to

phenotype survive under optimal conditions: for the strongest allele, 50%

Mutants homozygous for the three strong allehedu29a of the embryos died at day 7, whereas embryos mutant for the
noith442aandnoit™?43a |ack the midbrain, MHB and cerebellum, Weak alleles survive about 4 days longer (Fig. 1G). On day 7,
whereas in the two weak allelesoiy31aand noit2l, some the mutants show severe oedema of the pericardium and gut
midbrain is still formed (Brand et al., 1996; Fig. 1A-D). In epithelium; the heart is malfunctioning and the embryos never
addition, noi mutants show defects in formation of the opticfeed (Fig. 1E,F).

The genomic structure of  pax2.1 is conserved

between human and fish

To characterize the mutations affecting tlo#pax2.1gene, we
analyzed the genomic organisationpafx2.1 On the basis of

the humarpax2gene structure (Sanyanusin et al., 1996), we
designed primers to amplify the exon-intron boundaries by
PCR from three overlapping genomic phage clones that cover
the complete pax2.1 locus (A. Picker and M. Brand,
unpublished) and sequenced them (accession numbers
AF067530 to AF067541 and AF073442 to AF073445). We
find that zebrafisipax2.1has 12 exons, 10 at the predicted
positions and two (5.1 and 7.1) that show no sequence
homology topax2exons of other species (Fig. 2A). Exon 7.1
consists of 67 bp and contains a stop codon (Fig. 2F). The
predicted truncated protein would lack the transactivating and
inhibitory domains (Dorfler and Busslinger, 1996) encoded by
exons 8, 9 and 10. Exon 7.1, but without a stop codon, has also
been found in Xenopus (Heller and Brandli, 1997).

Multiple splice variants of the zebrafish ~ pax2.1 gene

While analysing theno isthmusmutations by RT-PCR (see
below), we found a high number phx2.1cDNA variants.
Exons 5.1, 6, 7 and 7.1 are differentially spliced in different
combinations, as shown in Fig. 2B. Alternative splicing has
been reported for exon 5.1 in zebrafish (Krauss et al., 1991),
mouse and human (Sanyanusin et al., 1996), and for exons 6,
7 and 7.1 in Xenopus (Heller and Brandli, 1997). Furthermore,
in two variants an alternativé 8plice acceptor site is located

G100 near the 5ends of exons 2 and 9 (Fig. 2C,D). For exon 9, usage

of the alternative splice acceptor site leads to a frameshift, with
[ —0— Control an alternative stop codon in th&J3R (Fig. 2E) and a protein

2 —m— w20 lacking part of the inhibitory domain which could therefore be

i :2‘2“1‘ constitutively active. Other cDNAs revealed that additional

g% e exon(s) are probably located between exons 7 and 8 (not

g —3¥— tm2433 o - .

2 —o— ty3la shown), and additional uncharacterized splice products are

seen in the RT-PCR (Fig. 4D, arrowheads). We have observed
12 of 64 theoretically possible splice variants. Among these,
3 57 5 5 dpf the two major splice variants are those either containing or
lacking exon 5.1 (Fig. 2B(1),(2); Fig. 4D, arrows). The
Fig. 1.Lateral views of wild-type andoi mutant embryos. (A) Wild-  significance of the multiple splice variants is not clear, but may
type embryo at 24 hours pf. (B) Schematic drawing of the structures be functionally relevant given the dynamics and complexity of
seen in A. (C) Strongoit2%mutant, which lacks MHB, tectum pax2.lexpression and requirement.
(asterisk) and cerebellum. (D) Weadi®®21phenotype; a partially
formed .tectum is observed, the caudal end marked by the arrowheadPoint mutations in the  no isthmus/pax2.1 gene
(E) A wild-type embryo at day 7. A homozygous mutantiait252of %}/@ cloned and sequenced the coding regiopas®.1for all

i

the same age is seen in (F), showing severe oedema of the pericard - - . .
gut epithelium, causing delayed development. (G) Survival rates of knownnoi alleles, and found various types of mutations in

differentnoi alleles.n=30 mutant embryos per allele were analyzed. the different alleles, prowdmg furt_her evidence that tio¢

The difference between the stramgiu2%allele and the weaker alleles Phenotype results from mutations in th@x2.1gene. Due to
is clearly visible. The mutants never feed and die within 2 weeks. ¢, the mutagen used in the zebrafish screen we expected point
cerebellum, di, diencephalon, epi, epiphysis, pros, prosencephalon, riiputations, which we found for three alleles, predicting the
rhombencephalon, tc, tectum, tg, tegmentum, v, ventricle. mutant proteins shown schematically in Fig. 3A.

[
&)
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Fig. 2. Genomic organisation and splice variants ofgag2.1gene.
(A) Genomic structure gfax2.1 the complete locus spans approx.
32 kb, with large introns between exons 7 and 7.1 and 5.1 and 6.
(B) Splice variants opax2.1 (1) and (2) are the two major forms

found. Variants containing exon 7.1 lead to a premature stop within |
exon 7.1 and to a truncated protein. Splice forms containing exon 91?
lead to a frame-shift and to activation of an alternative stop codon in.

the 3UTR. (C) Exon 2a is located directly upstream of exon 2b;

A
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Fig. 3. noi mutations causing amino acid transformations.

