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SUMMARY

Specification of germ layers is a crucial event in early
embryogenesis. In embryos of the ascidiartlalocynthia
roretzi, endoderm cells originate from two distinct lineages
in the vegetal hemisphere. Cell dissociation experiments
suggest that cell interactions are required for posterior
endoderm formation, which has hitherto been thought to
be solely regulated by localized egg cytoplasmic factors.
Without cell interaction, every descendant of posterior-
vegetal blastomeres, including endoderm precursors,
assumed muscle fate. Cell interactions are required for
suppression of muscle fate and thereby promote endoderm
differentiation in the posterior endoderm precursors. The
cell interactions take place at the 16- to 32-cell stage.
Inhibition of cell signaling by FGF receptor and MEK
inhibitor also supported the requirement of cell
interactions. Consistently, FGF was a potent signaling
molecule, whose signaling is transduced by MEK-MAPK.
By contrast, such cell interactions are not required for
formation of the anterior endoderm. Our results suggest

that another redundant signaling molecule is also involved
in the posterior endoderm formation, which is likely to be
mediated by BMP.

Suppression of the function of macho-1, a muscle
determinant in ascidian eggs, by antisense oligonucleotide
was enough to allow autonomous endoderm specification.
Therefore, the cell interactions induce endoderm formation
by suppressing the function of macho-1, which is to
promote muscle fate. These findings suggest the presence
of novel mechanisms that suppress functions of
inappropriately distributed maternal determinants via cell
interactions after embryogenesis starts. Such cell
interactions would restrict the regions where maternal
determinants work, and play a key role in marking precise
boundaries between precursor cells of different tissue

types.
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INTRODUCTION

in Halocynthiado not undergo terminal differentiation during
larval development, becaubkalocynthiatadpoles do not feed.

A great deal of experimental evidence has accumulated ovéfter metamorphosis, larval endoderm cells mainly give rise
the years demonstrating the important role of intercellulato peribranchial epithelium, gill and digestive organs (Hirano
interactions in developmental processes, even in animals thatd Nishida, 2000). However, during embryogenesis,
have determinate and invariant cell lineages. Ascidiandoderm cells start some differentiation processes and initiate
embryogenesis has been regarded as a typical example tof express endoderm-specific alkaline phosphatase (ALP)
‘mosaic development’ (Conklin, 1905). However, recent(Minganti, 1954; Whittaker, 1977; Nishida and Kumano, 1997;
results have revealed that cellular interactions also plalumano and Nishida, 1998). All of the endoderm cells of a
important roles in fate specification in ascidian embryodarva are derived from the vegetal blastomeres of an eight-cell
(reviewed by Satoh, 1994; Nishida, 1997; Nishida, 2002)embryo — namely the anterior A4.1 cell pair and the posterior
Therefore, ascidian developmental systems exhibit a highlB4.1 cell pair (Fig. 1A). By contrast, blastomeres of the animal
stereotyped cell lineage, yet also use cell interactions likeemisphere do not produce endoderm.
aspects of Caenorhabditis elegansWe report that cell Expression of ALP occurs in partial embryos that are derived
interactions are required for posterior endoderm formation dfom isolated presumptive-endoderm blastomeres (Whittaker,
ascidian embryos, which has hitherto been thought to be solel90; Nishida, 1992). The expression of ALP can be observed
regulated by localized egg cytoplasmic factors. in continuously dissociated embryos (Nishida, 1992). In
Endoderm cells are present in the central part of the trunémbryos in which cell division is arrested after cleavage stages,
region of tadpole larvae (Fig. 1A). These cells areALP activity appears only in endoderm-lineage cells
homogeneous in appearance and rich in yolk granules, af@hittaker, 1977). These observations demonstrate the cell
probably provide the embryos with nutrients. Endoderm cellautonomy of endoderm differentiation and suggest the
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A 8-cell stage s was observed also in the animal hemisphere. In these embryos,
‘ 8 64-cell stage most embryonic cells expressed ALP. To inhiBitatenin
e A7.2 function in nuclei, B-catenin was sequestered to a cell
@ \ A7.5 adhesion complex by overexpression of cadherin. Nuclear

X T staining withB-catenin antibody was abolished in the entire
=X A7.1 embryo and ALP expression was lost. These observations
indicate that animal-vegetal axis specification is mediated by
B7.1 [B-catenin signalingf-catenin is not localized in eggs and
B7.2 early cleavage stage embryos; so localized endoderm
) determinants would be molecules that stabifzeatenin in
Tailbud stage

the vegetal hemisphere.

[ A-line anterior endoderm Early zygotic events during endoderm formation have been

W

"x = .«,’f/,}/\ . ) well analyzed in nematode$enopuszebrafish and mammals
m‘:J %) [[_]B-line posterior endoderm (Hudson et al., 1997; Zaret, 1999; Aoki et al., 2002; Maduro
. and Rothman, 2002). In ascidian embryos, the expression of a
B LIM class homeobox geneHrlim, starts in endoderm
Be1 B7.1 Endoderm precursors at the 32-cell stage, although it is not restricted to
1535114[ : gr.2 Endoderm endoderm (Wada et al., 1995).@iona savignyithe ortholog,
B6 2_:8?‘3 Mesenchyme (Notochord) Cs-Ihx3 lies downstream of-catenin and is responsible for
B4t ' B7.4 Muscle ALP expression in e_ndoderm (Satou et al., 2001). At the 76-
36_3_:3?_5 Muscle (Tvc) cell stage, expression of th&TF1 homologs of Ciona
85‘24[ B7.6 Endodermal strand intestinalis and C. savignyi Cititf1 and Cs-ttf1, is initiated
56_4_:8?.? Mesenchyme exclusively in endoderm precursors. TITF1 is a transcription
B7.8 Muscle factor containing an NK-2-like homeodomain (Lazzaro et al.,

1991; Kimura et al., 1996). When synthetic mRNAGifitf1
andCs-ttflis injected into eggs, ectopic expression of ALP is
promoted in non-endoderm cells (Ristoratore et al., 1999;
Satou et al., 2001).

Scell 16cell 32cell 64cell Fates

Fig. 1.Cell lineage of endoderm in the ascidian. (A) Positions of the macho-1mRNA has been identified as a localized maternal
anterior (orange) and posterior (yellow) endoderm and their

precursor blastomeres. Eight-cell embryo is lateral view. Anterior is muscle determinant within ascidian egg cytoplasm (N'th'da
towards the left, animal pole is upwards. Sixty-four-cell embryo is and Sawada, 200Imacho-lencodes a putative transcription
vegetal view. Anterior is upwards. (B) Lineage tree starting from  factor that has zinc-finger domain. The presence of macho-1
B4.1 posterior-vegetal blastomeres of an eight-cell embryo. protein promotes muscle fate. However, macho-1 products
Endoderm lineage is yellow. Minor fates are indicated in parentheseare inferred to be also present in mesenchyme precursor cells,
and macho-1-directed muscle fate must be suppressed by
FGF signaling for proper formation of mesenchyme cells
(Kim and Nishida, 1999; Kim et al., 2000). In this study, we
existence of cytoplasmic determinants that direct the formatioemonstrate that muscle fate directed by macho-1 should also
of endoderm cells. To demonstrate the presence argk suppressed by cell interactions in the posterior endoderm.
localization of endoderm determinants, experiments inVO'Ving’hese observations suggest the presence of novel
transfer of cytoplasm have been carried out by fusing isolate@echanisms that suppress functions of inappropriately

blastomeres with cytoplasmic fragments that were preparegistributed maternal determinants via cell interactions after
from various regions of eggs and embryos (Nishida, 1993mbryogenesis starts.

Yamada and Nishida, 1996). Endoderm determinants reside in

the unfertilized egg, and after ooplasmic segregation, the

determinants are present within the entire vegetal hemisphefgaATERIALS AND METHODS

from which the future endoderm-lineage blastomeres are

formed. During cleavages, these determinants are partition@ghimals and embryos

into endoderm-lineage cells. Adults ofHalocynthia roretzivere purchased from fishermen near the
Glycogen synthetase kinase 3 (GSK3) and fihmatenin  Otsuchi Marine Research Center, Ocean Research Institute,

signaling pathway play crucial roles in maternal mechanismsniversity of Tokyo, Iwate, Japan, and near the Asamushi Marine

that specify the animal-vegetal axis in sea urchirBiological Station, Tohoku University, Aomori, Japan. Naturally

(Wikramanayake et al., 1998; Emily-Fenouil et al., 1998:spawned eggs were fertilized with a suspension of non-self sperm.

Logan et al., 1999). Imai et al. (Imai et al., 2000) have reporte@mb"yos were cultured at ?—13°C. Tadpole larvae hatched after 35

a role for B-catenin in the specification of vegetal fate innours of development at 13°C.

embryos of the ascidiarSiona intestinalisand C. savignyi  |sojation and dissociation of blastomeres

In ,th's regard, ascidian embryos show S'm'la”ty, toEggs were manually devitellinated with sharpened tungsten needles,

echinoderm embryos. The authors reported prefereftial ang reared in 0.9% agar-coated plastic dishes filled with sea water.

catenin nuclear localization in the vegetal hemisphere iBjastomeres were identified and isolated from embryos by use of a

cleavage stage embryos. When mRNA encoding the stabilizgi@le glass needle under a stereomicroscope. Isolated blastomeres

form of B-catenin was injected into eggs, nucl@acatenin  were cultured separately in agar-coated plastic dishes. Partial
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embryos were cultured until control embryos reached hatching stageESULTS
and they were then prepared for histochemical and

immunohistochemical staining to detect endoderm and muscl€el| interactions are required for formation of the
formation. For dissociation of embryonic cells, isolated b|a5t°mere§osterior endoderm but not of the anterior
were incubated in Céfree artificial sea water (CFSW), such that 61d0derm

daughter cells were continuously separated. CFSW consisted of 4% . - .
mM NaCl, 9.3 mM KCl, 48 mM MgS®7H.0, 6 mM NaHC@, and ndoderm cells in the ascidian larvae are derived from two

0.2 mM ethylene-bis(oxyethylenenitrilo)-tetraacetic acid (EGTA).distinct lineages, A-line and B-line (Fig. 1A). Anterior
Dissociation was monitored at frequent intervals and facilitated bgndoderm of the larva originates from A4.1 anterior-vegetal
gentle pipetting. Dissociated cells continued to divide at normal rateflastomeres of the eight-cell embryo. B4.1 posterior-vegetal
After the period of dissociation, the cells were transferred separateblastomeres give rise to posterior endoderm. To analyze the
to normal sea water and allowed to develop into multicellular partighature of fate specification in these distinct lineages and to
embryos. In some experiments, cleavage of embryos wagsyamine the involvement of cell interactions in fate
permanently arrested by treatment withug/ml cytochalasin B getermination, we isolated the A4.1 or B4.1 blastomeres at the
(Sigma) at the 110-cell stage. eight-cell stage, and the descendant cells were continuously
Treatment with growth factors and MEK inhibitor dissociated in Cd-free sea water during three successive
Isolated or dissociated blastomeres were transferred into sea wafdgavages up to the 64-cell stage. Then the dissociated cells
that contained 0.1% bovine serum albumin (BSA; Sigma) and 4 ng/nere transferred to normal sea water to make them develop as
bFGF protein (Amersham) or 50 ng/ml BMP4 protein (R&D multicellular partial embryos. Endoderm formation was
Systems). The concentrations of FGF and BMP are effective enougivaluated by detecting alkaline phosphatase (ALP) expression
to induce notochord formation talocynthia(Nakatani et al., 1996;  (Whittaker, 1977; Whittaker, 1990; Kumano and Nishida,
Darras and Nishida, 2001). In controls, blastomeres were treated wiirggs).
BSA in sea water. To inhibit activation of the FGF-MAPK cascade : ; ; ;

; : ' In the first series of experiments, isolated blastomeres were
embryos were treated with 1.3-2001 SU5402 (Calbiochem) or 2 . . . L
MM U0126 (Promega) from the eight-cell stage to fixation. SU540 ollected and dissociated together (Tabl.e 1).In dlssoc!a}tlon of
belongs to a family of FGF signaling inhibitors that bind specifically 4.1 descendants, endoderm formation was significantly
to the active sites of FGFR kinase domains (Mohammadi et al., 1997#gduced. The fate of each descendant of the B4.1 blastomere
U0126 is an MEK inhibitor that inhibits phosphorylation and therebylS shown in Fig. 1B. After three cleavages, two out of eight
activation of MAPK by MEK (Favata et al., 1998). Both inhibitors blastomeres assume endoderm fate in normal embryogenesis
work well in Halocynthia embryos (Kim and Nishida, 2001). In (Nishida, 1987). The B7.6 blastomere gives rise to endodermal
controls, blastomeres were treated with 0.02% DMSO, the solvent &firand cells of the tip of the tail. Butalocynthig these cells

SU5402 and U0126. do not express ALP activity. Therefore, in dissociation
Histochemistry, immunohistochemistry and in situ experiments, we expecte_d that 25% (two out of eight) of partial
hybridization embryos would develop into ALP-expressing endoderm cells.

. . N
To detect endoderm formation, histochemical staining for alkaliné-lowever’ we observed ALP expression in only 6% of the

phosphatase (ALP) activity was carried out as described by MeedBRrtial embryos (Table 1; Fig. 2A). In dissociation of A4.1
and Whittaker (Meedel and Whittaker, 1989) with 5-bromo-4-chloro-descendants, endoderm formed in 31% of the partial embryos.

3-indolyl phosphate (BCIP) as substrate. The reaction deposits purpldlis result is comparable with the expectation from the cell
products. Muscle cells were histochemically stained forlineage of A4.1 (38%, three out of eight).

acetylcholinesterase (AChE) by the method described by Whittaker In the first series of experiments, we could not exclude a
(Whittaker, 1980) with acetylthiocholine iodide as substrate. Thgossibility that endoderm blastomeres were selectively lost
reaction deposits brown products. The monoclonal antibody MU'Euring dissociation, because they are rich in yolk and could be
binds to the heavy chain of ascidian myosin, and is specific for musc ore fragile. Consequently, the proportion of endoderm partial

cells in larvae (Nishikata et al., 1987; Makabe and Satoh, 1989). - . .
Specimens were stained for indirect immunofluorescence with Mu- mbryos might be underestimated, although we did not observe

antibody by using Alexa 488-conjugated secondary antibodyidnificant reduction of endoderm in the case of A4.1
(Molecular Probes) or a TSA fluorescein system (PerkinElmer Lifédlissociation. Therefore, we conducted a second series of
Sciences) according to the manufacturer’s protocol. Specimens were

then mounted in 80% glycerol and examined under an epifluorescenceraple 1. Differentiation of endoderm and muscle in cell
microscope. RNA probes for in situ hybridization kWfMA4 were dissociation experiments

prepared with a DIG RNA labeling kit (Boehringer-Mannheim,

Germany)HrMA4 encodes larval muscle actintgélocynthia(Satou ~ 'solated Endoderm Muscle Muscle

et al., 1995). blastomeres n (ALP) (myosin) (AchE)
B4.1 217 6% (25%)  91% (38%) -

Morpholino antisense oligonucleotide B4.1 217 - - 92% (38%)

The efficiency of morpholino antisense oligonucleotide (MO; Gend'#1 105 31% (38%) 0% (0%)*

.TOOIS)‘ WhICh. is complementary to macho'l‘ has already been tesuedlsolated blastomeres were dissociated three times at the 16-, 32- and 64-
in Halocynthia (K.K. and H.N., unDUbl'IShed)j The MO Wasl' S cell stages and then cultured as partial embryos. ALP and myosin were
AATTGCAAAACACAAAAATCACACG-3', which covers the 'S goyple stained and simultaneously detected in the same specimens.

UTR of macho-1 mRNA (GenBank Accession Number, AB045124) Expectations from the cell lineage tree (Fig. 1) are indicated in parentheses.
MO was dissolved in water, and ~100-300 pg was injected into eactumber of partial embryos examined.

fertilized egg. In control experiments, 300 pg of four-mismatch *A4.1 blastomeres give rise to secondary muscle cells, but secondary-

control oligonucleotide (SAATTCCAAATCACAATAATCTCACG- muscle formation requires cell interactions. The cells are not formed from
3') was injected. isolated A4.1 blastomeres.
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ALP

Table 2. Periods when endoderm differentiation is
sensitive to cell dissociation

’ Isolated Stage of Endoderm Muscle
‘-v-- blastomeres dissociation n (ALP) (myosin)
-~ B4.1 16 and 32 cell 60 3% (25%)  100% (75%)
= B4.1 16 cell 58 24% (50%) 98% (100%)
B5.1 32 cell 31 38% (50%) 68% (50%)
€ A4l 16 and 32 cell 76 53% (50%) 0% (0%)

Blastomeres were isolated at the eight- or 16-cell stage and descendant
cells were dissociated once or twice. ALP and myosin were double stained.
Expectations from the cell lineage tree (Fig. 1) are indicated in parentheses.

embryos showed acetylcholinesterase activity, a muscle-specific
enzyme (Whittaker, 1980) and 91% expressed muscle myosin,
Fig. 2. Dissociation of the descendant cells of the isolated B4.1 ~ Which was detected by Mu-2 monoclonal antibody (Nishikata et
blastomeres at the 16-, 32- and 64-cell stages. After dissociation, al., 1987) (Table 1; Fig. 2B). The proportion was much higher
cells were cultured as partial embryos until hatching stage. Then  than expected from the cell lineage (38%,; three out of eight),
endoderm formation was detected by expression of alkaline even if mesenchyme cells develop into muscle (totally 63%; five
phosphatase (ALP) (A), and muscle formation was monitored by gyt of eight) (Fig. 1B). In those partial embryos, it seemed that
expression of myosin (B). Endoderm formation was suppressed, angyery constituent cell of every partial embryo developed into
every partial embryo developed into muscle. muscle cells (Fig. 2B). By contrast, in dissociation of A4.1
descendants, muscle formation was never observed. In
individual dissociation of B4.1 blastomeres, all seven partial
embryos expressed myosin in 14 sets of experiments, six
experiments in which we isolated a single B4.1 or A4.lexpressed myosin in three sets and four expressed myosin in one
blastomere and cultured the dissociated descendants in a singét. These results indicate that most partial embryos derived from
dish to confirm that all of the descendants were maintaineB4.1 blastomeres assumed muscle fate, even though the B4.1
without loss up to the end of the experiment. The proportioblastomere also has endoderm and mesenchyme fates. We
of endoderm partial embryos was then scored in each disfurther confirmed that an absence ofCia sea water during
Normally, a B4.1 blastomere produces eight partial embryogell dissociation does not account for our results. We manually
However, it turned out that putative B7.6 blastomeres, whicllissociated cleaved blastomeres in normal sea water with a fine
are much smaller after three successive unequal cleavagglass needle instead of €dree sea water, and we obtained
(Hibino et al., 1998), were frequently lost during histochemicakssentially same results — namely, loss of endoderm and
staining. The unequal cleavages in normal embryogenesis wegrcessive muscle formation (data not shown).
faithfully reproduced even in dissociation condition, probably )
because of the presence of a centrosome-attracting bo&gll interactions take place at the 16- to 32-cell
(Nishikata et al., 1999). Therefore, we recovered seven partiglages
embryos in each experiment. Fifteen sets of experiments wevge simply isolated endoderm lineage cells at various stages,
carried out. No partial embryos expressed ALP in any seB4.1 at the eight-cell stage, B5.1 at the 16-cell stage and B6.1
These results suggest that cell interactions are required &bthe 32-cell stage (Fig. 1B). In most cases (100% of 68 cases,
ensure fate specification of endoderm in the B-lineB5% of 66 cases and 95% of 42 cases, respectively), the partial

blastomeres. embryos expressed ALP (see Fig. 4A for B4.1 partial embryo).

