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SUMMARY

This review starts from the classical standpoint that there and concomitantly establishing the dorsoventral and
are at least two separable processes acting with respect to anteroposterior axes. The experimental evidence suggest-
axis formation and tissue specification in the earl)Xenopus ing the molecular basis of the dorsal and ventral pathways
embryo: a UV-insensitive event establishing a postgastrula is reviewed.

embryo consisting of three concentric germ layers,

ectoderm, mesoderm and endoderm, all of a ventral

character; and a UV-sensitive event producing tissue of a Key words: amphibian, blastula, pattern formation, gastrulation,
dorsal type, including somites, notochord and neural tissue, Xenopus

(1) INTRODUCTION region is transplanted to the ventral side of an early gastrula
embryo, it is able to induce an ectopic axis (Spemann and
Amphibian embryos have long been favoured organisms fdvlangold, 1924). This signal expands the size of the area of
the study of cell interactions in early morphogenesis, particudorsal mesodermal tissue.
larly with respect to the questions of axis formation and meso- Over the past decade, substantial effort has been made in
dermal tissue specification. Reviews of this subject have beenany laboratories to characterize the molecules involved in
numerous (Smith, 1989; Kimelman et al., 1992; Dawid, 1994mesoderm induction and axial patterning, and to extend the
Sive, 1993; Kessler and Melton, 1994; Lemaire and Kodjabearly observations on which the three-signal model was based.
jchian, 1996), but recent studies have begun to suggest a shifowever, mesoderm-inducing molecules constituting the first
from the text-book models of how this patterning is achievedwo signals, with the characteristics suggested by this model,

and, therefore, require a fresh reappraisal of the data. remain unidentified. Several modifications have been made to
the original model (Kimelman et al., 1992; Sive, 1993; Watabe
(2) THE THREE-SIGNAL MODEL et al.,, 1995; Sakai, 1996) While we are still far from a

complete understanding of the molecular mechanisms pattern-
The pioneering work of Ogi (1967, 1969), and Nieuwkoop andng the earlyXenopusembryo, significant advances have been
colleagues (Nieuwkoop, 1969; Boterenbrood and Nieuwkoopnade. This review aims to summarize these advances. In doing
1973), and more recently by Slack and SmithXamopus so, the simplicity of the old model is lost, but what emerges is
embryos (Smith and Slack, 1983; Slack et al., 1984; Smith #he framework of molecular and cellular interactions that
al., 1985; Dale and Slack, 1987), led to the three-signal modphttern the early embryo.
of mesoderm induction (Fig. 1). According to this model, the
active signalling center causing mesoderm induction is thes) THE DORSAL PATHWAY
vegetal mass of the blastula-stage embryo. The evidence for
this is that vegetal explants co-cultured with animal caps ar@) UV-irradiation experiments
able to divert animal cells from an epidermal to a mesodermalassical UV irradiation experiments have indicated that there
fate. In the model, the vegetal mass is further divided intare at least two aspects to the patterning of early amphibian
dorsal and ventral halves, with the former inducing mesodermmbryos (Fig. 2): a UV-insensitive event establishing a post-
of a dorsal character, including notochord and somites, whilgastrula stage, consisting of three concentric germ layers,
the latter induces ventral mesoderm, mesenchyme, lateral platetoderm, mesoderm and endoderm, all of a ventral pattern;
mesoderm and blood islands. These signals are consideredatad a UV-sensitive event producing tissue of a dorsal type,
occur early in development, before the onset of zygotic trarincluding somites, notochord and neural tissue, and concomi-
scription at the mid-blastula transition (MBT). The third signaltantly establishing the dorsoventral and anteroposterior axes
in the model is viewed as a later event, passing horizontal§Grant and Wacaster, 1972; Malacinski et al., 1974). UV irra-
from the dorsal equatorial region (known as the Spemandiation is effective at blocking this dorsal pathway when it is
organizer region), in recognition of the finding that, when thisapplied to the vegetal pole at two different times: either to fer-
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as maternal mRNAs, and are only strongly expressed zygoti-
cally, after MBT. It seems likely therefore that these molecules
are downstream of UV-sensitive maternal events.

One standard method towards this end has been to overex-
press the candidate proteins shown in Table 1 by injecting
mRNAs or dominant negative forms of those mRNAs into
early cleavage-stage embryos. This has suggested roles in

Fig. 1. The three-signal model of mesoderm induction as depicted bgorsal aX(IjS formag_on fo_r Sf(ver?ISmoIg(\:/ultis,l_;nclgglng activin,
Smith (1989). Two mesoderm-inducing signals are considered to oosecoid (gsc), Siamois, Xwnt-8 and Vg1. HoweXenopus

pass from the vegetal region of the early blastula. The dorsal signal €Mbryos consist of labile, pluripotent cells until the mid-
induces dorsal mesoderm (the Spemann organizer), while the ventrflastula stage (Heasman et al., 1984; Wylie et al., 1987; Snape
one induces ventral mesoderm. The organizer produces a third sign@t al., 1987) and overexpression or ectopic expression of sig-
probably during gastrulation that induces addititonal muscle (M3). nalling components or receptors may reveal pathways that
Only the most ventral cells (M1) form blood-forming mesoderm. would not normally function in undisturbed embryos.
Problems in interpretation of the results may also arise if the
c;llajected dorsalizing molecules can mimic, but are not neces-
sarily the same as, endogenous molecules in these pluripotent
lls, or in the case of dominant negative constructs, act
romiscuously to  block signalling by related
lecules(Kessler and Melton, 1994; Schulte-Merker et al.,

tilized eggs shortly after sperm entry, or to the vegetal pole
full-grown ovarian oocytes (Holwill et al., 1987; Elinson and
Pasceri, 1989). This latter finding suggests that a componen
of the dorsal pathway, or a factor indirectly influencing thaf
pathway, must be established during oogenesis and localiz ST )
to the cortex of the vegetal pole before maturation. Althoug 94). A further complication is that the overexpressed protein

there has been no molecular characterization of this oocyte dﬂ-gyehavﬁ.?ﬁtxgy i;??gﬂtclancqtet:]rg?n:hne Cc!?z\é?g.? t%ftgigoe“gr‘ll_a
salizing activity, its vegetal localization has been confirmed b ge, whi y Iming ity 9