(A) Schematic drawing of the Pax2.1 protein; red, paired domain;
green, transactivation/inhibitory domain; orange, octapeptide; blue,
a-helical region. Imoith442andnoitv29astop codons cause
truncations; in the weakoi312allele a conserved glycine is
exchanged to valine. (B,C) The sequencing datadé?%2and

noity31a

In noitu29a the C- T transition converts codon 139 into a
stop codon (Fig. 3A,B). This leads to a C-terminally truncated
protein lacking the transactivation and inhibitory domains (T/I,
Dorfler and Busslinger, 1996), and six amino acids of the DNA
binding paired domain. The same mutation was found in
noiy22b which is therefore probably a re-isolatenoftu292(not
shown). As shown previously (Brand et al., 1996)naiih442
the G- T transversion produces a stop codon (Fig. 3A),
eading to a protein with an intact DNA binding domain that
acks the complete C terminus. In both cases the Pax2 protein
is severely affected, consistent with the observed strong

(D) amino acids introduced by exon 2a. (E) The alternatively SIC,”(:edpr_lenotype ip both alleles. The predicted structure 'is co_nsistent
exon 9b. (F) The novel exon 7.1. Sequences are numbered accordifgth the failure of homozygous mutants to stain with an

to Krauss et al. (1991). Asterisks in C and E mark treplice
acceptor site.

antibody directed against the C-terminal part of the protein
(Brand et al., 1996).



The third point mutation (G T transversion) in the weak
noiy31aallele transforms glycine 75 into valine (Fig. 3A,C
Since this highly conserved residue is located in the turn of
DNA recognition helix in the N-terminal helix-turn-helix
(HTH) motif within the paired domain (Xu et al., 1995), los
of this amino acid probably impairs the DNA binding activif
of the mutant protein.

Deletions are due to point mutations that cause
defective splicing

In cDNA from homozygousoitm2432mutants we find an in-
frame deletion of 18 bp at théénd of exon 3 (Fig. 4A). This
deletion leads to the loss of six amino acids in helix Il of t
N-terminal paired domain, but leaves the rest of the prot
unaffected. As expected, the mutant protein can be dete
with the antibody against the C terminus (Brand et al., 19¢
Since helix Il of the first HTH motif in the paired domain |
crucial for the DNA/protein interaction of paired-typ
transcription factors (Xu et al., 1995), tmeim243a could

theoretically cause a complete loss of function, consistent v
the observed strong phenotype. Further analysis shc
however, that the deletion is created by splicing that occur
most, but not all, splicing events. The 18 bp deleted in
cDNA of exon 3 are still present in genomic DNA, whic
however carries a mutation in thé-splice acceptor site
preceding exon 3 (Fig. 4B). The highly conserved AG (Pad
et al., 1986) is changed into a TG; this point mutation proba
abolishes activity of the original site, and allows usage o
cryptic splice acceptor site in exon 3, thus deleting 18 bp in
cDNA. RT-PCR analysis with primers flanking the region
the deletion shows that the predominant, smaller b
diagnostic for transcripts with the deletion is seen only
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mutant cDNA and is thus not a normal splice variant. IrFig. 4.noi mutations with deletions caused by aberrant splicing.
addition, most, but not all transcripts contain the deletion¢A,B) Structure ohoitm2432 |n the conserved GT-intron-AG the AG
explaining the slightly weaker phenotype of this allele (Fig. 4Eis changed into TG, thus weakening tHisglice acceptor site and

arrows).

activating a cryptic splice site in exon 3. This deletes the first 18 bp

In homozygousioitb2! mutants alpax2.1transcripts lacked ~Of exon 3, as found in theax2.1cDNA of noi™2432 (C) Structure of
exon 7, both by sequencing of cDNAs and RT-PCR analysié\k)itbﬂ' lacking amino acids encoded by exon 7. (D) Southern blot

suggesting that the deletion is also generated by aberr
splicing (Fig. 4C,D). The weak phenotyperafi®2! suggests
that the mutated Pax2.1 protein retains some activity.

noitu29a s a null allele of pax2.1
To understand the requirement fiax2.1in development it is

Fig. 5.Band-shift assays. (A) Wild-type
Pax2.1 protein binds to known Pax2 binding
sites, whereas N¥£93(B) and Noim243a(C)

do not. Lanes 1+2, BSI; 3+4, BSII of the
mouse EN2 promoter (Song et al., 1996);

A
wt

site (Kozmik et al., 1992). In even numbered “°™P'®

lanes, a tenfold excess of unlabelled
oligonucleotide competes binding. Lane 0,
positive control with wild-type Pax2.1 and
BSI. (D) No competition with binding of
Pax2.1 to the high-affinity BSI is seen after
addition of a 5-, 50- or 100-fold molar excess
of Noi“2%protein; the slight increase in
bound probe with higher protein
concentrations is also seen with BSA and

. ; ; o b -
most likely reflects increased protein stability. hiias “ -

1 23456 0 1
5+6, optimized CD-19(A-ins.) Pax2 binding protein/DNA s we

fhalysis of RT-PCR products moitt2 mutants: lack of exon 7

causes a shift of the two major splice products containing or lacking
exon 5.1 (arrows; see Fig. 2B). Bands that are not shifted are splice
products without exon 7, e.g. variant 6 (arrowhead). (E) RT-PCR
with primers Zf48 and Zf49 with wild type ambi™m243amutant

cDNA. Lower arrow: the band corresponding to the 18 bp deletion is
specific to the mutant. Upper arrow: residual wild-type transcript.

B

noi w29 i tm243a

noi

2 34 5 8 01 2 34

5 6 9 10 1112

ok
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Table 1. Summary of marker gene expression studies for
the wild type (wt) and the variousnoi alleles, ordered by
severity, at the stages indicated

pax2.1 wit

dlee|tb 3s 5s7s 10s 14s 18s 20h 24h
mﬁummmmu

th44a

tm243a_lllllIIIIIIIIIIIIIIII
ty31a g

tb21 LU LT

eng3 wt
dlele[tb 3s 5s7s 10s 14s 18s 20h 24h
tu29a
thd4a
tm2434
ty3la
th21

eng2 wt
dlele [tb 3s 5s7s 10s 14s 18s 20h 24h
tu29a | mimm

th44a | i

tm243g i

tyS]_a — TN
th2] |

wnt-1 wt
dlele [tb 3s 5s7s 10s 14s 18s 20h 24h

tu29q [me— 000

th44a ——
124 3 o— 11101

ty3la R
tb21 e L LU

her5 wt
dlde|[tb 3s 5s7s 10s 14s 18s 20h 24h
th44a ————
tm243
ty3la
th21

fgf8 wt
alldle[tb 3s 5s5s7s 10s 14s 18s 20h 24h
tu29q (——

th44a e———

tm243
ty3la
th21

The duration of gene expression in the dorsal and ventral portion of the

Fig. 6. Requirement foPax2.1in early MHB development. Whole-
mount ISH; embryos shown in one row are stained with the marker
depicted on the left side. Stages and genotypes are noted; shown
are lateral views, anterior to the left, except where indicated. A
prime () indicates mutants. (Agng3expression is not activated in
noitu2%.(B) In weaknoi¥31@8mutants expression fades away from
ventral to dorsal. (C,D) Weak transierig2expression in the

MHB primordia, dorsal views, anterior to the topnioit'292(C) the
expression is very faint and lost at the end of epiboly; in strong
noitm243amutants (D) expression initiates normally, fades away
around 2 somites, and is lost later in development. (E) Dorsal views
and (F) optical cross sections through éng2domain of wild-type
embryo and weakoitP2 mutants. Expression persists dorsally.
(G,H) Expression opax2.1as a marker for MHB development is
initiated normally innoit2%amutants, and is gradually eliminated
during somitogenesis stages. (@&x2.1expression imoi29ajs
smaller in its a/p extent than in the wild type; later deletion is
complete in the weakoitb21allele (H). (I) At the 5-somite stage,
her5expression fades away from the MHB, except for a ventral
patch in the neural tube (Q: cross section, arrowheads outline the
neural keel). (J) In weak mutants, the midbrain primordium still
expresseber5, also to later stages. (K) The dorsal midbrain
expression ofvntlis seen at 9 somites ioit¥298 whereas MHB
expression is lost, similar to the weadit®?1allele at later stages

(L). (M) Following normal initiationfgf8 expression is absent from
the MHB except in the ventral portion (R: cross section;
arrowheads outline the neural keel), that has disappeared by 22
hours (N). (O,P) At the 5-somite stage, MHB cells are present in
noitu29%amutants and expre$gf8 overlapping witheng3(red) (O)
andwntl (P). Brackets mark the MHB.

machinery. Our above analysis suggesiaifi2%aandnoitm243a

as the best candidates for null alleles, since both have deletions
in the DNA binding paired domain; in particulaoi29a
protein was likely to be function-less since the T/I domains are
deleted as well.

We have used DNA electrophoretic mobility shift assays
(EMSA) with purified recombinant wild-type and mutant
proteins to test whetheroitu29aand noit™243acould be null
alleles. As binding sites we used known Pax2 binding sites,
such as BSI and BSII in the muri2 promoter (Song et
al., 1996) and an optimized Pax2 binding site CD19-2(A-
ins.) (Kozmik et al., 1992). All sites are bound by wild-type
protein (Fig. 5A), but not by the N&®¥432 and Nofuz%
mutant proteins (Fig. 5B,C). It remained a formal possibility
that theNoiu29 protein fragment is able to interfere with
binding of wild-type protein, thus exerting a dominant
negative effect. We therefore added, in a competition
experiment, up to a 100-fold molar excessofi2%protein
to a wild-type Pax2.1 binding reaction to the high-affinity
BSI site. Presence of the mutant protein does not interfere
with DNA binding of the wild-type protein, showing that the
noitu29% protein fragment is unlikely to act in a dominant
negative way (Fig. 5D). Our results show that in both mutant

MHB is shown as two separate bars, blue and yellow, respectively, when theproteins the DNA binding activity is completely lost. As
could be distinguished. A dashed line denotes reduced expression levels. Ngfaown above, however, some functioalx2.1 transcripts

thateng2andeng3are affected in similar ways, as avatl, her5andfgf8.

are present in theoit™m243amutants, consistent with a weaker
phenotype in the marker gene expression analysis than in
noitu2%(see below).

essential to determine its null phenotype, particularly in view In conclusion, our molecular data show tha#2%is a null

of the variable phenotype of mousax2mutants. Critical for

allele (now referred to asoi”"); noitm243a and noith44a are

the biological function of a transcription factor is its ability to strong alleles, but weaker than the null, an#?2! andnoity31a
specifically bind DNA and interact with the transcriptional have weaker molecular defects.
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pax2.1 functions during establishment of the MHB embryos, and find that they are differentially regulatsay3
region expression normally starts at the 1-somite stage, and is never
Expression okng2 eng3, wntl, fgf@&ndher5 occurs in the activated innoi”~ mutants (Fig. 6A,B; Table 1)eng2is

early MHB primordium with a similar time coursepgax2.],  expressed from 90% epiboly onwards in the wild type, and
suggesting thapax2.1might regulate their expression. We expression is detectable at a strongly reduced levebiiri-

used the allelic series to examine in detail the onset ghutants, in a subpopulation of the wild-type domain that
expression of these genes in wild-type andhai mutant fades away with the appearance of the first somite (Fig. 6C).
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englexpression is seen in few cells of the dorsal MHB ofrestricted from the midbrain towards the MHBqgtl retains a
wild-type embryos from the 15-somite stage onwards, and idorsal expression stripe in the midbrain. dai”~ mutants
likewise eliminated in noi”’~ (Fig. 8J,K). In mutants (identified by absence ehg3staining), expression is initiated
homozygous for weak alleleeng3 and eng2 are both normally, but maintenance of expression becomes abnormal
activated normally (not shown). From the 6-somite stagérom the 6-somite stage onwards (Fig. 6K,L,P). Similarly,
onwards, however, the expression narrows, persisting only ixpression ofgf8 in noi”~ mutants is initiated normally and
the dorsal part of the normal expression domain (Figdisappears from the MHB by the 9-somite stage (Fig. 6M,N,O;
6B,E,F). These findings show thatoi functions in Reifers et al.,, 1998). We conclude thadi function is not
establishment ofeng2 and eng3 gene expression in the required for initiating, but for maintaining expressiorhef5,