) . . . Next we examined the period during which endoderm
Suppression of muscle fate is required for posterior formation is sensitive to cell dissociation (Table 2). When
endoderm formation isolated B4.1 blastomeres were dissociated during two

Next, we addressed what kind of tissue type cells theuccessive cleavages at the 16- and 32-cell stage, most partial
presumptive endoderm blastomeres developed into undembryos developed into muscle, and endoderm formation was
dissociation. The major fates of the B4.1 blastomeres of theuppressed. By contrast, single dissociation of isolated B4.1
eight-cell embryos are endoderm, muscle and mesenchyrbastomeres at the 16-cell stage and single dissociation of
(Fig. 1B). For mesenchyme formation, inductive cellisolated B5.1 blastomeres at the 32-cell stage resulted in partial
interaction is required, and presumptive mesenchymesduction of endoderm formation. Again, dissociation of the
blastomeres assume muscle fate without induction iA4.1 blastomeres had no effect. Therefore, it is likely that cell
blastomere-isolation experiments (Kim and Nishida, 1999)interactions take place at both the 16- and 32- cell stages, and
Another indicative results is that, in cell dissociation of wholecontinuous dissociation at both stages is required for complete
embryos, the proportion of partial embryos composed o$uppression of endoderm formation and promotion of ectopic
muscle increases to one fourth of total partial embryosnuscle formation.
(Nishida, 1992). Therefore, it is probable that every dissociated
B-line (posterior-vegetal) blastomere assume muscle fate, af>F-MAPK signaling is involved in the cell
we examined the possibility. Interaction

In massive dissociation of B4.1 blastomeres, 92% of partidh ascidian embryos, FGF signaling is involved in notochord
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and mesenchyme induction (Nakatani et al., 1996; Kim et aland mesenchyme formation kwalocynthia(Nakatani et al.,
2000). Especially in mesenchyme induction, FGF suppressd996; Kim et al., 2000). In control partial embryos treated only
muscle fate and promotes mesenchyme formation in B-lineith BSA, 99% of them expressed muscle myosin and only 2%
blastomeres. The inductive signal is emanated fronexpressed ALP. When partial embryos were treated with FGF,
presumptive endoderm blastomeres at the 32-cell stage. Th@2% of them developed ALP activity. The proportion was
one can reasonably infer that FGF signaling may also biirly close to expectation from the lineage (25%, one out of
involved in suppression of muscle fate in presumptivdfour). Muscle formation was greatly reduced to 21%
endoderm blastomeres, and endoderm precursors may send fivepectation is 75%, three out of four). Most ALP-negative
signal to each other. partial embryos consisted of very small cells that resembled
We examined this possibility by treating dissociatedmesenchyme cells (Fig. 3A). Thus, FGF was efficient at
blastomeres with basic FGF (Table 3; Fig. 3A,B). B4.1 isolatesuppressing muscle fate and inducing endoderm fate in the B-
were dissociated twice at the 16- and 32-cell stages in sea waliee blastomeres.
containing 0.1% BSA and 4 ng/ml bFGF protein, then washed Activation of the FGF receptor by the binding of ligands
thoroughly with sea water and cultured as partial embryos. Thetimulates a multitude of downstream signaling cascades
concentration of bFGF is effective enough to induce notochor(Graves et al., 1994; Seger and Krebs, 1995; Triesman, 1996).
A main pathway is a protein kinase transduction pathway,
which includes FGFR, Ras, Raf, MEK and MAP kinase
(MAPK). The signal transduction is also conserved in ascidian
notochord and mesenchyme induction (Nakatani and Nishida,
1997; Kim and Nishida, 2001; Shimauchi, 2001). Among these

Table 3. Treatments of dissociated blastomeres with bFGF
and BMP4 proteins

Endoderm Muscle molecules, the requirement of FGFR and MAPK activation in
N (ALP) n__ (myosin) the formation of various cell types in ascidian larvae has been
Expectation from lineage - 25% - 75%  globally assessed by using inhibitors of FGFR and MEK, the
bcggt,f" (BSA) o o 161 99% kinase that activates MAPK (Kim and Nishida, 2001). As for
6 214 21% ; .
BMP4 99 16% 111 84% endoderm formation, when isolated B4.1 blastomeres are

treated with 2uM MEK inhibitor, U0126, ALP expression is

B4.1 blastomeres were isolated at the eight-cell stage and descendant celfgtally suppressed, and all constituent cells of the B4.1 partial
were dissociated twice at the 16- and 32-cell stages. embryos express muscle myosin without cell dissociation. The
MEK inhibitor does not affect endoderm formation in A4.1
partial embryos. We reconfirmed these results (Fig.
4A,B,D,E,G) and further determined the period of sensitivity
to the MEK inhibitor treatment (Fig. 4L). The results indicate
that treatment initiated before and at the 32-cell stage was
effective at suppressing ALP expression, but treatment initiated
at the 64-cell stage was not effective. The period of sensitivity
to the MEK inhibitor coincides well with the observation that
the period of sensitivity to cell dissociation was the 16- and 32-
cell stages. Thus, treatment with MEK inhibitor can substitute
for cell dissociation in inhibiting cell interaction. Similar
results was obtained when isolated B4.1 blastomeres are
treated with 1.3-2.uM FGFR inhibitor, SU5402, from the
eight-cell stage to fixation. Expression of ALP was observed
in only 26% of the cases%£23, Fig. 4H), and in 83% of cases
(n=29), all constituent cells of the partial embryos express
muscle myosin (Fig. 41). The FGFR inhibitor also did not affect
ALP expression in A4.1 partial embryos (Fig. 4K).

To verify that FGF-MEK signaling acts early on the
specification of the posterior endoderm, fate conversion to
muscle was examined by monitoring the expression of muscle
actin HrMA4) gene at the 64-cell stage. Halocynthia
embryos, muscle actin expression starts as early as 32-cell
stage (Satou et al., 1995). At the 64-cell stage, two muscle
precursor blastomere pairs (B7.4 and B7.8 pair) express actin.
_ , ) _ B4.1 partial embryos were fixed at the 64-cell stage, and actin
e s ene asocitedPLoSS0n e examine by insit hybrczaton (Fig. 4C.2.)