; : ; us proteins. Thus this approach has not resolved the question
i}étgg)lasmm transfer experiments (Holowacz and EImsonof which of the candidate molecules are active in the embryo,

The second, postfertilization, UV-sensitive period has beefl’ when they take part in dorsal axis formation.

intensively studied (Vincent et al., 1986, 1987; Yuge et al. ) B-catenin
1990; Fujisue et al., 1993; Sakai, 1996). Several lines o it i thod to identify th d le of
evidence indicate that, at this time, the UV target is cytos;ke-n alternative method to identify the endogenous role o

etal; UV disrupts cortical cytoplasmic movements by disorga[natemal gene-products is to deplete the protein or mRNA from

nizing microtubules and prevents the normal displacement 3‘?6 oocyte and study the effe'ct of that. depletion on deyelop—
a dorsalizing activity to the dorsal side of the embryo (Gerhaff'€"t: This method uses antisense oligodeoxynucleotides to
et al., 1989; Houliston, 1994). The nature of this dorsalizin aroet-specific mRNAs, Wh'Ch_ are then cleaved bY endogenous
activity or its relationship to the oocyte factor/s is not under- Nase H (Dash_ et al,, 1987; Dagle et aI.,_1991, Heasman et
stood, although they are clearly separable, as UV-irradiation 81’ 1994a,). It is not used to test the function of zygotic gene
the oocyte does not disrupt cortical rotation after fertilizatio roducts, as any degraded mRNAs would be replaced by new

(Elinson and Pasceri, 1989). One approach to this question h gnscription ajter MBT. Recently, a combination of overex-
been to identify molecules that are expressed in early embryB&eSSion and depletion experiments have identified some of the

and that are able to rescue the UV-ventralized phenotype. %\sser_]ft_lalllm%redlelnts .Off the tQIorsaal, U\é—sensmve tpa}hway.
surprisingly large number of molecules fit this description pecitically, dorsal axis formation depends upon cytopiasmic

(Table 1), and current research is directed towards undefomponents homologous to those of a signalling pathway in

standing their relative importance and their relationship to each
) \ Neural tube
L\\ Notoehord
\ Epidermis
Endoderm
// LPM

other in the endogenous dorsal pathway. Most of thes
molecules (* in Table 1) are absent or at very low abundanc

Table 1. Molecules that rescue the UV phenotype Epidermis

Complete axis Incomplete axis Reference
- Ventral

*Xwnt-8 Smith and Harland, 1991 M?s(r)zerm
*noggin Smith and Harland, 1992 l
Vgl(only modified form) Thomsen and Melton, 1993 Endoderm
Xwnt-8b Cui et al., 1995
*Xnrl & 2 Jones et al., 1995 a

*Siamois Lemaire et al., 1995 b

. X .

chordin *gsc Séa;]s(?ﬁtail.,lg%? Fig. 2. Two events pattern the eadenopusembryo. UV irradiation
activin Smith and Harland, 1991  €xperiments reveal that at least two events pattern the embryo: (a) a
*Xbra Smith et al., 1991 UV-insensitive event establishes a postgastrula-stage embryo
Xdsh Sokol et al., 1995 consisting of three concentric germ layers — ectoderm (epidermis),
Xwntll Ku and Melton, 1993 ventral mesoderm and ventral endoderm and (b) a UV-sensitive event

dom. neg. BMP receptor Graff et al., 1994 produces tissue of a dorsal type, including neural tissue, somites,

*Xnr4 Joseph and Melton, 1997 notochord and dorsal endoderm, and also produces dorsoventral and
*Xnr3 Smith et al., 1995

anterior/posterior axes in the embryo. LPM, lateral plate mesoderm.




Patterning the Xenopus blastula 4181

Drosophilainitiated by the Wingless secreted protein (Fig. 3).1994b). This indicates that, asDmosophilg 3-catenin may lie
This winglessinitiated pathway has been shown to be ofdownstream of a Wnt signal.
critical importance in the patterning of thBrosophila )
embryonic epidermis (DiNardo et al., 1988; Martinez-Arias e{C) Molecules upstream of ~ [3-catenin
al., 1988; Bejsovec and Martinez-Arias, 1991), wing (Moratal'he serine-threonine kinase zeste-whitew® (Peifer et al.,
and Lawrence, 1977; Phillips and Whittle, 1993), leg (Diaz-1994) acts as an inhibitor of the Wingless pathway in
Benjumea and Cohen, 1994) and midgut (Yu et al., 1996pProsophila by altering the stability of soluble Armadillo (Pai
SeveralXenopusnembers of the Wnt familyXgvntgenes) are et al., 1997). It also hasx@nopusomolog (glycogen synthase
able to rescue the ventralized phenotype of UV-irradiate®inase, GSK3) that inhibits the dorsal pathway. A dominant
Xenopusembryos (see Table 1). negative form of GSK3 mRNA causes ectopic axis formation
[B-catenin is one of these essential ingredients. It was firght Xenopuembryos, but is unable to resdieatenin-deficient
identified as a cell membrane-associated protein in vertebragenbryos (Wylie et al., 1996), placing GSK3 in a similar
cells, necessary for cadherin-mediated adhesion (Ozawa et alpstream position t@-catenin, as its counterpart zw3 is to
1989), and was later shown to be a vertebrate homolog of themadillo in Drosophila (He et al., 1995; Pierce and
Drosophila protein, Armadillo. Although armadillo was  Kimelman, 1996; Dominguez et al., 1995).
initially identified in a screen for segment polarity mutants, and Unlike Drosophilg the components of the signalling
is a component of the Wingless protein-initiated segmenpathway upstream of GSK3 afiecatenin have not been estab-
polarity signalling pathway (Peifer et al., 1992, 1994), severdished inXenopusThe Xenopusomolog ofdishevellegdXdsh
lines of evidence have shown that it has roles both in signallingas the ability to induce complete ectopic axes (Sokol et al.,
and adhesion. IDrosophilaovary and in the early embryo, 1995). A dominant negative form of this protein is active in
armadillo mutants have defects in cell-cell adhesion as well ablocking the signalling pathway stimulated by ectopically
signalling (Peifer et al., 1993; Cox et al., 1998enopus injected Xwnt-8 mRNA. Surprisingly, overexpression of this
embryos depleted of maternficatenin have a signalling dominant negative protein alone does not prevent dorsal axis
defect: they develop without dorsal structures, includingormation, suggesting that Xdsh is not an essential component
somites, notochord and neural tubes, and resemble the mo$t the endogenous dorsal pathway, although it may be
severe cases of axis-deficient UV-irradiated embryos (Heasmanportant for convergence extension movements at the gastrula
et al., 1994b). In these experiments, cell-cell adhesion is nstage (Sokol, 1996).
altered, butB-catenin is depleted only from the supernatant [-catenin has many potential interactions. As well as its
fraction, leaving membrane-associ-
atedp-catenin presumably availal' -
for an adhesive role (Kofron et :
1997). Cytoplasmid3-catenin an
Armadillo are thus essential for s
nalling, and the membrane-assi
ated forms for adhesion. The dis
bution of B-catenin can be alter
simply by overexpression
cadherin (Heasman et al., 199«
which sequester§-catenin at th
cell membrane and depletes
cytosolic pool (Fagotto et al., 199
However, it seems unlikely tF
endogenous cadherins regulate
cytosolic pool, aXenopusembryos
that have been depleted of mate
EP cadherin, and are disaggreg:
at the blastula stage, go on
develop with normal axes and doi
structures when zygotic EP cadhe

begins to accumulate (Heasmat Nucleus

al., 1994a). Recent studies sug Pan-+arm XTcf-3+Rcat

that cytoplasmic and membral . A b A
associated Armadillo may Activation of Transcription Activation of Transcription

Goosecoid?

( ET_garbaiial.led ) ( Siamois?

regulated separately by differt
kinases (Pai et al., 1997). The do

deficiencies of B-catenin-deplete Fig. 3.A comparison of th®rosophilaandXenopus/Nnt signal transduction pathways (adapted
_er_nbryos can be r escued by from Sokol, 1996). Wnt signalling promotes the inactivation of zw3/GSK3, which leads to the
injection of B-catenin MRNA, bl accumulation of Armadill@-catenin. Armadillg-catenin may then interact with HMG-box

not by Xwnt-8, even though Xwr  transcription factors which regulate the expression of specific genes. See text for details. ? indicates
8 has strong dorsalizing activity  uncertain components. Although pangolin is depicted here in the nucleus and cytoplasm, its
wild-type embryos (Heasman et positioning remains hypothetical at this time.

Ubx
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association with cadherin awdcatenin, it has been shown to 1989). However, a direct inhibitor of inositol monophosphatase
bind to EGF receptor (Hoschuetzky et al., 1994), c-erbB-2loes not dorsalize embryos (Atack et al., 1993). Recently, the
(Kanai et al., 1995), fascin (Tao et al., 1996) and the cytoplaslorsalization effects of lithium have been shown to be due to
mic protein adenomatous polyposis coli (APC) protein. APGts effects on the Xwnftcatenin pathway. Specifically, lithium
is expressed in earlXenopusembryos (Vleminckx et al., inhibits the enzyme GSK3, which in turn causes the accumu-
1997), where it may be involved in regulating the level-of lation of -catenin (Klein et al., 1996; Stambolic et al., 1996;
catenin, as it does in cultured cells (Munemitsu et al., 19944edgepeth et al., 1997).
Papkoff et al., 1996; Hayashi et al., 1997). APC is a substrate )
for GSK3, and its phosphorylation regulates binding of APd€) Molecules downstream of =~ [-catenin
to B-catenin (Rubinfeld et al., 1996). Drosophila however, While events upstream of beta catenin are still unclear, recent
zygotic APC is not essential for Armadillo function (Hayashistudies have succeeded in revealing the interaction immedi-
et al., 1997) and overexpression of APCXenopusembryos  ately downstream (reviewed in Nusse, 1997). XTcf-3 is a tran-
causes dorsalization, rather than acting in a negatively regulseription factor of the LEF/Tcf family whose association with
tory fashion (Vleminckx et al., 1997). A second role for APCB-catenin was first shown using the yeast two-hybrid system
could be in associating3-catenin with the microtubule (Molenaar et al., 1996; Behrens et al., 1996). It is a ubiquitous
cytoskeleton during cortical rotation in the first cell cycle, as iprotein in earlyXenopusmbryos3-catenin bound to XTcf-3
is known to associate with microtubules in other cell typess localized in nuclei, and binding @fcatenin to XTcf-3 is
(Munemitsu et al., 1994; Smith et al., 1994). required for the activation of transcription in an in vitro assay.
There is also no evidence yet that defines which Xwnt, iFurthermore, a dominant negative form of the mRNA coding
any, initiates the pathway iXenopus At least two Xwnt for XTcf-3 causes ventralization of embryos similar to that
MRNAs are present in the oocyte and early embryo and haeaused by depletion @fcatenin (Molenaar et al., 1996). Thus
dorsalizing activity when injected into embryos (Xwnt 11: Kuthe result of this dorsal signalling pathway is the localization
and Melton, 1993; Xwnt-8b: Cui et al., 1995). But the roles obf a specific transcription factor in nuclei. It is likely that this
the endogenous molecules have yet to be defined. Recanechanism of signal transduction is conserved throughout
studies have indicated that homologs offinesophila frizzled metazoa. ADrosophilahomolog of XTcf3, dTCF, has been
gene, the putative Xwnt receptor, can interact with Xwnt familyshown to interact with Armadillo to affect expression of tran-
members (Yang-Snyder et al., 1996; He et al., 1997). Funscription factors, Engrailed and Ultrabithorax (van de Wetering
tional studies of thesérizzled family members may help etal., 1997); and a human family member hTcf-4 is expressed
answer the question of whether dorsal signallingt@mopus in colonic epithelium and transactivates transcription when
involves a signal transduction cascade homologous to thHmound toB-catenin (Korinek et al., 1997).
completewinglesssignalling pathway or not. Recent studies have begun to define candidate zygotic genes
Thus the steps upstream Bfcatenin and GSK3 are not that may be activated, directly or indirectly, by maternal
understood, and there is no clear link yet between them and tK& cf3-p-catenin. One such candidate is the transcription
dorsalizing cytoplasmic localizations in the oocyte and 1- tdactor, goosecoid (gsc). gsc is normally localized to the dorsal
16-cell-stage embryos. Indeed, we do not know if UVmarginal zone, immediately zygotic transcription starts, and
treatment of the oocyte or embryo damages the Pagdfenin  has head-organizing properties (Cho et al., 198tatenin-
pathway directly or indirectly. Two lines of evidence point todeficient embryos have much reduced expression of gsc
the UV effects being indirect. Firstly, UV irradiation of the mRNA (Heasman et al., 1994b). Gsc has a proximal sensitive
vegetal poles of fertilized eggs causes localization of Siamoiglement in its promoter that is responsive to Xwnt signalling,
a transcription factor downstream [@fcatenin, in the vegetal defining this region as a possible target for interaction with
rather than the equatorial region of the embryo (Brannon andTcf3-B-catenin (Watabe et al., 1995). Other candidate down-
Kimelman, 1996). This supports the hypothesis that UV irrastream genes are suggested by mRNA overexpression experi-
diation of the egg disrupts cytoplasmic movements, not thments.3-catenin overexpression in animal caps causes the
Xwnt/B-catenin pathway directly. Secondly, UV-irradiated transcription of the transcription factor, Siamois, and the TGF-
oocytes can be dorsalized (form exaggerated dorsal afd class signalling molecule, Xnr3 (Carnac et al.,, 1996;
anterior structures) in the same way as wild-type oocytes ari@fannon and Kimelman, 1996; Fagotto et al., 1997). Recent
embryos, by lithium treatment at the 32-cell stage (see belowdlominant negative experiments also point to Siamois being
suggesting that the dorsalizing pathway is not irreparabldownstream of(-catenin and essential for dorsal axis
damaged by UV treatment of the oocyte (Elinson and Pascefgrmation. (Fan and Sokol, 1997). Interestingly, UV irradiated

1989). embryos still express Siamois, but its expression is restricted
o to vegetal cells, suggesting the mislocalizatior-afatenin-
(d) Lithium effects XTcf3 in these embryos (Brannon and Kimelman, 1996).

Unlike UV treatment, the molecular basis of lithium treatmenturther studies are required to determine whether these inter-
has been clarified. Classical experiments showed that exposw@aetions are direct or indirect, and whether the zygotic genes
of embryos to a pulse of lithium ions at any time between earlgownstream of the dorsal pathway are the same or different in
cleavage and MBT causes dorsalization (Kao et al., 1986jlorsal animal, equatorial and vegetal cells.Orosophila
Lithium has been considered to act by inhibiting the phosphadevelopment, theinglesssignalling pathway has been shown
inositol (PI) cycle, as it inhibits the enzyme, inositol to regulate the expression of several different genes in adjacent
monophosphatase. This hypothesis was supported by tkell layers of the developing gut, ultimately determining the
observation that coinjection of myoinositol with lithium cell fate of endoderm and ventral mesodermal cells (Hoppler
prevents dorsalization dfenopugembryos (Busa and Gimlich, and Bienz, 1995; Yu et al., 1996). It seems likely that similar
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complex interactions occur in théenopugyastrula to specify the maternal components most likely to be involved in early

dorsal ectodermal, mesodermal and endodermal fates. patterning events are considered further here. Vgl is a
vegetally localized maternal mRNA that becomes distributed

() Where does the dorsal pathway act in the in the vegetal half of the embryo after fertilization (Rebagliati

embryo? et al., 1985; Weeks and Melton, 1987). While the processed,

The site where th@-catenin/XTcf3 interaction happens has active form of the Vgl protein cannot be detected in early
previously been suggested by numerous cytoplasmic and cedenopusembryos, artificially processed Vgl can rescue UV-
transfer experiments, indicating that, after the 16-cell stage, tiwentralized embryos completely (Thomsen and Melton, 1993).
dorsal side of the embryo contains the active dorsalizinghe possibility therefore exists that localized processing of
activity. However, the exact localization of dorsalizing activity Vgl in dorsal cells is important in dorsal axis formation. Vgl
in vegetal, equatorial or animal cells remains controversial. Theas also been suggested to be involved in left/right axis and
three-signal model emphasized the importance of the dors@hdoderm specification (Hyatt et al., 1996) although these
vegetal cells of the pregastrula embryo, the ‘Nieuwkoop centerexperiments use overexpression of the artificially secreted form
They have the capacity to induce animal cells to form dors#lf the protein.

mesodermal tissue, while themselves differentiating into endo- Several BMP (bone morphogenetic proteins) mRNAs are
dermal tissue (Ogi, 1967, 1969; Nieuwkoop, 1969; Nakamur@resent in the early embryo as maternal transcripts (BMP2,
et al., 1970; Sudarwati and Nieuwkoop, 1971; Gimlich and®@MP4 and BMP7), although no protein data are presently
Gerhart, 1984; Dale and Slack 1987). However, the capacity gyailable (Koster et al., 1991; Nishimatsu et al., 1992; Dale et
produce dorsalizing signals is not restricted to this zone. Cefll- 1992; Jones et al., 1992). Overexpression studies show that
transfer experiments show that the dorsal equatorial cells frofi€y cause the formation of ventral mesodermal derivatives,
the 32-cell stage onwards have the ability to rescue UV-veddcluding mesenchyme, blood islands and muscle but not
tralized embryos (Gimlich, 1986) and fate map experimentgotochord (Dale et al., 1992; Jones et al.,, 1992; Graff et al.,
show that these cells are fated to form dorsal mesodermal der&294; Suzuki et al., 1994; Hemmati-Brivanlou and Thomsen,
atives in the undisturbed embryo (Vodicka and Gerhart, 1995}995). BMPs are implicated in ventral signalling events and
Furthermore, experiments involving depletion and overexpredi® considered in a later section.

sion of3-catenin demonstrate that animal cells, as well as equg) TGF-B signal transduction

'contrast to the lack of information on signal reception in the
wnt/ B-catenin dorsalizing pathway, a great deal is known
about the interaction of TGE-family members and their
receptors (reviewed by Massagué, 1996; Fig. 4). Indeed, strong
gvidence for the involvement of T@-class molecules in
mesoderm formation comes from studies involving dominant
Qegative forms of the receptors. The filtnopusTGF{3

torial and vegetal cells, secrete dorsal signals (Heasman et
1994b; Wylie et al., 1996). Specifically, animal caps that ar
either wild-type or overexpressifigcatenin dorsalize the equa-
torial regions and vegetal massef-@atenin-depleted embryos
in co-culture experiments.

Recently, immunostaining studies have confirmed that th
site of nuclear localization d-catenin is on the dorsal side.
One study showed localization of the protein in nuclei from th

i receptor to be cloned was an activin type Il receptor, whose
.8 c_eII stage onvyards (L'arabeII etal., 1997), and a second S.tur ncated dominant negative form disrupts embryonic devel-
indicated localization in a broad dorsal area of the mid-

; : - opment at the gastrula stage, reducing mesoderm formation
blastyla, Ce”t‘?f‘?d on thg equator_lal region and most conspic {emmati-Brivanlou and Melton, 1992) and enhancing neural
ous n superf|C|aI' nuclei (Schne|der et al,, 1996). Thus th ssue (Hemmati-Brivanlou and f\/lelton, 1994). More recently,
asymmetry established by thenglesstype pathway may be ciyis mutation has been shown to block not only activin, but also
broagly across the dorsal region of the embryo and n gl and BMP signalling, suggesting that a number of growth
restricted to the Nieuwkoop center. factors can bind this receptor (Kessler and Melton, 1994;
Schulte Merker et al., 1994). In general, interpretations of the
relative importance of TGB-molecules has been hampered by
the promiscuity of activity of the growth factors and their
receptors in overexpression experiments. Activin and BMP
. . have heterodimeric receptors consisting of receptor
(@) Family members expressed in early  Xenopus serine/threonine kinases from two subclasses. In other systems,
embryos there is evidence (1) that several type Il receptors bind more
Members of the TGB-class of growth factors were first impli- than one ligand: activin and BMP7 bind ActR11 (Yamashita et
cated in mesoderm formation by the discovery that a homologl., 1995) and BMP2 and BMP7 bind BMPRII (Ten Dijke et
of activin A was the active ingredient of mesoderm-inducingal., 1994a; Liu et al., 1995), and (2) that type | receptors may
XTC culture medium (Smith et al., 1990). Further studybind more than one type Il receptor: ALK2, ALK3 and ALK6
suggested that activin is unlikely to play a role in mesoderrall interact with both ActRIl and BMPRII (ten Dijke et al.,
formation in vivo, as inhibition of activin activity with follis- 1994b; Liu et al., 1995; Yamashita et al., 1995). So far, the type
tatin does not prevent mesoderm formation in early embryas receptor for BMP has not been isolatedXanopus but
(Schulte-Merke et al., 1994). Since then, two further types ddctivin (XALK4) and BMP type | receptors have been charac-
TGF{ family members have been shown to be expressewrized (Chang et al., 1997; Graff et al., 1994). Expression of
maternally and have mesoderm-inducing activity; Vgl andonstitutively active forms of these receptors induces
BMPs. Other TGH class growth factors, Xnrl-Xnr4 (see mesoderm in animal caps.

Table 1), are expressed after zygotic transcription starts. Only Although the relative importance of these receptors in en-

(4) TGF-B FAMILY GROWTH FACTORS AND
MESODERM FORMATION
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dogenous mesoderm formation is still unclear, there is evidenesd Xvent2 (Gawantka et al., 1995; Ladher et al., 1996;
that they are not functionally redundant. While dominantOnichtchouk et al., 1996; Papalopulu and Kintner,1996; Schmidt
negative mutations of both type | and type Il activin receptorst al., 1996; Tidman-Ault et al., 1996) and Mix.1 (Mead et al.,
block mesoderm formation in the equatorial regions of embryo4,996).

only the dominant negative ActRIIB receptor neuralizes ecto- ] ] )

dermal tissue (Chang et al., 1997). One model proposed recentfl) What is the relationship between the Xwnt/ -

to explain this difference is that activin signals through a dimeri€atenin/XTcf3 dorsal signalling pathway and the

receptor consisting of ActRIIB and ALK4 to cause mesodern$mad2/FAST pathway?

formation, while BMP2/BMP4 interact with dimers of ActRIIB While B-catenin/XTcf signalling is restricted to the dorsal
and BMPR1 to induce mesoderm, and interacts with BMPR&egment of the early embryo, the localization of T&#ype

and an unknown type Il receptor to signal ectoderm to differerdorsalizing signalling pathways is not known. One important

tiate as epidermis (Chang et al., 1997). question concerns the relative roles of the dorBal

o ) ) catenin/XTcf3 signalling pathway and the activin/Vgl
(c) Where and when does activin/Vgl signalling pathway. Epistasis experiments have shown that BVgl (the
occur in the embryo? secretion competent-mutated form of Vgl) and activin can

Although maternal as well as zygotic T@Ramily members induce dorsal mesoderm formation Brcatenin-depleted
and their receptors are implicated in roles in initiating zygotiembryos and animal caps (Wylie et al., 1996; Fagotto et al.,
gene expression, the extent to which they are essential for dor4&#i97), suggesting that these embryos that lack fihe
axis specification and mesoderm formation has not yet beemtenin/XTcf3 pathway have intact activin/Vgl signal trans-
shown, nor is their temporal and spatial activity understoodduction pathways, presumably including an Smad2/FAST1
Only Vg1 is localized in the vegetal region as predicted by thpathway. Even though the pathway is intact, no activin/Vgl
three-signal model and no dorsal/ventral differences in itsiduction of dorsal mesoderm occurs in undistuibedtenin-
expression or activity have so far been detected. However, thettepleted embryos, as they develop without forming this tissue
is strong evidence that a maternal activin/VVgl signallingHeasman et al., 1994b). One model that would explain this is
pathway is important in regulating the transcription of a zygotithat, in the absence of Xwnt signalling, ventral (BMP) signals
gene product, Mix2. Mix2 is a homeobox transcription factoroverride throughout the embryo, and block or prevent the
that is expressed broadly across equatorial and vegetal regiangiation of the endogenous Smad2 /FAST1 pathway.

at the gastrula stage (Vize, 199/
Although its function is not known,
highly related geneMix.1, with a
similar expression pattern cau
ventralization of mesoderm, wh
overexpressed on the dorsal sidt
early embryos (Mead et al., 19¢
An elegant series of experime
identified the signalling pathway tt
activatesMix2 expression (Chen
al., 1996, Fig. 4b). Activin interactic
with its receptor leads to phosphc
lation of the type 1 receptor and
subsequent phosphorylation of
cytoplasmic protein, Smadz2, in 1
MAD (mothers against dpp) fami
Smad2 then becomes localized
nuclei and binds to a Winged he

group transcription factor FAS” XT";“;L%‘;; Nucleus
(forkhead activin-sensitive transcr

tion factor). FAST1 is a materr I T, Activation °f;(7;stifivﬁ°"
protein and activates zygotic tr 2 xnr3 2 XVent2

? Gsc 2?2 Mixl

scription of Mix2 in the absence
new protein synthesis.

A similar signalling cascade is a
likely to exist for BMPs, as anoth
MAD-related gene, Smadl has b
shown to be active in response

Fig. 4. Signal transduction pathways that pattern the etglyopusmbryo by activating localized

: A . zygotic transcription. Three signalling pathways are known to be involved. (§-The

BMP signalling m?(e_nopusembryo: catenin/XTcf3 pathway, which is known to depend on mataltenin. Upstream components
(Gr_aff_ etal., 1996; F'g' ‘."C)' The tr‘, are uncertain. (b) The pathway leading to the activation of zygotic Mix2. The transcription factor
scription factors mediating BMP si FAST-1 is a maternal component. Although the pathway has been shown to be activated by
nalling are unknown, but the tart  exogenous activin, the endogenous T&growth factor activating the pathway has not been

genes are likely to include the zygc  identified. (c) The activation of zygotic ventral gene products by BMP/Smad1 signal transduction.
transcription factors Xventl (Xor We do not know to what extent this is a maternal or zygotic pathway.
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5. THE VENTRAL PATHWAY Wwild Type UV Treated

(a) BMPs

[-catenin-deficient and UV-irradiated embryos form
mesoderm that does not contain muscle tissue or notochol cye
but contains mesenchyme, (expressing fibronectin) mesotheli
tissue and blood tissue (expressing globin) (Smith and Slac
1983; Heasman et al, 1994a,b). The embryos lac
dorsal/ventral and anterior/posterior axes. Several growt
factors have been implicated in this ventral pathway, of whicl
the best candidates are BMPS. BMP4 mRNA is first detectab
by in situ hybridization at the gastrula stage, in animal an: PreMeT
ventral equatorial cells. UV-irradiated embryos accumulatt
BMP4 transcripts prematurely and throughout the equatori
zone (Fainsod et al., 1994). Furthermore, suppression of BMF
activity in the UV-irradiated embryo using antisense BMP4
MRNA leads to a restoration of axial structures, although nc
head structures (Steinbeisser et al., 1995), suggesting that
overactivity of the BMP pathway is at least partly responsibl¢ Post MBT
for the UV phenotype. Similarly, dominant negative BMP
receptor expression rescues axial structure{3-tatenin-
depleted embryos (Wylie et al., 1996).

More is known about the effects of BMP signalling or of
blocking BMP signalling than about the temporal and spatic
localizations of those signals in the embryo. Activation of BMF
signalling in mesodermal tissue causes ventral mesoderm castromation (™
form (Dale et al., 1992; Jones et al., 1992; Fainsod et al., 199 poental - Doreal
and inactivation of the pathway results in notochord and somit
formation rather than ventral mesodermal tissue (Graff et al
1994, Maeno et al., 1994, Suzuki et al., 1994). There is son a b
evidence that dorsal signalling dominates in the marginal zor .
of the wild-type embryo, as ventral marginal zones co-culture#ig. 5. A blueprint forXenopugatterning. Patterning of the early
with dorsal marginal zones become dorsalized (form notochordenopusmbryo is suggested to occur as a result of oocyte
and somite), while ventral marginal zones are unable to vegytoplasmic localizations. These prepattern ectoderm, mesoderm and
tralize dorsal marginal zones (Smith and Slack, 1983; Dale arffpdoderm and are UV insensitive in the_lr nature. Ventral S|gnqls
Slack, 1957) e s s

AS .We" as BMP4, two other maternal BMPs have b'ee esodeprm and endoderm cells to form ventral derivati\?es (Fig.’5b).
described in early(enOpu.gmbryos (see abS’V?)- The relative In wild-type embryos (Fig. 5a), symmetry is broken by fertilization,
roles of the three BMPs is not known, nor is it clear when th@ich sets up the localization of a dorsal segment in animal,
pathway/s act. Further work is required to determine whethefguatorial and vegetal cells, whose nuclei contain YgFcétenin
a maternal BMP is essential for ventral signalling, as thgshaded in red). Animal and equatorial cells also accumulate mRNA
maternalB-catenin/XTcf3 is for the dorsal pathway. One pos-(BMPs) for future ventral signalling functions. In the dorsal sector
sibility is that the activity of both the ventralizing and dorsal-after MBT, maternal XTcf®-catenin directs zygotic transcription
izing pathways is exclusively maternal and activates zygotitesulting in the expression of dorsalizing molecules (e.g. Siamois,

genes in a specific regional fashion. Alternatively, ventral sigdSC¢, Xnr3), which may differ in the animal, marginal and vegetal

nalling may occur only after MBT to modulate mesodermdorsal zones. One aspect of dorsal differentiation is the antagonism
y dorsally secreted proteins (noggin, follistatin, chordin) of ventral

formation. Depletion experiments targetting either maternal MP signals, in a germ-layer-specific manner. As well as these

zygotic .BMPS spec_ifically .Sh.OU|d rgsolve this issue. signals, individual cell fate may be directly or indirectly affected by
As with dorsal differentiation, this ventralization pathway the |ocalized activity of other maternal transcripts (eg. Veg T, Xrel).
appears to be highly evolutionarily conserved (reviewed in

deRobertis and Sasai, 1996). BMPs are homologs of the

dorsoventral morphogen iBrosophila the decapentaplegic (6) THE INTERACTION OF THE DORSAL AND

genedpp. (Ferguson and Anderson, 1992adppis essential VENTRAL SIGNALLING PATHWAYS

in leg, wing and gut patterning (reviewed by Bienz, 1994;

Massague et al., 1994; Rusch and Levine, 1996), as well &) Antagonism between extracellular proteins

acting as a morphogen in dorsoventral patterning of th&he patterning mechanism that has emerged in recent years
gastrula (Ferguson and Anderson, 1992; Wharton et al., 1998pnsists of an interaction not between animal and vegetal cells,
Recent studies iXenopudndicate that BMP4 can also act as but between dorsal and ventral cells, as predicted by the third
a morphogen, in that different doses of BMP pattern thresignal of the original three-signal model. When this interaction
distinct domains in the gastrula marginal zone (Dosch et algccurs is not known, because the timing of the ventral signalling
1997). pathway is not yet worked out, but it is likely to occur after MBT,

Ectodermal

Mesodermal

Endodermal

Ectodermal

Mesodermal

Endodermal
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when B-catenin-XTcf3 activates transcription. The secretechegative construct is an RGS domain (Regulation of G protein
proteins noggin and chordin are transcribed in the Spemar8ignalling). The only other evidence at the present time for the
organizer region and are dorsalizing molecules, in that they camvolvement of G proteins in dorsoventral patterning is the fact
convert ventral mesodermal tissue to dorsal mesodermal typ#sat artificial activation of phospholipase C in dorsal blas-
when overexpressed on the ventral side of the embryo (Smitomeres causes ventralization (Ault et al., 1996).

and Harland, 1992; Sasai et al., 1994). Although there is no

direct evidence as yet, these proteins are generally assumed to

be downstream of the Xw@tcatenin/XTcf3 pathway. Interest- (7) HOW MUCH PATTERNING HAPPENS BEFORE

ingly, noggin and chordin can also alter the pattern of differerMBT?

tiation of animal cells. They induce both neural tissue and

endoderm to form from animal cap tissue without causing mesé&-or the dorsal pathway, at least three early asymmetries are
dermal differentiation (Smith and Harland, 1992; Sasai et alknown to be important before MBT. In the full-grown oocyte
1994; Bouwmeester et al., 1996). Recently, evidence for then as yet unidentified, UV-sensitive dorsal determinant is
mechanism of action of noggin and chordin has been provideéstricted to the vegetal pole. The second asymmetry is the
by the demonstration that both proteins interact directly witldorsal cortical cytoplasmic displacement of a dorsal determi-
BMP in vitro and can block the binding of BMP to its receptornant that is generated by microtubule-based activity in the sub-
(Zimmerman et al., 1996; Piccolo et al., 1996). Thus one hypotleortical cytoplasm during the first cell cycle. Neither of these
esis is that animal cells form neural tissue if BMP signalling imsymmetries have been explained in molecular terms. The third
blocked by noggin and chordin, and marginal cells becomis the dorsal nuclear localization @fcatenin. The mechanism
notochord and somite if BMP signalling is blocked (deRobertidy which this is set up is uncertain, but is likely to involve the
and Sasai, 1996). This suggests that the lineage specificationtab previous asymmetries. However, although Xwnts are
blastula cells may depend on two factors: (1) whether the celfgesent maternally itrXenopus there is no evidence yet of
are animal or equatorial in position (set up by maternal localnteractions involving Wingless-like molecules secreted by one
izations in the fertilized egg or by cleavage-stage cell interacell affecting adjacent cells, as is the casBrosophila One
tions) and (2) whether the BMP/Smad1 signalling cascade thxtwnt (Xwnt8b) is maternally expressed and has potent axis-
results in ventralization is interrupted by dorsalizing molecule$orming ability, but has not been shown to be involved in the
such as noggin and chordin. However, at present it is not possillersal pathway (Cui et al., 1995). A second Xwnt, Xwnt 11 is

to assign specific functions to these proteins. vegetally localized but does not have strong axis forming
] o capacity (Ku and Melton, 1993).
(b) Antagonism between transcription factors For the ventral pathway, the only known asymmetry before

A second possible mode of regulation of the dorsoventral axiIBT is the animal and equatorial localization of BMP 7
is at the level of antagonism between transcription factors. ThisRNA (Hawley et al., 1995). This, coupled with the dorsally
is suggested by the finding that, in vitro, Siamois protein caplaced (-catenin/XTcf3 could be sufficient to dictate the
heterodimerize with the similar Pax-like homeodomainspheres of influence of the two pathways before MBT and once
protein, Mix.1 (Mead et al., 1996). Mix.1 is expressed in equatranscription starts. Apart from these two pathways, are the
torial and vegetal cells immediately zygotic transcription startszells of the early embryo naive and equivalent to one another?
and overexpression causes the ventralization of mesoder®ingle cell transplantation experiments showed that early
Thus one attractive mechanism for Siamois’ dorsalizindlastula cells are pluripotent (Heasman et al., 1984). However,
activity is that it heterodimerizes with and inactivates Mix1 inthere is evidence for cytoplasmic localization in the full-grown
dorsal vegetal cells at the late blastula stage, and in Spemanaicyte, that suggests that considerable prepattern is set up
organizer at the gastrula stage, and thus suppresses the Veefore cleavage starts. For example, ligation experiments on
tralizing activity of Mix1 homodimers (Mead et al., 1996). fertilized eggs showed that components required for the acti-

vation of muscle-specific actin genes are localized in the sub-
(c) Regulation of the dorsal or ventral signal equatorial region (Gurdon et al., 1985). mRNAs for a variety
transduction pathways of molecules including secreted proteins (Vgl, Xwntll),
While the previous two regulatory mechanisms are consideragermplasm-associated proteins (Xcat2) (Forristal et al., 1995)
to act after zygotic transcription starts, a third possible contrand transcription factors (VegT) (Zhang and King, 1996;
on the extent of dorsal or ventral differentiation may be reguStennard et al., 1996; Lustig et al., 1996) are restricted to the
lation of the XwntB-catenin/XTcf3 and/or the Smadl/BMP vegetal pole of the oocyte early in oogenesis anXtéletran-
signal tranduction pathways themselves. Clearly all the cells afcription factor has been localized to nuclei in the animal hemi-
the blastula have the potential to follow a dorsal or a ventraphere before MBT (Bearer, 1994). Recent studies on disag-
fate (as evidenced by lithium experiments gBatenin  gregated cells suggests that there are also localizations in the
depletion experiments), suggesting that one or other pathwaguatorial zone (Lemaire and Gurdon, 1994). The ventral
must normally be suppressed on each side of the embryo. Thesoderm marker, Xwnt-8, and the dorsal mesodermal marker,
first suggestion of regulatory molecules that might act to inhibigsc, do not require cell interaction to be expressed in ventral
axis formation on the ventral side is tkenopushomolog of and dorsal equatorial cells, respectively. Finally, animal cells
the mouse protein, Axin, the product of fasedlocus (Zeng cultured in isolation develop as neural cells, suggesting that
et al., 1997). Mouse Axin inhibits the Xwnt pathway upstreanthey also have some prepattern that does not require cell inter-
of B-catenin and downstream of GSK3. Furthermore, dominardction (Godsave and Slack, 1991). It is clear however, that for
negative Axin expressed on the ventral side causes axis dupdippropriate differentiation and axis formation, cell-cell inter-
cation and the functional domain deleted in the dominardction is essential. When do these interactions start?
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(8) THE TIMING OF CELL-CELL INTERACTIONS IN period of time (Wylie et al., 1996). Thus cell interactions

DORSOVENTRAL PATTERNING involving signals from the vegetal mass in this case occur only
after zygotic transcription has started. Whether this is true for

The current models of dorsoventral axis formation are basesther markers and for equatorial cell-cell interactions has yet

on the premise that cell interactions start early in embryogene be shown, although the localization Btatenin/XTcf3 in

esis (Smith and Slack, 1983; Kimelman, 1992; Sive, 1993) andquatorial nuclei at the time of MBT suggests that XTcf3

presumably, as there is no zygotic transcription until MBTactivates zygotic genes at this time and argues against the early

these interactions must cause post-transcriptional modificenset of signalling events.

tions to maternal mMRNAs and proteins. Post-transcriptional

regulation of expression has been shown for some maternal

proteins including FGFR1 (Robbie et al., 1995) and Eg%9) CONCLUSION

(Leguelle et al., 1991).

The early onset of cell interactions involved in axisin summary, the three-signal model envisioned early dorsal and
formation has been suggested by at least four lines afentral signals emanating from vegetal cells and being acted
reasoning, but none of these prove that this is the casepon by naive animal cells before MBT. Recent evidence
Nieuwkoop’s original studies showed that isolated animal capsowever suggests that animal cells are not naive and that dorsal
could be diverted from their epidermal fate to form mesoderranimal cells as well as equatorial and vegetal cells produce dor-
by co-culture with vegetal masses. This suggested that tlalizing signals. Also, no signals have been identified that are
mechanism for dorsoventral patterning was that vegetal celfsroduced specifically by dorsal or ventral vegetal cells, while
produce mesoderm-inducing signals. However, it has also beewmidence is accumulating for dorsal signal/s emanating from a
shown that the equatorial zones of embryos will differentiatelorsal segment after MBT, and of ventral signals produced by
into mesodermal tissue autonomously even when they asmimal and equatorial cells. An alternative model to the three-
isolated from the vegetal masses as early as the 32-cell stagignal model is shown in Fig. 5.

(Nakamura et al., 1970). So, if vegetal signals are the Here, the oocyte is suggested to be prepatterned into at least
mechanism of induction of equatorial cells those signals mushree zones, presaging the three germ layers. Cells inheriting
pass from the vegetal cells before that time. The second line ahimal cytoplasm become ectodermal tissue, cells inheriting
evidence stems from heterochronic Nieuwkoop recombinatioaquatorial cytoplasm differentiate as mesodermal tissue and
studies (Jones and Woodland, 1987). Here, vegetal massedls inheriting vegetal cytoplasm differentiate as endodermal
from as early as the 16-cell stage were cultured with earlijssue. These states are however labile as, at the early blastula
gastrula animal caps and induced the caps to form mesoderstage, all cells are pluripotent and single cells placed in ectopic
The evidence is indirect, as induction could occur at any timsites will differentiate according to their new positions. After
during the co-culture period, although animal cap responsivdertilization, the cylindrical symmetry is broken and a dorsal
ness has been shown to be lost during the gastrula stage. Alsegment is established in the form of animal, equatorial and
it is not possible to rule out in these experiments that someegetal cells whose nuclei contain XTefZatenin. Animal and
mesoderm arose from the vegetal masses, particularly wheguatorial cells also accumulate mRNA (BMPs) for future
these pieces were dissected from 16-cell (stage 5) embryagntral signalling functions. At MBT, animal, equatorial and
Thirdly, cell transplantation experiments have shown that,whewvegetal cells respond to ventral signals by activating zygotic
wild-type dorsal cells are transplanted into UV-ventralizedranscription factors (eg Xventl, Mix1) which direct ventral
embryos at the 32-cell stage, the transplanted cells can resdiferentiation, appropriate to each germ layer. In the dorsal
the UV phenotype (Gimlich, 1986). While this experimentsector, maternal XTcfBfcatenin directs zygotic transcription
shows that early vegetal cells can act as a signalling centerrésulting in the expression of dorsalizing molecules (eg
does not address the timing of this inductive activity, whichSiamois, gsc, Xnr3), which may differ in the animal, marginal
might be any time after transplantation. Finally, the mRNA forand vegetal dorsal zones. One aspect of dorsal differentiation
the TGFB growth family member Vgl is known to be is the antagonism by dorsally secreted proteins (noggin, follis-
localized in the vegetal hemisphere of eatdnopusembryos. tatin, chordin) of ventral BMP signals, in a germ-layer-specific
While injected BVg1 is potent in axis formation, no active Vglmanner. As well as these signals, individual cell fate may be
protein has been identified in early embryos. It has beedirectly or indirectly affected by the localized activity of other
reasoned that the Vgl precursor protein may be processednvaternal transcripts (eg. Veg T, