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SUMMARY

Two axial structures, a neural tube and a notochord, are experiment. However, analysis of mesodermal marker gene
key structures in the chordate body plan and in expression in HrzicN knockdown embryos revealed
understanding the origin of chordates. To expand our unexpected roles of this gene in the development of
knowledge on mechanisms of development of the neural mesodermal tissueddrzicN knockdown led to loss oHrBra
tube in lower chordates, we have undertaken isolation and (Halocynthia roretzi Brachyury expression in all of the
characterization of HrzicN, a new member of theZic family notochord precursors, which may be the cause for
gene of the ascidianHalocynthia roretzi HrzicN expression  notochord deficiency. Hrsna (Halocynthia roretzi snai)
was detected by whole-mount in situ hybridization in all expression was also lost from all the notochord and anterior
neural tube precursors, all notochord precursors, anterior mesenchyme precursors. By contrast, expression birsna
mesenchyme precursors and a part of the primary muscle and the actin gene was unchanged in the primary muscle
precursors. Expression ofHrzicN in a- and b-line neural  precursors. These results suggest thatrzicN is responsible
tube precursors was detected from early gastrula stage to for specification of the notochord and anterior
the neural plate stage, while expression in other lineages mesenchyme. Finally, regulation ofHrzicN expression by
was observed between the 32-cell and the 110-cell stagesFGF-like signaling was investigated, which has been shown
HrzicN function was investigated by disturbing translation  to be involved in induction of the a- and b-line neural tube,
using a morpholino antisense oligonucleotide. Embryos the notochord and the mesenchyme cells iRlalocynthia
injected with HrzicN morpholino (‘HrzicN knockdown  embryos. Using an inhibitor of FGF-like signaling, we
embryos’) exhibited failure of neurulation and tail  showed thatHrzicN expression in the a- and b-line neural
elongation, and developed into larvae without a neural tube tube, but not in the A-line lineage and mesodermal lineage,
and notochord. Analysis of neural marker gene expression depends on FGF-like signaling. Based on these data, we
in HrzicN knockdown embryos revealed thatHrzicN plays  discussed roles oHrzicN as a key gene in the development
critical roles in distinct steps of neural tube formation in  of the neural tube and the notochord.

the a-line- and A-line precursors. In particular HrzicN is

required for early specification of the neural tube fate in A-

line precursors. Involvement ofHrzicN in the neural tube  Key words:Halocynthia roretzi Morpholino antisense
development was also suggested by an overexpressionoligonucleotide, Neural tube, Notochoti¢ family gene

INTRODUCTION of the a-line (anterior-animal) cells (Nishida, 1987). The
visceral ganglion present at the junction between the trunk and
Two axial structures, a neural tube and a notochord, atail consists of the A-line (anterior-vegetal) cells. The caudal
characteristics of chordates and therefore, information aboueural tube running along the length of the tail consists of four
developmental mechanisms of the neural tube and thglorsal, ventral and two lateral) rows of ependymal cells: the
notochord in lower chordates is essential for an understandinigteral and ventral cells are of A-line origin and the dorsal cells
of the origin of the chordate body plan (Satoh and Jefferyare of b-line (posterior-animal) origin. Beneath the neural tube,
1995). a stack of exactly 40 notochord cells runs along the tail. The
The neural tube of ascidian larvae is composed of about 34Mterior 32 cells (primary notochord) and the posterior 8 cells
cells, and is divided into three regions along the anteroposteri¢gecondary notochord) are derived from A-line and B-line
axis, which are, from anterior to posterior, the sensory vesicleells, respectively (Nishida, 1987).
the visceral ganglion and the caudal neural tube (Nicol and Cellular interactions that specify the neural tube and
Meinertzhagen, 1991). The sensory vesicle is composed solgiptochord of ascidian embryos have been extensively
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demonstrated. Specification mechanisms of neural tube diffelarly roles in neural and neural crest development. In
between the a- and b-line precursors and A-line precursors. Thecordance with this, overexpression experiments show that
a-line neural tube precursors require an inductive influenc¥enopus Zigenes promote differentiation of neural and neural
from the vegetal hemisphere cells to form the sensory vesictgest derived tissues (Nakata et al., 1998). In mouse, knockout
(Nishida and Satoh, 1989; Okado and Takahashi, 1990). Uparfi Zicl leads to aplasia of cerebellum and skeletal
disturbance of the induction, they adopt epidermal fate, likabnormalities (Aruga et al., 1998). MutationZit2 and Zic3

most other animal hemisphere cells. Although timing of thén mouse and/or human cause holoprosencephaly and
induction has not been fully understood, it is likely that theheterotaxis, respectively (Klootwijk et al., 2000; Nagai et al.,
induction starts at the 16-cell stage and becomes complete 2(00). These mutant phenotypes seem to be much weaker than
the early gastrula stage, including multiple sequential stepsxpected from the results of overexpression experiments.
(Darras and Nishida, 2001b; Nishida and Satoh, 1989; OkadoIn ascidians, macho-1 a recently identified muscle
and Takahashi, 1990). The b-line precursors also require a®terminant, encodes a zinc finger protein with the zinc finger
inductive influence from the vegetal cells to differentiate intodomain most similar to that &fic family genes (Nishida and

the caudal neural tube cells (Hudson and Lemaire, 2001). Bawada, 2001). Transcriptsmaficho-lare supplied to the eggs
the induction of a- and b-line neural tube cells, an FGF-likenaternally, segregated into the primary (the B-line) muscle
signaling pathway is likely involved, since human recombinantells through rounds of cleavage, and have been shown to be
basic FGF mimics the inductive activity of the vegetalnecessary and sufficient for primary muscle formation. Thus
hemisphere, and block FGF signaling leads to inhibition of thexpression and function @hacho-lare quite different from
sensory vesicle formation (Darras and Nishida, 2001b; Hudsahose of vertebrat&ic family genes. So far, no ascididic

and Lemaire, 2001; Inazawa et al., 1998; Kim and Nishidafamily gene other thamacho-1has been reported.

2001). This situation is very reminiscent of neural induction in In the present study, toward understanding of the neural
vertebrates. By contrast, specification mechanisms of the Afevelopment in ascidian embryos, we addressed whether there
line neural tube cells seems to be unique (Minokawa et alis anotherZic family gene that may have a role in the neural
2001). At the 32-cell stage, anterior-most A-line vegetal cellgievelopment. We have cloneétizicN, a newZic family gene
(A6.2 and A6.4 blastomere pairs) have both neural tube ansi the ascidianHalocynthia roretziand studied expression,
notochord fates, which separate into the daughter cells after thgnction and regulation dfirzicN. We here report thadrzicN

next cleavage. Anteriorly located daughters succeed to thgfays an essential role in neural tube development.
neural tube fate while posterior ones that contact the endodemghexpectedly, we have also found that this gene is required for
precursors assume the notochord fate. A-line neural tube fafige formation of the notochord and anterior mesenchyme,
is specified autonomously without any cellular interactiornrepresenting a novel function d@fc genes. Thus, the present
(Minokawa et al., 2001). study has established thatrzicN is a key gene in the

A-line notochord fate, however, requires inductive influencejevelopment of the two axial structures in the ascidian embryo.
from the endoderm precursors or the neighboring notochord

precursors, which can be mimicked by basic FGF (Darras and

Nishida, 2001a; Kim and Nishida, 2001; Nakatani and NishidgATERIALS AND METHODS

1994; Nakatani et al., 1996; Shimauchi et al., 2001).