midbrain and MHB primordium. wntl, fgf8 andpax2.litself at the MHB.
Failure to expresenggenes at the MHB afioi”~ mutants ) ) ] ]
could theoretically be due to absence of these cells in thanteroposterior and dorsoventral differences in noi

mutants. We used expressionpafx2.1RNA and double ISH sensitivity

in noi mutant embryos to determine how long MHB cellsiInterestingly, the midbrain and the MHB primordium of the
persist in the various alleles (Fig. 6G,H,0,P). Onsgtaa®.1  mutants differ in the kinetics with which gene expression
expression occurs during late gastrulation (80% epiboly) andisappears (summarized in Table h@r5 expression in the

is unaffected by aloi alleles (not shownyax2.1lis therefore  developing midbrain is still normal at a time when MHB
not initially required for its own expression. The MHB expression is already partially reducechdi”~ mutants at the
expression imoi”~ mutants is lost between the 6- and 9-somites-somite stage (Fig. 61). Homozygotes for weak alleles show
stages (Fig. 6G,H). In strong mutants, expression becomése same phenomenon at slightly later stages (Fig. 6J).
undetectable by the 12-somite stage, and in weak mutants, bikewise, MHB expression ofwntl is missing in noi”-

the 20-somite stage (Fig. 6H). Within the mutapéx2.1RNA  embryos from about the 6-somite stage onwards, whereas the
levels decrease uniformly, without a particular bias along thdorsal stripe persists (Fig. 6K, bracket). For intermediate and

dorsoventral axis (Fig. 6G). weaknoi alleles, MHB expression afintl persists longer but

. R is also eliminated eventually (Fig. 6L). We conclude that
noi-independent initiation of ~ wnt1, fgf8 and her5 during the maintenance phase, the sensitivity towards missing
expression noi function appears to be higher at the MHB proper than in

In wild-type embryosher5 and wntl are initially expressed the adjacent midbrain.

throughout the midbrain and MHB primordium, and Within the MHB of the mutants, dorsoventral differences in
maintenance, rather than initiation, of MHB expression isensitivity can be observed that differ for the marker gene
affected innoi”~ mutants. During somitogenesis stages of theconsidered. For instandeer5 expression is first lost from the
wild type, her5 and wntl expression becomes gradually medial, then the dorsal part of the MHBrafi"~ mutants, and

wnt1/pax2.1 eng2/pax2.1 eng3/pax2.1

D F

»

Fig. 7. Localization ofeng3andwntl (blue) relative tpax2.1(red/fluorescent) in double in situ hybridizations. All embryos are oriented
anterior to the top; insets give the area shown in detail, and arrowheads point to identical landmark cells in correspelad{?g p&%
epiboly stage embryo stained fontl/pax2.1 The two brackets mark the area where @aly2.1or wntlare expressed. Thentldomain
extends further laterally thgrax2.1 whereagax2.1extends further posteriorly; at this stage the anterior boundanestbandpax2.1
coincide. (B) Fluorescence image of A. FastRed fluorescence is quenched in the overlapping pamtisidyeal, but not posteriorly.

(C) 90% epiboly stage embryo stained éoig2/pax2.1Theeng2domain lies within thgpax2.1domain. (D) The fluorescent image of C,
clearly showing that theng2cells lie within thepax2.1domain. (E,F) 1-somite embryo stained éog3pax2.1 the initialeng3expression
domain lies within th@pax2.1domain; shortly after, the two domains become coincident (not shown).
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then the expression is reduced to a ventral spot (Fig. 61) thatée@mplement our observations that expressionrdd, fgf8 and
eventually eliminated (Fig. 8); for weak alleles, the ventral spoter5does not depend ari function. Together, they show that
persists to later stages (Fig. 6J). Expressiofgi#in noi”~  multiple signaling pathways become activated in parallel
mutants also persists longest in ventral MHB tissue (Figduring early development of the MHB territory.
6M,N). In contrasteng2andeng3expression persists longest ] ]
in the dorsal MHB (Fig. 6B,E,F; see above). We conclude thdtate MHB developmentin noi mutants
gene expression at the MHB is sensitive to the leveladf Up to 48 hours of developmengng expression is not
function during midsomitogenesis stages, and that thebserved imoi”~ embryos, presumably due to the absence
requirement differs, unexpectedly, along the dorsoventral axief midbrain and MHB cells at this stage (Fig. 8). Analysis of
] ) the weaker alleles of the series suggests, howevepdkatl
Topology of early gene expression domains may also be required for later expressiorenfj2andeng3.
To further understand the differences in genetic requiremerts described abovegng2 and eng3 are not expressed in
for pax2.1 we compared the distribution paix2.1with eng2  strong noitm243a and noit"442 mutants at midsomitogenesis.
eng3andwntl, using a double ISH procedure that providesFrom the 20-somite stage onwards, howeseg?2is detected
nearly cellular resolution (Fig. 7). At its onset in latein a small patch of ventral neural tube cells in strong but not
gastrulation (90% epiboly)eng2 expression coincides with in null mutants (Fig. 8F-I), and this increasesoit®?! and
pax2.lexpression (Fig. 7C,Deng3expression is initiated at noi®31a(Fig. 8H,l). Later expression is also seen émg3
the 1-somite stage within tip@x2.1domain, and slightly later, apart from the dorsal patch of cells that persists until 20 hours
is expressed coincident wiglax2.1(Fig. 7E,F and not shown). of development (Fig. 6B), an additioraig3positive domain
The coexpression in the same cells is consistent with a role ftg detected in the ventral neural tube (Fig. 8D,E). Again,
pax2.lin regulating these genes. In contrast, the domain afxpression in this ventral domain is stronger in the two weak
wntl expression resembles, but is not identical tophe2.1  alleles than in the strong alleles. Mutants for the strong alleles
domain: the anteriowntl border coincides with the anterior have not expresse@&ng3 during earlier neuroepithelial
pax2.1 border at this stage, bypax2.1 extends further development; hence, lateng3 re-expression must occur
posteriorly thanwntl, andwntl extends further laterally than independently of the earlier neuroepithelial expression. We
pax2.1(Fig. 7A,B; brackets denote non-overlapping regions)do not observe re-expression fengl her5 or fgf8 in noi
A separate study showed that the domairigé expression mutants at 24 hours of development (Fig. 8J-M, Fig. 6N).
during gastrulation is located posterior to gax2.1domain, Several differentiated neurons later expresggenes in this
with a significant overlap becoming apparent only during midarea in zebrafish and chicken (Hatta et al., 1991; Millet and
somitogenesis stages (Reifers et al., 1998). These findingdvarado Mallart, 1995) and the expression we observe may

A B C o D - E
eng3 o ’
X E
wt nojtu2% noith44a noitoz1
- I
F |G = H -~ I i
A ¥ ¢
eng2 ’
- i
o noitu29a . noity31a Pt noitv31a
J engl K eng1 | her5 '\ her5
wt | noi 2% wit nojt298

Fig. 8.Late marker gene expression during pharyngula stages imutant embryos. Shown are lateral views, anterior to the left (except F-H:
dorsal views). (A,B) n@ng3is seen in null mutants at 22 hours, whereas in the strongradigf#2(C) a ventrakbng3positive spot can still be
detected, and both ventral and dorsal expression is visible inneé2# mutants (D,E); E, transverse section. (F-H) 24 hang2expression

in the neural tube is absentriniv292 |ateral expression in presumptive eye muscles is not affected. In theoi®&kallele ventral

expression is seen, and is located, similar tettg8expression, in the ventral neural tube (I; transverse section). Ehtyllandher5

expression is completely absent at 26 hours.
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be in precursors for these neurons. Notably, this celll) the mutation creates a stop codon in the paired domain, in
population is highly sensitive to the level of functionalan exon common to all splice variants; (2) the predicted mutant
Pax2.1, which may therefore be required also for the reprotein lacks the C terminus with the transactivating and
expression phase; alternatively, the cells may simply be ablehibiting domains, as well as 6 amino acids of the paired
to persist to later stages in weadi mutants. domain, which are crucial for DNA recognition (Adams et al.,
1992); (3) the proposed structure of the mutant protein is
consistent with the absence of a C-terminal Pax2.1 protein
DISCUSSION epitope innoit¥2%mutants (Brand et al., 1996), and the protein
size when the mutant protein is expressed in bacteria (data not
We have examined the requirement far isthmus/pax2.in shown); (4) our DNA-binding assays show that timgu2%a
development of the zebrafish midbrain hindbrain boundary. Iprotein fragment does not bind to known Pax2 binding sites,
addition to the previously characterizedi"#4a(Brand et al., including two sites required for Pax2-dependent activity of the
1996), we describe four additional mutations in ga&2.1  mouseEn2 promoter (Song et al., 1996); (5) we observe no
gene. By molecular and phenotypic criteria, tigé alleles dominant negative effect in DNA-binding assays, even at a
form an ‘allelic series’ in whiclpax2.1function is probably 100-fold molar excess to wild-type protein; (6) expression of
inactivated to different degrees, in the following order: nulleng3as a likely downstream target is abolishednai29%a
(noitu298 > strong foim243a nojth44d > weak (o312 homozygotes.
noit*2)), and have presented evidence tha#u2% is a null Other noi alleles partially reducepax2.1 activity. The
allele (now callednoi”-). Analysis of thenoi”~ mutants morphologically strong alleles show distinct differences in
allowed subdividing genes expressed during early MHBheir molecular phenotype comparechtn¥292 The truncated
development into those that requirei function already at the noit"442 protein contains an intact paired domain and
end of gastrulationeng? eng3 and those that are activated octapeptide (Fig. 3A), and shows a weaker phenotype in our
independentlyf¢f8, wntl, her5andpax2.1litself), but require  marker gene expression studies; this protein may therefore be
it for maintenance during mid-somitogenesis. Together witlable to activate transcription at a low level (see also Nutt et al.,
other data, this argues that multiple signaling pathways operat®©98). The postulated NBr43aprotein lacks six amino acids
in early MHB development. Analysis of the intermediate andn the N-terminal region of the paired domain that mediate
weak alleles of the allelic series suggests an additiongdrotein/DNA contacts (Xu et al., 1995) due to a mutated splice
requirement forpax2.1 during dorsoventral patterning, and acceptor site. Although DNA binding activity of this protein is
possibly in a later phase ehgrailedgene expression during completely abolished, mutants for this allele display a slightly

MHB development. weaker phenotype in the expression of the marker genes than
o noi2%a probably because a small amount of normally spliced
Structure and activity of  pax2.1 mRNA is still present. Similar splice acceptor mutations in the

The pax2.1genomic structure shows overall conservation ofglobin genes cause thalassemia (Treisman et al., 1983), and the
the exon/intron structure between mammals and zebrafish, beame substitution in a splice acceptor sitdPak3activates
also some differences. Of the 12 exons, 10 show sequenceptic splice sites within the following exon (Epstein et al.,
homology to othepax2/5/8sequences, whereas exons 5.1 and 993). In these cases, the mutated splice acceptor sites continue
7.1 encode zebrafish-specific sequences. Such species-speddifunction with low efficiency, and we propose that this is also
exons have also been reported for murine, human and Xenopihe case fonoitm243a
Pax2 (Sanyanusin et al., 1996; Heller and Brandli, 1997; The deleted exon 7 in mRNA fronoi?2lhomozygotes may
Tavassoli et al., 1997), suggesting that functionablso be due to aberrant splicing. The occurence of deletions in
specializations have occured between orthologues in differetwo of fivenoi alleles by aberrant splicing could be chance, but
vertebrates. As shown in the accompanying paper, zebrafighight also reflect easier detectability of deletion phenotypes in
pax2.1land mous@ax2differ for instance in their requirement the morphological screens. Th®it2l mutation effectively
for controlling transcription opax5 and pax8 at the MHB,  forces creation of the naturally occuring major splice form
which depend opax2.1function in zebrafish, but which may lacking exon 7. Sinceoi®2lretains partial activity, the natural
act in parallel in mice (Pfeffer et al., 1998). Multiple functionssplice variant may also be functional. Alternatively, a small
of zebrafishpax2.1may be reflected in the high number of amount of normally spliced transcripts or a minor splice form
splice variants we found, which remain to be tested founaffected innoitP2! could provide the residual function.
functional differences. Reconstitution of the various splice forms into nai”-
background can now be used to address their function.

Molecular defects of noi alleles
For functional studies, and given the variable phenotype dRequirement for pax2/5/8 genes in MHB
mousePax2’~ mutants, it was crucial to determine to whatdevelopment
extent pax2.1 function is impaired bynoi mutations. In The MHB phenotype ofhoi”~ mutants is more constantly
addition to the previously characterizewit™42 allele, we  severe than that of murirRax2 mutants, and we previously
found molecular aberrations for the remaining fieg alleles  hypothesized that either only a singlax2/5/8gene exists in
in pax2.1 Together with our previous data on genetic linkagezebrafish, or thgtax2.1has become functionally predominant
and protein expression (Brand et al., 1996), this provide@Brand et al., 1996). The isolation of three additional zebrafish
further evidence that the genetically defimedisthmusgene pax2/5/8genes reported in the accompanying paper (Pfeffer et
is identical withpax2.1 al., 1998) supports the latter possibility, simpax5andpax8

The following observations argue tmatit"2%ajs a null allele:  are critically dependent omoi/pax2.1function at the MHB.
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Between its onset at 80% of epiboly and the 4-somite stag A. Establishment (late gastrula)
pax2.1lis the only knowmpax2/5/8gene expressed at the MHB.
pax2.2 though expressed inoi mutants from the 5-somite
stage, appears unable to replacai~ function, perhaps
because its MHB activation occurs too late (see also th
discussion in Pfeffer et al., 1998). In other tissues, e.g. in tF
optic stalk (Macdonald et al., 1997ax2.2 may partially
compensate the missimgi function.

endomesoderm ?
it { A
Noi / Pax2.1 Wnt-1 FGFB

t
Eng 2
Multiple pathways in early MHB development B2
A key finding in our study is that, through the availability of
the null allele noi2%8 we were able to subdivide genes
expressed in the early midbrain-hindbrain primordium
according to their requirement fpax2.1 pax2.1lis activated B. Maintenance (segmentation period)
before neural plate formation, prior to and in an overlappin
expression pattern wittvntl, engl, eng2and eng3 whereas

her5andfgf8 are activated slightly earlier. Expressioneofy2 Wnt-1 &
andeng3already clearly requirggax2.1function during late (K FGF8
gastrulation. In contrast, the normal onset and expression Eng “*
wntl, fgf8, her5 and pax2.litself up to approximately the 4- Pax2.1

to 5-somite stages suggests that additigread2.1lindependent {

pathway(s) operate upstream and/or in parallel to induce gel Pax5
expression in the MHB primordium. Pax8

Alternatively, wntl or fgf8 could simply be upstream of
pax2.1 and would thus not be affectedrini”~ mutants. For _ _
wntl this is unlikely, sinc€Enl, En2 and Pax2are activated Fig. Q.StepW|se deve!opment of the ;ebraflsh MHB. We postulate
normally in mousevnt1”~ mutants (McMahon et al., 1992; that during the establishment phase in the late gastrula (A), three
Rowitch and McMahon, 1995). In zebrafishwatl mutant parallel pathways are activated in similar, but not identical domains

. . . - in the primordia of the early midbrain and MHB (redx2.1and
is not yet known, but sincentlandpax2.1are activated in wntl) and anterior hindbrain (blufgf8). Noi/Pax2.1 is required to