: IR control partial embryos treated with DMSO, majority

the 16- and 32-cell stages. Endoderm formation was detected by d tin in two blast tial b
expression of ALP, and muscle formation was monitored by éxpressed actin in two Dbiastomeres per partial emoryo as

expression of myosin. (A,B) During dissociation, blastomeres were €Xpected (no blastomeres in 3% of cases, one in 3%, two in
treated with bFGF protein in sea water. In A, ALP-negative partial 64%, three in 23%, four in 7%=66). In 30% of cases, the

embryos consist of very small cells that look like mesenchyme cellsnumber of positive blastomeres exceeded two, probably owing
(C,D) Blastomeres were treated with BMP4 protein. to inappropriate arrangement of blastomeres in the partial

ALP
W

Myosin
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ALP Myosin actin mRNA

B4.1

ALP

B4.1 MEK inh.
A4.1 MEK inh.

Fig. 4. Effects of MEK and FGFR inhibitor on
formation of the posterior endoderm. (A,B) B4.1
blastomeres were isolated at the eight-cell stage
and cultured as partial embryos until hatching
stage. They expressed both ALP and myosin
according to expectation from the cell lineage.
Scale bar: 10Qm. (C) B4.1 partial embryos

were fixed at the 64-cell stage. Muscle actin
gene is expressed in the nuclei of two
blastomeres. (D-F) Treatment with a MEK

Hatching stage inhibitor, U0126, resulted in loss of endoderm
L 8 cell 16 cell 32 cell 64 cell g stag differentiation. Every constituent cell of the

partial embryos expressed myosin protein. Actin
Q—b @ —> @—P @ ﬁ/—@ MRNA is detectable in six blastomeres.
ALP  n (G) MEK inhibitor did not affect endoderm

inhibi formation in A4.1 isolates. (H-J) Treatment with
Mcﬂ o MEK inhibitor j/// > 7% 31

B4.1 FGFR inh.
A4.1 FGFR inh.

FGFR inhibitor, SU5402, also resulted in loss of
endoderm differentiation. Every constituent cell
- //,- > 10% 40 expressed myosin protein. Actin expression is
detectable in six blastomeres. (K) FGFR
inhibitor did not affect endoderm formation in
‘ﬁ/—’ 11% 38 A4.1 isolates. (L) Period of sensitivity to MEK
inhibitor. B4.1 blastomeres were isolated at the
% 95% 40 eight-cell stage, then treatment with MEK
inhibitor was initiated at various stages. The
100% 68 period of sensitivity ends at the 64-cell stage.
A4.1 partial embryos were not sensitive to MEK
inhibitor. n, number of partial embryos

Adl <« v/ 100% 35 examined.

embryos, which would result in failure of correct cell precursors initiated the expression of actin gene at the 64-cell
interactions. By contrast, partial embryos treated with MEKstage in significant number of the partial embryos.

inhibitor expressed actin gene in many blastomeres (two ) o

blastomeres in 4% of cases, three in 1%, four in 30%, five iffuppression of macho-1 function is enough to allow

24%, six in 41%n=91). Effect of the FGFR inhibitor was a Posterior endoderm formation

bit weaker, but similar results was obtained (no blastomeres ©@ell interaction mediated by FGF-MAPK signaling is
1% of cases, one in 1%, two in 16%, three in 15%, four in 31%suggested to play a role in suppression of muscle fate in
five in 22%, six in 13%;n=91). In treatment with either posterior B-line endoderm precursors. Matermaacho-1
inhibitor, the maximum number of positive blastomeres pemRNA has been identified as localized muscle determinants in
partial embryo was six, although the partial embryos shouldscidian eggs (Nishida and Sawada, 2001). The macho-1
consists of eight blastomeres after three cell divisiongroductis necessary and sufficient for the formation of primary
However, even in normal embryos, the most posterior musclauscle cells of tadpole larvae. The next question we asked was
precursor blastomeres (B7.5 pair) do not initiate actirwhether suppression of the macho-1 function and consequent
expression by the 64-cell stage. This is probably due to th&ippression of muscle fate is enough for specification of
general repression of zygotic gene expression in the twendoderm fate in the B-line. To do this, we injected morpholino
posterior blastomere pairs that are the putative germlinantisense oligonucleotide (MO) complementaryntacho-1
lineage cells in ascidian embryos (Tomioka et al., 2002)mRNA into fertilized eggs. The efficiency of theacho-1IMO
Taking account of this, and even if the inhibitors caused twbas already been confirmed (K.K. and H.N., unpublished).
mesenchyme blastomeres to assumed muscle fate, the observelh control experiments, 300 pg of four-mismatch control
number of positive blastomeres indicates that some endodemtigonucleotide was injected into fertilized eggs, and B4.1
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blastomeres were isolated at the eight-cell stage. ImmediateéRedundant signaling independent of MAPK activity
after isolation, B4.1 blastomeres were treated with contrds emanated from the anterior blastomeres
DMSO or ZHM MEK inhibitor until the larval stage (Table 4) During our Study of posterior endoderm forma[ion, we
Treatment with DMSO did not affect development of the B4.Jencountered somewhat strange results that seem to contradict
blastomeres, and both ALP and myosin were expressed in m@Rk above results. Even when the cleavage of ascidian embryos
of the partial embryos (Fig. 5A,B). Treatment with MEK js permanently arrested at a cleavage stage, cleavage-arrested
inhibitor resulted in loss of endoderm, and every constituenjjastomeres continue some differentiation processes and
cell of all partial embryos expressed myosin (Fig. 5E,F)eventually express endoderm and muscle differentiation
confirming the previous results. Then 100-300 pg of MO wagharacteristics, including ALP and myosin (Whittaker, 1977;
injected into eggs (Table 4). In DMSO-treated B4.1 partiaNishikata et al., 1987). This observation was reconfirmed by
embryos, ALP was expressed as in controls, but expression g@éating whole embryos with gg/ml cytochalasin B at the
myosin was completely inhibited, supporting the validity of110-cell stage in order to inhibit subsequent cleavages. In
macho-1MO (Fig. 5C,D). In partial embryos treated with DMSO-treated cleavage-arrested embryos, ALP expression
MEK inhibitor, ALP expression was observed in 63% of casegas essentially observed in ten endoderm-lineage blastomeres,
and there was no myosin expression (Fig. 5G,H). Although thgcluding anterior A-line and posterior B-line endoderm (A7.1,
proportion of ALP-positive embryos was a little lower than inA7.2, A7.5, B7.1, B7.2 pairs), which are located in the vegetal
controls, suppression of macho-1 function restored endoderfble region (Fig. 6A). In addition to these endoderm
formation in the presence of MEK inhibitor. Therefore, if therepjastomeres, TLC precursors (A7.6) also expressed ALP, as
is no macho-1 activity, FGF-MEK signaling is not required toghserved by Whittaker (Whittaker, 1990). Myosin expression
suppress muscle fate, and endoderm fate is autonomousPas also detected in all ten primary-muscle-lineage
executed in the B-line lineage. blastomeres, which are located at the posterior edge of the
vegetal hemisphere (Fig. 6C). We treated the cleavage-arrested

Table 4. Effect ofmacho-1morpholino oligo on endoderm
and muscle formation

Control macho-1
morpholino oligo morpholino oligo
Endoderm Muscle Endoderm Muscle
(ALP) (myosin) (ALP) (myosin)
Control (DMSO) 89% (19) 100% (20)* 83% (30) 0% (30)
MEK inhibitor 0% (19) 100% (20) 63% (30) 3% (29)

Morpholino oligos were injected into fertilized eggs. B4.1 blastomeres
were isolated at the eight-cell stage and treated with DMSO or MEK
inhibitor. Number of specimens is indicated in parentheses.

*Approximately half of constituent cells of each partial embryo were
positive in every case.

TAIl constituent cells of each partial embryo were positive in every case.

Control M-oligo
Myosin

DMSO

MEK inh.

embryos with MEK inhibitor from the eight-cell stage to
fixation. Unexpectedly, nothing was changed in ALP
expression, and ALP was still expressed in B-line endoderm
blastomeres (Fig. 6B, arrow). As for muscle formation, ectopic
myosin expression was observed in four mesenchyme
blastomeres (Fig. 6D, arrowheads). This is consistent with
previous results that FGF-MEK signaling is required to
suppress muscle fate in mesenchyme blastomeres (Kim et al.,
2000; Kim and Nishida, 2001), confirming that MEK inhibitor
worked in the present experiments. However, myosin
expression was never observed in endoderm blastomeres.
These results were confirmed by observing 20-40 cleavage-
arrested embryos in each experiment.

The results suggest that suppression of muscle fate and

macho-1 M-oligo
ALP Myosin

Fig. 5. Inhibition of macho-1 function is enough to allow endoderm formation in the absence of cell interaction. (A-D) B4.1 blastereeres
isolated from eight-cell embryos and cultured as partial embryos. Embryos were treated with DMSO as controls. Expressamdof ALP
myosin was detected to monitor the formation of endoderm and muscle cells. (E-H) The partial embryos were treated withiaitdEK in
U0126, to inhibit MEK-MAPK signaling. In F, every constituent cell expressed myosin. (A,B,E,F) Control morpholino antisense
oligonucleotide (MO) was injected into fertilized eggs. (C,D,G,H) Antisense MO complemenimaagho-1ImRNA was injected to inhibit
macho-1 translation. Slight staining in D and H is background caused by mitochondria. Muscle formation was totally suppegde®l.
expression is visible even when embryos were treated with MEK inhibitor. Scale bam100
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3 . observed in all cases£54) (Fig. 6E). By contrast, treatment
VLSO BAE R it with MEK inhibitor suppressed endoderm formation in 72% of
= casesr{=54) (Fig. 6F). In the other 28% of cases, we observed
ALP staining only in a small region. The result suggests that a
redundant signal emanates from the A-line anterior-vegetal
blastomeres.

BMP is a candidate for the redundant signal

A plausible candidate for the signaling molecule is BMP. In
Halocynthia the HrBMPb gene (the ascidianBMP2/4
homolog) is expressed at and after the 44-cell stage in
anterovegetal blastomeres (anterior endoderm precursors:
A7.1, A7.2 and A7.5 blastomeres; trunk lateral cell precursor:
A7.6 blastomeres; Fig. 1A) (Darras and Nishida, 2001). In
addition, BMP is a potent signaling molecule in notochord
induction as well as FGF (Darras and Nishida, 2001).
Therefore, we examined whether BMP is also able to induce
posterior endoderm formation.

Similar to the above experiments used to test FGF, B4.1
isolates were dissociated twice at the 16- and 32-cell stages in
sea water containing 0.1% BSA and 50 ng/ml BMP4 protein,
then washed thoroughly with sea water and cultured as partial
embryos (Table 3; Fig. 2C,D). The concentration of BMP4 is
effective at inducing notochord iHalocynthia When partial
embryos were treated with BMP, 16% of them developed ALP
activity. The proportion was close to expectation from the

E F lineage (25%, one out of four). There is no statistical difference
gty T in ALP expression between FGF and BMP treatments

DMSO MEK inh. MEK inh.+BMP4 (0.2<P<0.3, Table 3). Thus, BMP was also efficient at inducing
B4.1 B endoderm fate in the B-line blastomeres. However, in contrast

to FGF treatment, muscle formation was not significantly
reduced, being observed in 84% (expectation is 75%, three out
of four).

In the second set of experiments, B4.1 partial embryos were

4‘| Bd‘
G‘ H - | : perim artial en _
treated with BMP protein without cell dissociation. First,

Fig. 6. Redundant BMP signaling induces posterior endoderm isolated B4.1.blastomeres were t_reated with BSA'and DMSO.
formation. (A-D) Cell divisions were permanently arrested at the ~ALP expression was observed in all cases5] (Fig. 6G).
110-cell stage by cytochalasin B, and whole embryos were culturedSecond, B4.1 isolates was treated with BSA and MEK inhibitor
until hatching stage. Then expression of ALP (A,B) and myosin (from eight-cell to larval stage). ALP expression was greatly
(C,D) was detected. Vegetal views. Arrows indicate the posterior  reduced to 6% of cases=34), as observed in the previous
endoderm blastomeres. Treatment with MEK inhibitor did not affect experiments (Fig. 6H). Third, B4.1 isolates was treated with
ALP expression in the posterior endoderm blastomeres. Arrowheadgoth BMP (from eight- to 64-cell stage) and MEK inhibitor.
indicate presumptive mesenchyme blastomeres that ectopically BMP restored ALP expression in 56% of casess6) in the

express muscle myosin. (E,F) The anterior-vegetal A4.1 blastomeres e sance of MEK inhibitor (Fig. 61). These results indicate that
were removed from embryoA A4.1) with a fine glass needle at the MP is a possible candidate of the redundant signals, and

eight-cell stage. The embryos were cultured without cIeavage-arrestE}lEK . ired f h - | ducti ind
until hatching stage, and ALP expression was detected. Without A4. IS not required for the signal transduction to induce

blastomeres, embryos became sensitive to MEK inhibitor (F). endoderm by BMP.
(G-I) B4.1 partial embryos treated with DMSO (G), MEK inhibitor