Interestingly, all descendants of the isolated A6.2 or A6.4£mbryos

blastomeres adopt the notochord fate when treated with basigulit ascidiansHalocynthia roretzj were obtained from fishermen
FGF, and conversely, they all adopt the neural tube fate in th@ar Asamushi Marine Biological Station, Tohoku University,
absence of the induction. Therefore, binary choice of théomori, Japan and Otsuchi Marine Research Center, Ocean Research
alternative fates is involved in specification of the A-line neuralnstitute, University of Tokyo, Iwate, Japan. Naturally spawned eggs
tube and the notochord (Minokawa et al., 2001). In contrast tgere fertilized with a suspension of sperm from other individuals.
our knowledge about cellular interactions involved inFertilized eggs were raised at 11-13°C in Millipore-filtered seawater
specification of the neural tube, litle is known aboytcontaining 100pg/ml streptomycin and 100 units/ml penicillin.

transcription factors that participate in this process. Nomenclature of the cell lineage is according to Nishida (Nishida,

Zic was originally identified as a gene encoding zinc finger1987)'

protein that is expressed abundantly in the adult mous@olecular cloning of HrzicN

cerebellum (Aruga et al., 1994). In vertebrates, multiple  pCR was carried out to amplify DNA fragments of a conserved region
family genes are known: for example, at least six dis#ifitt  within the zinc finger domain cZic family genes. The nucleotide
family genes have been identified Xenopus(Nakata et al., sequences for forward and reverse primers were 5
2000) and at least four in mouse (Aruga et al., 1996)GCGAATTCTT(CT)AA(AG)GC(ACGT)AA(AG)TA(CT)AA-3" and
VertebrateZic family genes so far identified are very similar to 5-CGCTGCAGTG(ACGT)AC-(CT)TTCAT(AG)TG(CT)TT-3  re-

one another both in structure and expression pattern durifgectively. PCR reaction was carried out through 40 cycles of
development (Nagai et al., 1997; Nakata et al., 1998). At th naturing at 94°C for 1 minute, annealing at 48°C for 1 minute and
gesul sagecfamy g e xpessed oot e e o
presumptive neural plate. Their expression becomes restrict adidate clones faZic family genes were identified. One was of

to the lateral edges of the neural plate at the neurula stage qﬂgcho-land the other represented a novel gene. Therefore, this was

persists in the dorsal region of the forebrain and the midbraifyseq as a probe for screening of a neurula cDNA library. A cDNA
the roof plate of the spinal cord, the migratory neural crest anglone was isolated and sequenced.ahd 3-most regions for the
additionally in developing somites and limb buds. ThecDNA were isolated by'5 and 3-RACE procedures, respectively,
expression pattern of vertebralie family genes suggests their using the RACE System (Gibco BRL).
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Construction of expression plasmids for in vitro A

transcription of mMRNA
T te th . lasmidHozicN. a full lenatt - MAYATAYAFSHQAPTAPFPGYTSTGYE 27
0 generate the expression plasmidrozICN, a TUll 1engtl gny poPMHGITSPGSQAALYNPHLNVAPLRNRQNIQNPTY 67

HrzicN cDNA was cloned into pBluescriptRN3 (Lemaire e3iINPPSQLKTDSQFFTGVHQPFDYSYRNQYLAYGGGQAQTT107
al., 1995). To generate the expression plasmidldoZ 108QKGLT CKWIVSGKSGEENAI TC DRE FYS MN QLV DHV TV DH1 47

(pRN3/IacZ), full IengtHacZ of pSV-B-GaI was cloned int 1 48 VGG HDQA DHTC YWK DC TREK SFQAK YK LVN HI RV HTGEK P187
FIC L FPNCGKV FA RSEN LKI HK RTHTGEK PFVC PFDGC DR27

pBluescriptRN3. To generate the expression plasmit 3 rranss DRKK HTYTHS TSK P YACKV QGCKKS Y THPSS L RK 267

HrzicN/lacZ the 5 UTR and the initiation codon d&cZ 28 HLK MHEAEGIKVESDGGSSDSRMTSPTSSNGSSSSNNAES 307
cDNA were substituted with thé BTR and the first 183t  308GVSPKSPTDNVLTGSISPRSSGSNNGSEINSFAPPNIDLG 347

i i ; i 348RDLGV  CSGVKFEPQPGFRTNNPFPYYEVQGSTTVGTLPSN 387
of HrzicN codllng r.zgf'gn ;W_Ipl'f.'ed bﬁ/ Ff’_CR.S'IZ'oC?%nerate 388SPFYPAATATQHLSSIAESVATHTPYNAGYYHQPSAPTYM 427
expression plasmid fdacZ/HrzicN the first 52nd base pi 43MHPQHTPMESEVQAPSIKYLPATEMYESYPSAGYSNHFHQ 467

of HrzicN cDNA was substituted with the first 123 bpadZ  4esF *
cDNA. In vitro transcription was carried out using mMes:

mMachine (Ambion) as described previously (Wada |—XG”1
Saiga, 1999b). B Too —XGli4
Design of morpholino oligonucleotide and 50 9—hGLI2
microinjection 35.1 xGli3
Morpholino oligonucleotides were obtained from G 84.4lhGLI3
Tools. Sequences of HrzicNMO and HrzicNMO2 are mado-d
GCTGTTGCGTATGCCATTTTGCTT-3 (the underlina 315 _
indicates sequence complimentary to the putative initi | rCsdcrla

codon) and BATTCGCTCAATTAAATTACTGTTGT-3, 100 csdcrib
respectively. As a negative control, ‘standard control o

supplied by Gene Tools was used. Microinjection was ce Csacr2
out as described previously (Wada and Saiga, 19 hZIC5
Synthetic RNA and morpholino oligonucleotides to 19.7 opa
injected were dissolved in distilled water and>0TE, 205 | g6 _
respectively. Each microinjection experiment was condt ' mZica
twice or more. L | 100 Amphizic
To test the ability of HrzicNMO to inhibit translatic 438 <Zic5
approximately 50 pg dfirzicN/lacZmRNA was injected int i
fertilized eggs either with or without HrzicNMO (fir L (HrzicN]
concentration: 1QM). Cleavage of the injected embryos \ 538 mzic3
inhibited by treatment with cytochalasin B (Hirano et

1984). The injected embryos were tested3aalactosidas 100

activity at the middle tailbud equivalent stage as desc

previously (Hikosaka et al., 1994). 27Zic2
For the rescue experiment, a mixture of HrzicNMO (i

concentration: 10uM) and approximately 50 pg

lacZ/HrzicNmRNA was injected into fertilized eggs and - 5ﬁ42i02
injected embryos were examined FnBra expression at tf hzico
110-cell equivalent stage.