different, only partially overlapping domains (Fig. 7), andativateengrailedgene expression. The activating signals are
wntl misexpression in zebrafish does not activeé&2.1  ynknown, but may derive from the endomesodermal germ ring (grey
(Kelly and Moon, 1995), it is very likely that the two genesring). (B) During the maintenance phase, expression overlaps at the
are activated independently of each other in zebrafish as welllHB organizer, which secretes Wntl and Fgf8 as signaling
Expression offgf8 in noi”~ mutants is unaffected for a molecules. At this stage, the pathways become mutually dependent,
different reason: during gastrulatichaf8 is expressed in the and control downstream gene expression in the MHB organizer
anterior hindbrain, posterior to the domainspaix2.1and  (Pax5, Pax8) and the surrounding neural plate (arrows).
wntl, moreover, fgf8 misexpression does not alter the
anterior-posterior extent gfax2.1lexpression (Reifers et al.,
1998). Importantly, in the zebrafi$hf8 mutantacerebellay ~ pax2.1 as an engrailed regulator
which lacks MHB and cerebellum but has a midbrain,n noi”~embryoseng3expression is completely abolished and
expression of MHB marker genes is initiated normally but noeng2is expressed transiently at a low level; similarly, the later
maintained (Reifers et al., 1998). Howeugf8 inactivation  activation ofenglis not seen imoi”~ mutants.noi/pax2.1lis
in mice also causes midbrain defects (Meyers et al., 1998herefore a crucial upstream component in the pathway that
perhaps as a secondary consequence of gastrulation defesmtsivateseng2andeng3in the midbrain and MHB primordia
which are less severe aterebellarmutants (see discussion during late gastrulation, consistent with the colocalization of
in Reifers et al., 1998). the expression domains (Fig. 7C-D). Thei-independent
Together, our findings in zebrafish suggest plza®2.1 wntl  component of eng2 expression demands, however, an
and fgf8 are initiated independently of each other in lateadditional mechanism for activatingeng2 Generally,
gastrulation, and only later in somitogenesis come to interaeixpression oenggenes is under the control of bqthx2(.1)
(Reifers et al., 1998; this paper; Fig. 9). Evidence for multiplgthis paper; Song et al., 1996) amdt1(McMahon et al., 1992;
pathways in MHB formation also comes frax gene dosage Danielian and McMahon, 1996), and can be activatefh®y
studies (Acampora et al., 1997). ¢tx27~, otx1~ animals, misexpression (Crossley et al., 1996; Lee et al., 1997;
ectopic anterior expression @ff8 and later formation of an Shimamura and Rubenstein, 1997). Importantly, altheudh
ectopic MHB are observed. At the early neural plate stagendfgf8 are activated normally inoi”~ embryos during late
however, expression dEn2 and wntl are initiated at their gastrulation, they are unable to drigag3 or normaleng2
normal location, and only in midsomitogenesis is theexpression in the mutants. Thus, althowgftl and fgf8 are
expression recruited to the ectopic, anterior position. As imecessary to maintaengexpression (McMahon et al., 1992;
zebrafish, these studies therefore distinguish at least twReifers et al., 1998), they are not sufficient, with the possible
pathways, one positionirfgf8 (controlled viaotxdosage), and exception of the weak transiesmg2expression.
a second pathway activatinfn and wntl expression, In mice, Pax2 directly regulatdsn2 promotor activity via
independent obtx. Pax2/5/8binding sites (Song et al., 1996). As in mice, Pax2.1
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may directly activateeng genes by binding to theng required for expression ehgand other genes, and directly or
promoters. These remain to be characterized in zebrafish itadirectly regulates downstream gene expression in the MHB
explain the differences in regulation of tregrailedgenes we and around it. Also during the maintenance period, patterning
have observed, and to distinguish direct from indirecbccurs along the dorsoventral axis in the MHB organizer in a
regulation. Given the ongoing morphogenetic movements andanner that still requirgsax2.lactivity.

the successive restriction péix2/5/8andeng2/3genes towards _ ) )

the MHB constriction, the regulatory relationship betweerRequirement for pax2.1 in dorsoventral patterning of
pax2.landengrailedgenes is likely to be important for later the MHB

midbrain development, e.g. for retinotectal projection into theSo far,pax2.1has mainly been considered as a component of
midbrain tectum, which is thought to require an Engrailedhe patterning machinery along the anteroposterior (a/p) axis

protein gradient (Rétaux and Harris, 1996). of the brain. Analysis of the allelic series nbi alleles
) _ unexpectedly revealed different sensitivity of MHB cells to
Establishment and maintenance of the MHB pax2.1 functional levels along the dorsoventral (d/v) axis,

Organizing centers often establish concentration gradients efhich differs for the gene considered. Expressiompan{2.1
signaling molecules that pattern the adjacent tissue, and dtself andwntl disappears homogeneously, probably simply
thus sensitive to the functional level of components of theeflecting loss of the cells normally destined to form MHB
signaling pathway. Our comparison of the molecular andissue. With increasing strength of thei allele examined, the
phenotypic strength within theoi allelic series suggests that MHB loses her5 and fgf8 gene expression from dorsal to
the functional level opax2.1is critical for MHB development. ventral, such that the highest levelpaix2.1is required in the
By analogy with similar studies Drosophila(Anderson et al., dorsal area. In contrasgtnggene expression disappears from
1985), we assume that ‘functional level’ means here ‘level ofentral to dorsal with increasing allele strength, as has also
Pax2.1 protein activity’, though this remains to be proved. Theeen observed in for En2 in En1 mutants (Wurst et al., 1994).
failure to maintain expression dier5, fgf8, wntland other Thus, these genes respond to d/v positional information, but in
markers innoi”’~ mutants may mean that, for continueda way that is critically dependent on the functional level of
expression, the MHB organizer needs to be successfullyax2.l and in different ways for the various marker genes. We
established, producing, for instanemtl andfgf8 as signals have no indication that, in wild-type developmeax2.litself
important for maintenance. When this occurs in developmens distributed in an asymmetric way along the d/v axis of the
is currently unknown; our data point to a critical period aroundHB (although this view does not take the complexity of
the 5-somite stage. Interestingly, the requirement for alternative splice forms into account), and the requirement
function at this stage is higher at the MHB than in the midbraicould be indirect.
primordium, since this is where gene expression is affected first Why then are differences observed, depending on the allele
in the mutants. Differential effects on the midbrain and MHBand the marker gene studied? Probably, MHB cells continue to
expression ofvntl are also observed Bbx2 Otx2 andfgf8  require pax2.1during the maintenance phase. In this view,
mutants (Acampora et al.,, 1997; Wassarman et al., 199pax2.1 would serve as an integrator for both a/p and d/v
Reifers et al., 1998; Takada et al., 1994). The maintenandetermining signals at sequential stages of development.
requirement we observe inoi mutants is not necessarily Sequential assignment of a/p and d/v positional values is also
direct: it could reflect an inability to form a functional MHB seen in rhombomere 4 of the chick hindbrain (Simon et al.,
organizer innoi”~ mutants, or inability to respond to signals 1995). Likely candidates for d/v signals are signaling
from the organizer, or both; further studies are needed tmolecules likesonic hedgehofshh from the ventral side, and
distinguish these possibilities. BMPs from the dorsal side (Tanabe and Jessel, 1996). Indeed,
Taken together, our data support a model wherpax2.landshhare functionally linked in patterning of the optic
establishment of the zebrafish MHB occurs in several stepgsicle and optic chiasm in zebrafish (Macdonald et al., 1995,
(Fig. 9). During the establishment phase, at least two pathway997). More recently, a medaka homologueDwbsophila
are activated in the MHB primordium in late gastrulation: onespalt, a target gene for Hedgehog signalindpmsophila was
pathway involves Pax2.1 and leads to proper activati@ngf found to be expressed in MHB development and to respond to
genes (with its downstream consequences for development gfih RNA injection specifically at the MHB (Koéster et al.,
the retinotectal map). Independently, a second pathway K997).
activated that employs the secreted Wntl molecule. Very likely, _ ) )
a third independent pathway employing Fgf8 is activated in thEVvolutionary considerations
posteriorly abutting anterior hindbrain. What signal(s) in turnThe nervous systems of invertebrates and vertebrates share a
activate these pathways is not yet known; they may derive abmmon origin, reflected in many conserved interactions
least in part from the endomesoderm (Ang and Rossant, 1998ithin the patterning processes (DeRobertis and Sasai, 1996).
Woo and Fraser, 1997; Ang, 1996; Miyagawa et al., 1996). In Drosophilag Engrailed, Wingless and Hedgehog are involved
During the second or maintenance phase in early to mida a feedback loop that functions in boundary formation in the
somitogenesis, gene expression at the MHB is maintained Bmbryo and the imaginal discspairedtype gene is involved
reciprocal interactions, as is also suggest by the functionat establishing this loop (Martinez-Arias, 1993). Of their
requirement fowwntlandEnlin mice (McMahon et al., 1992; vertebrate homologuesng genes,pax2(.1) and wntl are
Wurst et al.,, 1994). During this period, significant overlapclearly required for a/p patterning of the MHB, wherslaisis
betweerpax2.1 wntlandfgf8 expression is established in the not, and it has been problematic to understand the ‘missing’
future MHB, which may be crucial in generating its organizingshh involvement. Our observations suggest a possible
properties. During this periodhoi/pax2.1 continues to be explanation: the circuitry of genes includisishmay originally
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have been maintained for their function within the MHB DeRobertis, E. M. and Sasai, Y(1996). A common plan for dorsoventral
organizer proper, and may only later in evolution have becomepatterning in BilateriaNature 380, 37-40.

adapted ; ; ; _t‘)rﬂer, P. and Busslinger, M.(1996). C-terminal activating and inhibitory
P for the a/p patterning function of the organlzelD domains determine the transactivation potential of BSAP (Pax-5), Pax-2 and

Vertebrates have an elaborated midbrain that presumablyp,, e EMBO J.15. 1971-1982.

requires presence of the a/p patterning function, Whereas_mm_-‘ﬂ(er, M., Wegner, J., Akimenko, M. A. and Westerfield, M. (1992).
basal chordates do not (Butler and Hodos, 1996). Interestingly,Coordinate embryonic expression of three zebraéisigrailed genes.
the protochordate ascidiadalocynthia roretzihas a single Development16,1001-1010.

: : : ‘ » Epstein, D. J., Vogan, K. J., Trasler, D. G. and Gruss, P1993). A mutation
archetypalpax2/5/8gene, which is eXpressed in the ‘neck within intron 3 of thePax3 gene produces aberrantly spliced mRNA

region!_ and has therefore been suggested to be related_ tP thﬁ:'anscripts in theplotch(Sp mouse mutanfroc. Nat. Acad. Sci. US30,
midbrain and MHB of vertebrates (Wada et al., 1998). Ascidian 532-536.

pax2/5/8is expressed posteriorly adjacent to asciditgy  Favor, J., Sandulache, R., Neuhéduser-Klaus, A., Pretsch, W., Chatterjee,
whereasotx2 and Pax2 expression overlap in the midbrain of ~B. Senft, E., Wurst, W., Blanquet, V., Grimes, P., Sporle, R. and

: : .. Schughart, K. (1996). The mouse PaX¥€! mutation is identical to a
vertebrates (Acampora et al, 1997)’ InC|Ud|ng zebrafish human PAX2 mutation in a family with renal-coloboma syndrome and

(unpublished observations). A speculative possibility IS reyits in developmental defects of the brain, ear, eye and kizioeyNat.
therefore that the ascidiapax2/5/8 expression domain is  Acad. Sci. US®3, 13870-13875.

related only to the MHB, but not the midbrain portiorpak2  Fiirthauer, M., Thisse, C. and Thisse, B(1997). A role for Fgf-8 in the
expression, and that the organizing potential of the MHB for dorsoventral patterning of the zebrafish gastriDievelopment24, 4253-
the Surroundmg midbrain and cerebellar p”mordla Wa%anson., I. M., Fletcher, J. M., Jordan, T., Brown, A., Taylor, D., Adams,

secondarily acquired in vertebrates. R. J., Punnet, H. H. and van Heyningen, \(1994). Mutations at thBAX6
Locus are found in heterogenous anterior segment malformations including
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comments and vivid discussions. This work was funded by the 112,821-832. _ , ,
Deutsche Forschungsgemeinschaft (Br 1746/1-1) and th@eller, N. and Brandli, A. (1997). XenopusPax-2 displays multiple splice
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