(H), and both MEK inhibitor and BMP4 protein (l). In I, BMP4

restored ALP expression. Scale bars: 160 DISCUSSION

Our results suggest that cell interactions are required for

posterior endoderm formation in ascidian embryos, which has
formation of endoderm in the posterior-endoderm precursotsitherto been thought to be solely regulated by localized egg
may be operated by redundant mechanisms. If so, anotheytoplasmic factors. Cell dissociation experiments revealed
signal must be emanated from blastomeres other than B-linkat cell interactions are required for suppression of muscle
cells, because the redundant signal did not act in B4.1 partiidte, and thereby promote endoderm differentiation in the B-
embryos that were sensitive to MEK inhibitor. Therefore, wdine endoderm precursors. The cell interactions take place at
ablated another vegetal blastomere pair, A4.1, at the eight-célle 16- and 32-cell stages. Suppression of cell signaling in B4.1
stage (Fig. 1A). Embryos were reared without cleavage arregiartial embryos by inhibitors of FGFR and MEK also
In controls treated with DMSO, endoderm formation wassupported this idea. Consistently, FGF was potent to induce
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posterior endoderm. FGF signaling seems to acts early on thanscription factor that has a zinc-finger domain. In this study,
specification of the endoderm because some endodemnve demonstrated that muscle fate directed by macho-1 should
blastomeres in inhibitor-treated embryos already expressdik suppressed by cell interactions in the posterior endoderm.
muscle actin gene at the 64-cell stage. By contrast, such céflthe absence of macho-1 activity, endoderm specification was
interactions are not required for formation of the anterior Aautonomously executed. Without suppression of macho-1
line endoderm. Another redundant signaling mechanism i&nction, all descendants of the B4.1 blastomeres developed
present in the embryos and is likely to be mediated by BMihto muscle, and ALP expression was totally suppressed.
secreted from the anterior-vegetal blastomeres. The BMProbably, macho-1 intensively directs muscle fate and
signaling does not require MEK activity. Suppression ofovercomes the endoderm fate that is directed3imatenin
macho-1 function was enough to allow endodernsignaling. Cells may have mechanisms that prohibit an
differentiation in the B-line. Therefore, the cell interactionsintermediate state between different cell types and force one or
induce endoderm formation by suppressing the function adnother cell fate. This will be an interesting issue for future

macho-1, which is to promote muscle fate. study.

) In mesenchyme precursor blastomeres, macho-1 products
Maternal endoderm determinants and cell are inferred to be also present, and macho-1-directed muscle
Interactions fate must be suppressed by FGF signaling for proper formation

In our previous study, the expression of ALP was observed iof mesenchyme cells (Kim and Nishida, 1999; Kim et al.,
continuously dissociated whole embryos (Nishida, 1992). Th2000). The following observations further highlight the
observation led us to conclude that endoderm formation is importance of suppression of muscle fate in the posterior
cell-autonomous process. However, at that time we did nategetal region. In the posterior region of the vegetal
discriminate the anterior and posterior endoderm. In this studizemisphere, precursor cells of trunk ventral cells (TVCs) are
we isolated B4.1 and A4.1 blastomeres at the eight-cell stageesent (Fig. 7). When the precursors are isolated from
and dissociated their descendants to evaluate the role of cethbryos, they also differentiate into larval muscle cells
interactions separately in each lineage. This uncovered (&lishida, 1992). Therefore, suppression of muscle fate by cell
remarkable difference in endoderm specification between thiateractions is also required for the formation of the trunk
two lineages. Only in the B-line are cell interactions requiredventral cells. This coincides well with our observation that
The difference is caused by the presence of macho-1 produegery descendant cell of the B4.1 blastomeres assumed muscle
in the posterior region of the embryos, as discussed in the nefgte when they were dissociated or treated with MEK inhibitor.
section. Therefore, suppression of muscle fate would be necessary in

Experiments involving transfer of cytoplasm have beerall of the non-muscle lineages within the region derived from
carried out to demonstrate the presence and localization tfe B4.1 blastomere (Fig. 7, pink area).
endoderm determinants, by fusing isolated blastomeres with macho-ImRNA translocates to the posterovegetal region of
cytoplasmic fragments (Nishida, 1993; Yamada and Nishidaggs by ooplasmic segregation (Nishida and Sawada, 2001;
1996). The results suggested that endoderm determinar§sitou et al., 2002). During early cleavages, it is concentrated
reside in the unfertilized egg and are partitioned into both Amn the very restricted posterior region of the B4.1 blastomere
line and B-line endoderm-lineage blastomeres duringair in eight-cell embryos. Interestingly, the RNA is
cleavages. When cytoplasm of B4.1 blastomeres was
transferred into presumptive epidermis blastomeres,
promoted ectopic endoderm formation. The transferre
cytoplasm probably also promoted ectopic cell interaction
within the partial embryos to which it was introduced.

The requirement for cell interactions does not exclude th
possibility that endoderm fate is basically specified by matern:
localized endoderm determinants. In the absence of macho
function, embryos could form the posterior endoderm eve
when they were treated with MEK inhibitor. Imai et al. (Imai
et al., 2000) report a role foB-catenin in vegetal fate
specification in Ciona Preferential B-catenin nuclear
localization is observed in cells of the vegetal hemisphere Mes
including B-line endoderm precursors. These observatior .
support the view that endoderm specification is essentiall %'q‘
mediated by a maternal mechanism even in the B-line, and th
cell interactions overlie it as a parallel process to suppres
inappropriate muscle fate.

Suppression of inappropriately distributed macho-1 Fig. 7. Suppression of muscle fate in non-muscle lineages by cell
activity is required for proper specification of B-line interactions is reqw_re_d for proper patterning o_f the pqsterovegetal
cell fates quarter of early ascidian embryos. When cell interactions were

) . . inhibited by cell dissociation or treatment with MEK inhibitor, every
Maternal macho-1mRNA has been identified as localized B-jine cell assumed muscle fate as directed by macho-1. macho-1

maternal muscle determinant within ascidian egg cytoplasiprotein would distribute into all B-line cells (pink area). Mes,
(Nishida and Sawada, 2001macho-1encodes a putative mesenchyme; TVC, trunk ventral cell.

Vegetal hemisphere

Nerve cord

Notochord

aul-y
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exclusively localized to a specific subcellular structure, theesults were confirmed again. It turns out that treatment up to
centrosome-attracting body (CAB) during cleavage stagethe early 32-cell stage is not enough to suppress endoderm
(Hibino et al., 1998; Nishikata et al., 1999; Sasakura et alformation because effects of FGF inhibitor is reversible as
2000) (reviewed by Nishida, 2002). During three rounds oshown by Kim and Nishida (Kim and Nishida, 2001), and that
successive unequal cleavages after the eight-cell stage thagatment should be continued at least up to the 64-cell stage
occur only in the posterior regiomacho-1mRNA always (data not shown). This is reasonable because the endoderm
segregates into the smaller daughter cells located at theduction take place during the 16- to 32-cell stage as revealed
posterior pole (the B5.2 cell pair of the 16-cell embryo, thén the present study.

B6.3 cell pair of the 32-cell embryo, then the B7.6 cell pair of However, the cleavage-arrest experiment indicated the
the 64-cell embryo). Thus, maternal mMRNAnsécho-lis not  presence of redundant mechanisms in the induction of
partitioned into all of the B4.1 descendants. Therefore, oysosterior endoderm. Both of FGF and BMP are candidates for
prediction is that translation of matermahcho-1ImRNA is  signaling molecules because both proteins were potent to
initiated in the B4.1 blastomeres at the eight-cell stage, and thgduce posterior endoderm in cell dissociation experiment.
protein distributes into every descendant of the B4.1 cellsthe FGF and BMP genes are expressed at the right time and
There would be a localization mechanism for the mRNA, bufn the right place for posterior endoderm induction during
the protein may diffuse throughout the cytoplasm of the B4.%|eavage stages in ascidian (Darras and Nishida, 2001; Imai
cells upon translation. We have tried hard to produce antibodyt a|., 2002). FGF is expressed in both the anterior and
against macho-1 protein, but have so far been unsuccessfghsterior endoderm blastomeres, and BMP is expressed in the
The amount of the protein in the early embryo may be too loWnterior endoderm blastomeres. FGF signaling required MEK
for immunohistochemical detection. In conclusion, OUractivity, but BMP signaling did not, in accordance with the
observations suggest the presence of novel mechanisms thghing that BMP signaling is transduced mainly by Smad
suppress the functions of inappropriately distributed maternajoteins in various animals (Whittman, 1998; Massague and
determinants via cell interactions after embryogenesis startgyotton, 2000). We tried to inhibit BMP signaling in cleavage-
Such cell interactions would restrict the regions whergyrested and MEK-inhibitor-treated embryos by injection of
maternal determinants work, and play a role in marking g0 complementary tHrBMPb. But it did not affect the
precise boundary between precursor cells of different tissug,qqderm and muscle formation. In our experience, some
types. It would be hard for embryos to precisely partitiony;og \orked well but others did not, depending on genes and
muscle determinants exclusively into multiple m“Sdetargeted sequences ihBTR. Although BMP is a promising

precursor blastomeres. andidate of signaling molecule secreted by anterior
Our recent results with macho-1 MO indicate that macho- lastomeres, it is important to further elucidate the role of

is also required for mesenchyme formation (K.K., K. Sawad by  loss-of-function  tvpe
and H.N., unpublished). Therefore, macho-1 directs muscl Qgggrenneonlg iﬂrﬁl:ﬁl::stgg;e y unct yp
fate in muscle cells; its function is probably modified by FGFE™; 55" o clear how these distinct signaling mechanisms
signaling to promote mesenchyme fate in mesenchyme CeII§i;milarly promote endoderm formation. Treatment of

%1 dFl(r;Fe ?Sd?n%%rl\r?eg?:lscter;ﬁ S];u?];ﬂ?]n :ﬁ g?#%ii%%ﬁf Sri(:z (aFr:%issociated blastomeres with FGF and BMP showed a slight
' 9 ) y ifference. FGF treatment greatly reduced muscle formation,

endoderm formation. There will probably be intrinsic . - )
differences in responsiveness to FGF between mesenchyrﬁgd most ALP-negative partial embryos seemed to develop into

and endoderm blastomeres, and the localization of endodemes_enchyme. In BMP t(eatment, hOW?Ve“. A_I_P-neganve
determinants could account for the differences. partial embryos developed into muscle. This coincides with the

observation that BMP is not effective in mesenchyme induction
Redundant signaling is involved in posterior (H.N., unpublished). Therefore, FGF suppressed muscle fate in
endoderm induction most blastomeres, but BMP is likely to suppress muscle fate
When the B4.1 blastomeres were isolated and then dissociaf®ly N Presumptive endoderm blastomeres. Probably, the
or treated with inhibitors of FGF signaling, presumptivemeCha”'Sm of suppression of muscle fate is different between
endoderm blastomeres assumed muscle fate. Consistently, F&E';and BMP_5|_gina_1I|_ng. d dif b dod
was potent to induce posterior endoderm in cell dissociation 1Nere are similarities and differences between endoderm
experiment. Recently, we have investigated the spatiotempor&iduction and notochord induction in ascidians. FGF and BMP
pattern of activation of MAPK during embryogenesis of&'® both potent at inducing notochord formation (Nakatani et
Halocynthia using an antibody specific to the activated form@l-» 1996; Darras and Nishida, 2001). However, MEK is
of MAPK (Nishida, 2003). inconsistent with the present'€duired for BMP to act in notochord induction. Therefore,
results, phosphorylated and activated MAPK become§vents during both kinds of induction would be similar but not
detectable in the nuclei of every endoderm blastomerilentical, although the details are unknown.
including both of the B- and A-line at the 44-cell stage when

tehndto?herm ",:.duftlon \:cval\s/mc\:&r(npleted.dltdhas bbelent also Shoivggation and the Otsuchi Marine Research Center for help in collecting
a € aclivation ‘o In endoderm DIaSomeres 1§q acigian adults, and members of the Misaki Marine Biological

suppressed by MEK inhibitor treatment. In our previous study o ratory for help in maintaining them. This work was supported by
(Kim and Nishida, 2001), we reported that treatment with thgne Research for the Future Program of the Japanese Society for the
FGFR inhibitor (SU5402) did not suppress the endodermpromotion of Science (96L00404), and by Grants-in-Aid from the
formation in isolated B-line blastomeres. In the experimentsyinistry of Education, Culture, Sports, Science and Technology of
embryos was treated form the 2- to early 32-cell stage. Th#pan (13480245 and13044003) to H.N.
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