Treatment with MEK inhibitor 0.1 unit -l —xZicl
To inhibit the FGF-Ras-MAP kinase signaling pathway 76.4hzIC1

MEK (MAP kinase kinase) inhibitor (U0126, Promega)
used. Embryos were cultured in Millipore-filtered seaw ) ] ] ) ) )
containing 2uM U0126 as described previously (Kim ¢ Fig. 1.Structure and phylogenetic analysisZicN. (A) The putative amino

Nishida, 2001). acid sequence d¢irzicN. Zinc finger motifs are italicized. (B) Molecular
phylogenetic tree dfic genes constructed using the amino acid sequences of
Whole-mount in situ hybridization the zinc finger motifs by the Neighbor-Joining method and the computer

Gene expression was visualized by whole-mount in Program, ClustalW. Numbers at the nodes represent bootstrap vahs®-1
hybridization as described previously (Wada et al., 199 is anotheiHalocynthia Zicgene isolated as a muscle determin@sticrla
CszicrlbandCszicr2areZic genes ofCiona savignyianother ascidian species.
opa(odd-paired is aZic gene ofDrosophila Amphizicis an amphioxugic
gene registered on the databas®&lil, hGli2, xGli3, hGli3 andxGli4 are

RESULTS members of vertebratgli family of zinc finger protein. Other genes given are
vertebrateZic family genes. DDBJ/GenBank accession numbers:
Structure of HrzicN AB092643HrZicN), BAB19958(macho-)}, AB057747(Cszicrla),

. . ABO057748Cszicrll), AB057740Cszicrd, NP524228¢pa),

TheHrzicN cDNA (accession no. AB092643) €nco 15555450 mphizig, Q916904Gli1), BAA256680GIi2), Q91660¢GIi3),

a protein of 468 amino acids with five zinc finger m« - cAp59315pGli3), Q916614Gli4), NM_009573(mZicD), NM_003412hZicl),
(Fig. 1A). Over the zinc finger domain, HrzicN prot - Ago095644Zicl), NM_009574nzic?, NM_0071296Zic2),

shows significant sequence similarity to the kn AB009565&zic2), NM_131558¢Zic2), NM_009575(zZic3,

members of the Zic family proteins. The sequ¢ NM_003413hZic3), AB005292kZic3), NM_0095766nZic4),

outside the zinc finger domain shows no similarit AK006747(Zic5, AF3783040Zic5), AB034983kZicH).
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the Zic or other known proteins, lacking a motif conservedexpressed in the primary notochord lineage cells at the early
between vertebrate Zic abdosophilaodd-paired proteins. To 32-cell stage through the 110-cell stage. In addititrzjcN

see whetherzicN belongs to th&ic family, a phylogenic tree  was expressed until the 110-cell stage in the B6.2 pair at the
was constructed with amino acid sequences of zinc fingéate 32-cell stage and their descendants (Fig. 2R), which
motifs of HrzicN and other Zic family proteins, using develop into the secondary notochord, mesenchyme and
sequences of vertebrate Gli proteins (Ruiz i Altaba, 1999primary muscle (Fig. 2B-E,G-J,R). Like the expression in the

which comprise a related family of zinc finger proteins as am-line cells, the expression in the B-line cells became

outgroup (Fig. 1B). The tree supported close relationshipndetectable by the early gastrula stage (Fig. 2K,P). In

between HrzicN and a grou~

consisting of vertebratgicl, 2 and3.
Therefore, it is highly likely the
HrzicN represents a new member
Zic family.

Expression pattern of  HrzicN
during embryogenesis

The spatial and temporal express
pattern of HrzicN during larva
development was examined by whc
mount in situ hybridization (Fig. z
As  described below, HrzicN
expression was detected in the cell
neural and mesodermal lineages fi
the early 32-cell stage to the net
plate stage.

Expression in the neural

lineage

The larval ascidian neural tu
originates from the a4.2, b4.2 ¢
A4.1 cell pairs at the 8-cell sta
HrzicN expression was evident in

three lineages of neural tube precu
cells. HrzicN expression was fir
detected in A6.2 and A6.4 blastom
pairs, each of which contains b
neural tube and notochord fates, at
early 32-cell stage (Fig. 2A,FR).

the 44- and 64-cell stagesirzicN
expression was found in their daug!
cells, the A-line neural tube precurs
(A7.4 and A7.8 pairs) and the A-li
notochord precursors (A7.3 and A
pairs) (Fig. 2B,C,GH,R). Tt
expression continued in these
lineages until the 110-cell stage (F
2D,E,I,J,R) but became undetecte
by the early gastrula stage (Fig. 2K
At this stage, however,HrzicN
expression started in all the a- anc
line neural tube precursors (a8.
a8.19, a8.25, b8.17 and b8.19 ps
Fig. 2K,P). The expression contint
during gastrulation, disappeared

the early neurula stage (Fig. 2L-N,
and no longer detected afterwa
(Fig. 20).

Expression in the mesodermal
lineage
As mentioned aboveHrzicN was

1 2 4 8 16 24 3z 44 64 76 110 cell stage
4{ }endoaerm
i }nuluchon:l
A Ad . -3 ~
= endoderm
A3 A5.2 - trunk lateral cells
-— } notochord
a4.2
, muscle
i }endsdema swand
B&: o B&.5 misenchyme
B6.2 BA.6 notochord
B4
[ muscle
B3 B52 | endodermal strand
T mesenchyme
H h4.2 % }muscda

Fig. 2. Expression oHrzicN in development. (A-E,K-O) The expression patterioficN and

(F-J,PQ) its schematic representation at, the early 32-cell stage (A,F), 44-cell stage (B,G), 64-cell
stage (C,H), 76-cell stage (D,l), 110-cell stage (E,J), early gastrula stage (K,P), middle gastrula
stage (L,Q), neural plate stage (M), early neurula stage (N) and early tailbud stage (O). (R)
Summary oHrzicN expression in the various cell lineages up to the 110-cell stage. Lineages
positive forHrzicN expression are indicated by bold lines.
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summary,HrzicN expression was detected in all notochordfertilized eggs to achieve a final concentration of 1, 5 and 10
precursors, one of the two pairs of mesenchyme precursors anill and reared them up to the swimming larva equivalent stage.
two out of the five pairs of primary muscle precursors of thé\s a negative control, we injected the ‘standard control oligo’

110-cell stage embryo. supplied by Gene Tools and found that embryos injected at a
. ] . final concentration of 1AM or lower developed normally (Fig.
Phenotype induced by morpholino antisense 3C,D). Eggs injected with HrzicNMO at 1 o8/ developed
oligonucleotide-based translational inhibition of into normal larvae (data not shown). However, almost all eggs
HrzicN injected with 10uM developed into larvae with severe defects

Recently, morpholino antisense oligonucleotide-baseduch as shortening of the tail, no differentiated notochord cells,
translational inhibition was shown to be an effective tool forfailure of neural tube formation and lack of sensory pigment
loss-of-function experiments in the ascidian embryos (Satou etlls (Fig. 3B). However, protrusions, which are likely the
al., 2001). We applied this technique to deduce functions afdhesive organ, formed at the tip of the trunk (arrowhead in
HrzicN during embryogenesis. A morpholino oligonucleotideFig. 3B). In the course of development, HrzicNMO-injected
we prepared (HrzicNMO) targets the initiation codon and itembryos seemed to be normal until early gastrula stage but
flanking regions. The ability of HrzicNMO to inhibit delay in involution became evident in the later half of the
translation was assessed by examining the effect of HrzicNM@astrula stage (data not shown). The most notable abnormality
on translation ofHrzicN/lacZ mRNA (a chimeric mMRNA in  was that they exhibited no sign of neurulation. Elongation of
which the 5UTR and the initiation codon ¢dcZmRNA were  the tail was also inhibited, although a tail tip-like structure
substituted with the'S8UTR and the first 183 nucleotides of formed (Fig. 3A,B).
HrzicN mRNA coding region) in cleavage-arrested embryos. The phenotype generated by HrzicNMO injection seemed to
As summarized in Table 1, HrzicNMO was capable ofbe unique to translational inhibition dfirzicN. First, an
disturbing translation of the mRNA with its target site. essentially identical phenotype was observed upon injection of
To investigate the effect of translational inhibitiorHszicN ~ HrzicNMOZ2, another morpholino nucleotide agaifbizicN
mMRNA on ascidian development, we injected HrzicNMO intowith a different and non-overlapping target site from that of
HrzicNMO (see inset in Fig. 3B). This phenotype was
completely different from those observed upon injection of a
morpholino oligonucleotide againstroth (S. W. and H. S.,
unpublished) of3-catenin mRNA (S. W., K. W. Makabe and
H. S., unpublished). Second, to verify specificity of effects of
HrzicNMO, a rescue experiment was carried out using

Table 1. Effect of HrzicNMO on 3-galactosidase activity
in cleavage-arrested embryos injected witlhacZ or
HrzicN/lacZ mRNA

Number of embryos that showed
X-gal staining/Number of

Injected substances embryos injected (%) lacZ/HrzicNmRNA, in which a translational initiation site was
ncZ 26/32 (81) provided by insertion of dacZ fragment into theHrZicN
lacZ + HrzicNMO 38/52 (73) plasmid DNA so as to shift the translation initiation site 81 bp
HrzicN/lacz 29/30 (97) upstream to the original initiation site blrzicN. Thus, it is
HrzicN/lacZ+ HrzicNMO 3/56 (5.4) expected that mRNA from this construct is free of translational

inhibition by HrzicNMO, since it has been shown that
morpholinos that target more than a few basedo3the
initiation codon exhibits a quite low efficiency (Summerton,
1999). Co-injection oflacZ/HrzicN mRNA and HrzicNMO
A - o recoveredHrBra expression otherwise lost by injection of
it HrzicNMO (Fig. 6B,G; for details about marker gene
. #%" expression in HrzicNMO-injected embryos, see below).
N W Injection of HrzicNMO into eggs at higher than {u®A
e resulted in a phenotype similar to that obtained by injection at
10 uM (data not shown), so that injection at|id seemed to
be sufficient for inducing a representative phenotype by
HrzicNMO. Therefore, we refer to embryos injected with
T = HrzicNMO at 10uM at the 1-cell stage asitzicN knockdown
' e embryos”.

Neural tube differentiation is disturbed in HrzicN
knockdown embryos

Since neurulation was blockedttnzicN knockdown embryos,

Fig. 3.Phenotypes dfirzicN knockdown embryos. (A,B) An we mvestlgated the nel_JraI tube development in the_s_e embryos
embryo injected with HrzicNMO to give a final concentration of 10 by analyzing expression of nt.-:‘ural ma!’kers. Initially, we
LM. Inset in (B) shows an embryo injected with HrzicNMO2 to give @ssessed neural tube differentiation HinzicN knockdown

a final concentration of 1j0M. (C,D) Embryos injected with the embryos at the early tailoud equivalent stage. First, we
standard control oligo to give a final concentration oftlvd examined expression of a pan-neural markeETR-1 (Yagi

(A,C) Tailbud equivalent stage embryos. (B,D) Swimming larvae  and Makabe, 2001), which is expressed in the whole neural
equivalent stage embryos. Arrowheads indicate protrusions of the tube except for the dorsal and ventral walls of the caudal neural
adhesive organ. (A) Dorsal view. (B-D) Lateral view. tube, and the peripheral neurons in the normal early tailbud
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stage embryo (Fig. 4D). IHrzicN knockdown embryos, weak abnormal inHrzicN knockdown embryos. In the normal early
HrETR-1expression was found in superficial cells of the trunktailbud stage embryo (Fig. 4J) this gene is expressed in the
that seemed to be presumptive a-line neural tube cells, but regnsory vesicle and the anterior epidermis. HrzicN
in presumptive A-line neural tube precursors (Fig. 4A). Nextknockdown embryosHroth expression was lost from the
we examined expression of another neural malerBB2  sensory vesicle precursors, while it was detected only in the
(Halocynthia roretziB-tubulin gene) (Miya and Satoh, 1997), anterior epidermis (Fig. 4G). Together, these results indicate
which is expressed in the neurons of the adhesive organ, theat differentiation of the neural tube is severely affected in
neural tube in the trunk and peripheral epidermal neurons idrzicN knockdown embryos.
the tail (Fig. 4E). InHrzicN knockdown embryos, expression o ) .
of HrTBB2was evident in the adhesive organ-forming regionNeural fate specification occurs in a- but not A-line
and the epidermal neurons, but expression in the neural tub@€ecursors
forming region was completely lost (Fig. 4B). We examinedn the a- and b-line precursoistzicN expression starts at the
expression oHrTRP encoding the tyrosinase related proteinearly gastrula stage. Several lines of evidence suggest that fate
(Sato et al., 1999) androth (Halocynthia roretzi otxgene)  choice between epidermis and neural tube fates occurs earlier
(Wada et al., 1996 HITRP is expressed in dorsal and lateral than this stage (Darras and Nishida, 2001b; Ishida et al., 1996;
parts of the sensory vesicle in the normal early tailbud stagéagi and Makabe, 2001). However, in the A-line neural tube
embryo (Fig. 4F), but it was not expressed HinzicN  cells, HrzicN expression starts at the early 32-cell stage.
knockdown embryos (Fig. 4CHroth expression was also Although it is unclear when the neural tube fate is established
in these A-line cells, the onset BlrzicN expression is well
HrTRP before the appearance of neural properties sudhrB$R-1
expression (this starts at the 110-cell stage). To see when
abnormality in the neural tube development arisedrzicN
knockdown embryos and whether there is a difference in this
process between a-line cells and A-line cells, we next
examined expression of these neural markers at earlier stages
of development. At the 110-cell stage, in control embryos,
HrETR-1is expressed in the A-line neural tube precursors and
only weakly in the a-line neural tube precursors (Fig. 5F,G).
At this stageHroth is also expressed in the a-line neural tube
precursors (Fig. 5H-J). IrHrzicN knockdown embryos,
HrETR-1expression was evident in the a-line precursors but
not in the A-line neural tube precursors (Fig. 5A,B). The a-line
precursors of these embryos were also positive Hmth
expression (Fig. 5C-E). These results suggest that initial
specification of the neural tube precursors occurs normally in
a-line but not A-line precursors imHrzicN knockdown
embryos.

We then examined expression of the markers at the neural
plate equivalent stage. At this stage, in control embryos
expression oHrETR-1andHroth continues in the a- and A-
line neural tube precursors and in the a-line precursors,
respectively (Fig. 5Q,R). In the a-line precursdis]RP is
also expressed (Fig. 5S). MrzicN knockdown embryos,
HrETR-1expression was again absent from the A-line neural
tube precursors (Fig. 5L) but evident in the a-line neural tube
precursors, although the level of the expression was lower than
that in control embryos (Fig. 5L,Q). Similarly, the expression
of Hroth in the a-line neural tube precursors was reduced in
HrzicN knockdown embryos (Fig. 5M,R). Furthermore,
HrTRP expression was lost in them (Fig. 5N). These results
Fig. 4. Expression of epidermal and neuroectodermal markers in  suggest that the neural fate is once specified but not maintained
HrzicN knockdown embryos at the early tailbud equivalent stage. at later stages of development in the a-line neural tube
(A-C,G-I) Embryos injected with HrzicNMO. (D-F,J-L) Control precursors.
uninjected embryos. ExpressiontfETR-1(A,D), HITBB2 Since early specification of the neural fate likely occurs in
(B’E)’HrT?P(C'F)'HrOLh (%’J).'HrEp'D.(gzK) andHrzicN —— ~4he 5 jine neural tube precursors biizicN knockdown
(I,L) was shown. Arrowheads in D-FJ indicate gene expression in embryos, it is expected that the epidermal fate is excluded from

the neural tube, which is lost or severely reducedrizicN . P . o
knockdown embryos. Arrowhead in H indicates putative neural tubethese cells. To test this possibility, we first examikiggicN

precursor cells withowrEpiD expression. Arrows in A,B,D,E knockdown embryos for expression WfEpiG (Ishida et al.,
indicate gene expression in the adhesive organ, which is unaffected1996), which occurs only in the epidermis precursors after the
in HrzicN knockdown embryos. (A-E,G-J) A dorsal view. (F,K,L) A 76-cell stage in normal developmeRrEpiG expression was
lateral view. normal, being excluded from both of the a- and b-line neural

HrETR-1 HrTBB2

HrzicN
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HrETR-1 HIETR-1 Hroth Hroth Hroth
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Fig. 5. Expression of epidermal and neuroectodermal markefszicN knockdown embryos examined before the tailbud stage.

(A-C,E,K-O) Embryos injected with HrzicNMO. (F-H,J,P-T) Control uninjected embryos. (A,B,F,G,L,Q) ExpressioBTdR-1,

(C,E,H,J,M,R)Hroth, (K,P)HrEpiG, (N,S)HrTRPand (O,T)HrzicN. D and | are schematic representations of C and H, respectively; dots
indicate blastomeres that exhibitddbth expression. (A,C,F,H) Vegetal view of 110-cell stage embryos. (B,E,G,J) Animal view of 110-cell
stage embryos. (K-T) Vegetal views. (K,P) Early gastrula equivalent stage embryos. (L-N,Q-S) Neural plate equivalent gtage embr

(O,T) Middle gastrula equivalent stage embryos. Arrowheads in B,E,G,J indicate gene expression in the sensory vesicleAmeoussors

C indicate ectopic expressionléfoth in the notochord precursors. Arrows in F sherETR-1expression in the A-line neural tube precursors,
which is absent irzicN knockdown embryos (A). Brackets and braces in K and P indicate the region of the neural tube precursor cells of a-
line and b-line, respectively, from whi¢lrEpiG expression is excluded. Braces in L and O indicate A-line neural tube precursors without
HrETR-1expression and witHrzicN expression, respectively.

tube precursors itdrzicN knockdown embryos at the early development. By contradtlrzicN expression was detected not
gastrula equivalent stage (Fig. 5K,P). Next, we examinednly in the a- and b-line but also in the A-line neural tube
HrzicN knockdown embryos at the early tailbud equivalentprecursors inHrzicN knockdown embryos at the middle
stage for expression &frEpiD (Ishida et al., 1996), which is gastrula equivalent stage (Fig. 50,T). THdzicN expression
another epidermis-specific gene expressed in the whola the A-line neural tube precursors failed to be suppressed in
epidermis except for a small area around the neuropore in tirzicN knockdown embryos. FurthermoidzicN expression
normal embryo at this stage (Fig. 4K¥EpiD expression was continued in dorsal superficial cells until early tailbud
excluded from a group of cells at the dorsal sidédificN  equivalent stage (Fig. 41,L). From their position, these cells
knockdown embryos. These cells were thought to bevere thought to be descendants of the neural tube precursors
descendants of the original neural tube precursors that h#dat failed to form a neural tube. ThizicN expression in
rejected the epidermis fate (Fig. 4H). These results indicate thierzicN knockdown embryos continued until a much later stage
the fate choice between neural tube and epidermis is madé development. This suggests that the activityHoficN is
successfully irHrzicN knockdown embryos. required for proper suppression of its own transcription.
Finally, we examined expression ldfzicN itself in HrzicN ) ] ]
knockdown embryos. At the 110-cell stabezicN expression ~Development of mesodermal tissues in - HrzicN
in HrzicN knockdown embryos seemed to be identical to thaknockdown embryos _
in control embryos, indicating thatrzicN is not required for As mentioned above{rzicN was expressed in precursors for
the maintenance of its early expression (data not shown). Agesodermal tissues, amtfzicN knockdown larvae exhibited
mentioned previouslyirzicN expression disappears from the @ shortened tail phenotype without differentiated notochord
vegetal cells by the early gastrula stage in the normdlells as judged by morphological criteria. Therefore, we
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investigated development of the notochord and othespecification of the anterior mesenchyme precursor pair (B8.5
mesodermal tissues iHrzicN knockdown embryos by pair) requireHrzicN function.
examining marker gene expression. First we examined In summary, these results suggest that ambingicN-
expression oHrBra (Halocynthia roretzi Brachyufy(Yasuo  expressing cells, specification of all notochord precursors and
and Satoh, 1993) to test whether the notochord fate wasiterior mesenchyme precursors was disturbed, while
specified inHrzicN knockdown embryos. NormallyyrBra is  specification of muscle precursors was unaffectedrizicN
expressed in the A- and B-line notochord precursors after tHenockdown embryos.
64- and 110-cell stages, respectively (Fig. 6F). We found )
HrBra was not expressed kirzicN knockdown embryos at the HrzicN overexpression promotes neural
110-cell stage (Fig. 6A) or at the neural plate equivalent stagtevelopment but not notochord development
(data not shown). We also noticed another abnormality in th&s described aboveHrzicN seems to be essential for
gene expression profile of the notochord precursorraZitN  development of the neural tube and notochord. To verify this
knockdown embryos. Expression tdfoth, which is excluded idea, we next carried out overexpression HizicN as a
from the notochord precursors in normal development (Figcomplementary experiment. Eggs were injected with
5H,1), was observed ectopically in some notochord precursoepproximately 50 pg oHrzicN mRNA, cultured up to the
in HrzicN knockdown embryos (Fig. 5C,D). These suggest thatniddle gastrula equivalent stage and examined for expression
the notochord fate is not successfully specifiedHiizicN  of marker genes. We found tHdtETR-1was expressed in a
knockdown embryos. half of the body ofMHrzicN-overexpressing embryos. Judging
HrzicN is also expressed in the anterior pair (B8.5 pair) ofrom the size of cells, the expression domain seemed to
the two mesenchyme precursor pairs and two (B8.7 and B8d®rrespond to the animal hemisphere and its level of expression
pairs) of the five muscle precursor pairs at the 110-cell stageas higher than that in control embryos (Fig. 7A,B,D). Thus,
(Fig. 2R). Therefore, expression of the muscle-specific actirlfETR-1 expression was upregulated inHrzicN-
gene was examined HrzicN knockdown embryos at the 110- overexpressing embryos. This suggests lhatcN promotes
cell stage. In control embryos, all five pairs of the primaryneural development by activating downstream neural genes,
muscle precursors expressed the actin gene (Fig. 6J). Thigectly or indirectly. However, expression dfBra was not
expression pattern was also observeddimicN knockdown  detected in embryos injected with 50 pdHozicN mRNA (Fig.
embryos (Fig. 6E), suggesting that the muscle fate is properKC,E). Upon injection with approximately 5 or 15 pdoficN
specified in B8.7 and B8.8 pairs withdditzicN function. MRNA, HrBra expression was reduced as compared with that
To test this possibility further and to investigate developmenin the control embryos (data not shown). ThiizicN
of the mesenchyme precursors, we examined expression @ferexpression affects development of the notochord and
Hrsna (Halocynthia roretzi snajl (Wada and Saiga, 1999a) at neural tube differentlyHrzicN alone may be insufficient to
the 110-cell stage. NormallyHrsna is expressed in all promote the notochord fate. Alternatively, it is possible that the
notochord precursors, two A-line neural tube precursor pairtgvel of HrzicN expression must be controlled precisely and/or
(A8.15 and A8.16 pairs), both mesenchyme precursor pairs atigat temporal down-regulation éfrzicN expression may be
all primary muscle precursors (Fig. 6H,l). IRrzicN  important for this gene to promote the notochord fate.
knockdown embryosHrsna expression was lost from all the ) ) ) )
notochord precursors, the two A-line neural tube precursdregulation of HrzicN expression by FGF-like
pairs (A8.15 and A8.16 pairs) and the anterior mesenchynfégnaling pathway
precursor pair (B8.5 pair; Fig. 6C,D). By contrast, expressioin ascidians, FGF-like signaling has been thought to be
in the primary muscle precursors and the posteriomvolved in inductive interactions that are responsible for
mesenchyme precursor pair (B7.7 pair) was unaffected (Fijormation of the neural tube, the notochord and the
6C,D). This observation strengthens the idea that the musaesenchyme (Darras and Nishida, 2001a; Darras and Nishida,
fate is properly specified in B8.7 and B8.8 pairsHirzicN  2001b; Hudson and Lemaire, 2001; Inazawa et al., 1998; Kim
knockdown embryos. Also this result points to a possibility thaand Nishida, 2001; Kim et al., 2000; Minokawa et al., 2001;

HrBra HrBra actin Fig. 6. Expression of mesodermal
markers inHrzicN knockdown
embryos. (A,C,E) Embryos injected
with HrzicNMO. (B) An embryo co-
injected withlacZ/HrzicNmRNA

and HrzicNMO. Arrowheads
indicate rescued expression of
HrBra. (F-H,J) Control uninjected
embryos. Expression of (A,B,F,G)
HrBra, (C,H)Hrsnaand (E,J) the
actin gene, at the 110-cell stage.

D and | are schematic representation
of C and H, respectively; dots
indicate blastomeres that exhibited
Hrsnaexpression. All specimens,
vegetal view.
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HrETR-1 HrBra expression in the vegetal cells is independent of FGF-like
signaling, whileHrzicN expression in a- and b-line neural tube
precursors depends on FGF-like signaling.

DISCUSSION

In the present study, we have isolated a new membgicof
family gene fromHalocynthia roretzi This gene is distinct
from macho-1 the muscle determinant, and plays multiple
roles in neural tube formation and notochord development as
well as mesenchyme specification as discussed below.

HrzicN is required for maintenance, but not for initial
specification, of neural tube fate in the a-line

precursors

It has been shown that an inductive signal from the vegetal
Fig. 7.Expression of markers in embryos overexpressirmcN. hemisphere cells is required for formation of the a- and b-line
(A-C) Embryos injected witkirzicN mRNA. (D,E) Vegetal view of neural tube (Darras and Nishida, 2001b; Nishida and Satoh,
control uninjected embryos. ExpressiorHs£TR-1(A,B,D) and 1989; Okado and Takahashi, 1990). The induction likely
HrBra (C,E) at the middle gastrula equivalent stage. A and B show gccurs between the 16-cell and the early gastrula stage and is
opposite sides of the same specimen. mediated by FGF-like molecules (Darras and Nishida, 2001b;

Hudson and Lemaire, 2001; Inazawa et al., 1998; Kim and

Nishida, 2001; Nishida and Satoh, 1989). In response to the
Nakatani and Nishida, 1997; Nakatani et al., 1996; Shimauclwduction, specification of the neural tube fate takes place with
et al., 2001). For example, treatment of embryos with a MEkctivation of early neural genes suchHr&ETR-1and Hroth
inhibitor, U0126, blocks formation of these tissues (Darras andnd suppression of the epidermis fatezicN expression starts
Nishida, 2001a; Kim and Nishida, 2001). Since our analyses the a- and b-line precursors later than the onset of expression
so far showed significant correlation betweeéirzicN  of these genes and therefokzicN may be unnecessary for
expression and the neural tube, notochord and mesenchymsecification of the neural tube fate in these lineages. We
fates, we addressed whethérzicN expression is dependent further tested this possibility by examining gene expression in
on FGF-like signaling. Embryos were treated with U0126 fronHrzicN knockdown embryos and found this is the case with the
the 1-cell stage onward and fixed at the 76-cell stage or theline precursors (Fig. 9A). Furthermore, our data suggest that
middle gastrula equivalent stage to examine th&izicN  HrzicNin a-line neural cells may be involved in maintenance
expression as well adrBra expression, which has been shownof the neural tube fate by keeping expression of early neural
to depend on FGF-like signaling as control (Nakatani et algenes active and by activating late neural genes sudiT&P
1996).HrzicN expression in the vegetal hemisphere at the 76(Fig. 9A). This view is supported by the results of the
cell stage was normal in U0126-treated embryos (Fig. 8A,Ebverexpression experiment, showing thétzicN enhances
By contrast, expression éfrzicN in the a- and b-line neural HrETR-1expression. It should be noted, however, that some
tube precursors at the middle gastrula stage was inhibited éspect of the genetic program for sensory vesicle formation
UO126-treated embryos (Fig. 8B,F). As expectetiBra  may be kept active in the knockdown embryo, because
expression was not detected in U0126-treated embryos at bakpression ofHrETR-1 did not vanish completely in the
stages (Fig. 8C,D,G,H). These data indicate tHaticN putative sensory vesicle region of the knockdown embryo.

HrzicN HrBra

Fig. 8. Effect of a MEK inhibitor, U0126, on the
expression oHrzicN andHrBra. (A-D) Embryos
cultured in Millipore-filtered seawater containing
2 uM U0126. (E-H) Control embryos cultured in
Millipore-filtered seawater containing 0.02%
DMSO. Expression dfirzicN (A,B,E,F) and
HrBra (C,D,G,H). (A,C,E,G) 76-cell stage
embryos. (B,D,F,H) Middle gastrula equivalent
stage embryos. All specimens, vegetal view.
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genes play different roles during neural fate specification, or it
A | aline neural tube cells | may be due to the difference in methodologies or experimental
systems. Further analysis of function of vertebétegenes
andHrzicN may resolve this problem.

animal hemisphere cells|

+ mT:IﬁJc?(l)n + HrzicN is necessary for specification of the neural
epidermis fate (FGF) tube fate in the A-line precursors
ealy neural genes  HrzicN The A-line neural tube cells are derived from A6.2 and A6.4
naintename _—7 aiiyatign blastomeres of the 32-cell stage embryo (Fig. 9B). In this
l late neural gene lineage, unlike the a-line neural tube precurddrgicN seems
to be involved in the initial specification of the neural fate,
neural tube 4_/ since HrETR-1 was not expressed in A-line precursors of
|| differertiation HrzicN knockdown embryos. Previous experiments showed
epidermis neural tube cells that A6.2 and A6.4 descendants adopt the neural tube fate
autonomously without any cellular interactions (Minokawa et
al., 2001). We have shown that vegetal expressiddrntN
B |A6-2 and A6.4 "neage|s is independent of FGF-like signaling, a crucial and
HrzicN muItifunptionaI regulator, occurrin_g around the pnséﬂnﬁ_cN
A6.28& A6.4 expression. Therefore, a possible model is thiazicN
notochod expression is activated in the A6.2 and A6.4 blastomeres
+ induction o P PR
/ (FGF,BMP) autonomously and this in turn promotes initial specification of
the neural tube fate through activation of early neural genes
ealy neural genes HrBra like HrETR-1(Fig. 9B).
It has been shown that removal of the A-line neural tube
i l precursors at the 64-cell stage leads to failure in pigment cell
differentiation but not in early neural fate specification in the

neural tube _hotochod a-line neural tube precursors (Darras and Nishida, 2001b).
differertiation diff erertiation s : - e
Therefore, it is possible that disturbance of the specification of
A7.4& A7.8 A7.3& A7.7 .
the A-line neural tube precursors may be the cause of defects
in the development of the a-line neural tube precursors in

- HrzicN knockdown embryos. However, this cannot fully
C explain the a-line defects, because our preliminary experiments

- HirzicN~, (musde daermmam showed that injection of HrzicNMO i_nto a4.2 blastomeres qf
femducion B6.2 the 8-cel_| stage _embryos leads to a fallyre in the sensory vesicle
((FGF%/ \ differentiation similar to that shown iRirzicN knockdown
embryos. Defects in development of the a-line neural tube
precursors found irlrzicN knockdown embryos may occur as
HrBra combined consequences of lossHozicN function in both a-
l l l and A-line precursors.
HrzicN plays a novel role in notochord formation
dif?gg(r:tri]gt?on dr?f?é%ﬁr%&% diffgg?tcilaetion We have shown th&drzicNis required for both of the primary
B8.6 B85 B87& B8 and secondary notochord cell formation. It has been shown that

HrBra expression in the notochord precursors and the
Fig. 9. Summary oHrzicN function in three cell lineages. (A) The a- notochord formation depe_nd ona cellglar interaction with the
line neural tube precursors, (B) A6.2 and A6.4 lineages and (C) the €ndoderm precursors, which can be mimicked by FGF (Darras
B6.2 lineage. See Discussion for details. and Nishida, 2001a; Kim and Nishida, 2001; Nakatani and
Nishida, 1994; Nakatani et al., 1996; Shimauchi et al., 2001).
HrBMPb (Halocynthia roretzi BMP2/Mis also involved in this
process (Darras and Nishida, 2001a). Together with the result
Since the neural marker genes we used here are not exprestest HrzicN expression is independent of FGF-like signaling,
in the b-line neural tube precursors, it was not determinegle suggest thatirzicN is required for A6.2, A6.4 and B6.2
whether this is also the case with the b-line precursors. blastomeres to respond to FGF-like molecules (and/or
In Xenopus overexpression of any of tt#c family genes  HrBMPb) emanating from the endoderm precursors, and to
caused transformation of the epidermis cells into neural and/activate HrBra, which in turn promotes notochord
neural crest-derived tissues (Mizuseki et al., 1998; Nakata eevelopment after the next cleavage (Fig. 9B,C).
al., 1998). Therefore, it has been thought that they are involved Previous reports showed that all descendants of the A6.2 and
in fate choice between epidermal and neural/neural crest fates6.4 blastomeres assume the neural fate when they are in
This seems to be different from the function of the ascidien isolation and, conversely, they adopt the notochord fate after
suggested above. The reason for this discrepancy is unknoweatment with human recombinant basic FGF (Minokawa et
but may be simply becaustrzicN and Xenopus Zidamily  al., 2001; Nakatani and Nishida, 1994; Nakatani et al., 1996).
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SinceHrzicNis required for the A6.2 and A6.4 blastomeres toby Grants-in-Aid from JSPS (12480222) and from the Ministry of
develop into both the neural tube and the notochord, it iEducation, Science, Sports and Culture, Japan (13045038) to H. S.
possible thaHrzicN prompts these blastomeres to pursue the
neural fate in the absence of FGF-like signaling while it allows
them to follow the notochord fate in the presence of the FGFREFFERENCES
like signaling.

Developmentl fate of the A6 and A6 blastomeres I8, 3 i0"e, 0, O e i bl o
HrzicN knockdown embryos is unclear. It is unlikely that they Neuroscils, 284-293. P
adopt the epidermis fate because expressioHrBpiG was  aruga, J., Yokota, N., Hashimoto, M., Furuichi, T., Fukuda, M. and
excluded from them. It is also unlikely that they assume the Mmikoshiba, K. (1994). A novel zinc finger proteirgic, is involved in
endoderm fate because endoderm-specific  alkaline neurogenesis, especially in the cell lineage of cerebellar granule Xells.
phosphatase activity was restricted to the original endodermsge:r%d‘f(g‘fu& ,;lxgslgélyii?{izaki Y. Okazaki, Y., Chapman, V. M. and
Ce”S,"_],HrZ!CN knockdown embryos (‘,jata th shown). One Mikésh’iba, K. (1§96). Identific:altio’n and chéra(’:terizationZ%M, a new
possibility is that they remain undifferentiated, although member of the mousgic gene familyGenel72, 291-294.
expression of other markers must be examined to verify thigarras, S. and Nishida, H(2001a). The BMP signaling pathway is required
possibility. together with the FGF pathway for notochord induction in the ascidian

embryo.Developmeni28 2629-2638.

HrzicN is required for specification of the anterior Darras, S. and Nishida, H.(2001b). The BMP/CHORDIN antagonism
controls sensory pigment cell specification and differentiation in the ascidian

mesenchyme but not for the primary muscle embryo.Dev. Biol.236, 271-288.

It has been shown that the B6.2 blastomere requires FGF-likékosaka, A., Kusakabe, T. and Satoh, N:1994). Short upstream sequences
signaling from the endoderm precursors to form not only the associated With_the muscle-specific expression of an actin gene in ascidian
notochord but also the mesenchyme (Kim and Nishida, 1999; &mPryosDev. Biol 166 763-769. o

- S e irano, T., Takahashi, K. and Yamashita, N.(1984). Determination of
Kim a;nd N|sh|da, 2001; Kim et al., 2000)- In the absence of excitability types in blastomeres of the cleavage-arrested but differentiated
the signaling, all of B6.2 descendants pursue muscle fateembryos of an ascidiad. Physiol.347, 301-325.
possibly because of the action of muscle determinants theiudson, C. and Lemaire, P(2001). Induction of anterior neural fates in the
inherit (Kim and Nishida, 1999; Kim and Nishida, 2001). We, =20 S0 B e e (06e). Basic fbrobiast growth
found thatHrzicN knO(_:kdown led to failure in Speplflcatlon of factor induction of neuronal ion channel expression in ascidian ectodermal
B8.5 blastomeres into mesenchyme. In this case, thepjastomeres). Physiol 511, 347-359.
blastomeres did not exhibit a muscle character either. Togethehida, K., Ueki, T. and Satoh, N.(1996). Spatio-temporal expression
with a role ofHrzicN in the notochord specification in B8.6 ggttg;gsggeight epidernis-specific genes in the ascidian emzgals Sci.
blastomeres discussed above, we suggest HhaicN is 9 D99V .

. .. Kim, G. J. and Nishida, H. (1999). Suppression of muscle fate by cellular
requ”ed for the _B_6'2 blastomeres to respond to FGF-like interaction is required for mesenchyme formation during ascidian
molecules to facilitate the notochord and the mesenchymeempryogenesiev. Biol.214, 9-22.
fates. Suppression of the muscle fate probably occut§m, G. J. and Nishida, H.(2001). Role of the FGF and MEK signaling
independently ofHrzicN (Fig. 9C). pathway in the ascidian embryDev. Growth Differ43, 521-533.

Expression of the actin gene aHdsnawas normal in two Kim, G. J., Yamada, A. and Nishida, H.(2000). An FGF signal from
endoderm and localized factors in the posterior-vegetal egg cytoplasm

prlmary ,mUSde precursor payrs, the 88'8, apd . B8.7 pairs, pattern the mesodermal tissues in the ascidian embeguelopmenil2?,
irrespective ofHrzicN expression there. This indicates that 2g53-2862.

HrzicN is unnecessary for these cells to adopt muscle fate. Kootwik, R., Franke, B., van der Zee, C. E., de Boer, R. T., Wilms, W.,
is well known that the primary muscle of ascidian embryos Hol F. A. and Mariman, E. C. (2000). A deletion encompassiir3 in

develops autonomously owing to the action of matema”y ge;tﬁtlaél_;nzﬁguse model for X-linked neural tube defddtemn. Mol. Genet.

provided cytoplasmlc determ_mams- Recenma(_:ho'l 8  Lemaire, P., Garrett, N. and Gurdon, J. B.(1995). Expression cloning of
muscle determinant has been isolated fktatocynthia roretzi Siamois a Xenopushomeobox gene expressed in dorsal-vegetal cells of
(Nishida and Sawada, 2001). Depletion of the transcripts blastulae and able to induce a complete secondaryGedis31, 85-94.
results in loss ofall of the primary muscle cells and Minokawa, T., Yagi, K., Makabe, K. W. and Nishida, H.(2001). Binary

- - P specification of nerve cord and notochord cell fates in ascidian embryos.
overexpression ahacho-1caused ectopic muscle formation in Development.28 2007-2017.

non-muscle-lineage such as endoderm and epidermigya, T. and Satoh, N.(1997). Isolation and characterization of cDNA clones
Therefore, it is highly likely thaHrzicN is not required for for beta-tubulin genes as a molecular marker for neural cell differentiation
primary muscle development: it is dependentm@tho-1(Fig. in the ascidian embrydnt. J. Dev. Biol41, 551-557. _
QC) However, since botimacho-1and HrzicN belong to the Mizuseki, K., .KIShI, M., Matsui, M., Nakanishi, S. _and Sasai, Y(1998).
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Z'_C fam"y' they may_ '_nteraCt to prowde the 88.8_an_d B8.7 PaIrS yistinct activities in the initiation of neural inductiobevelopmentl 25,
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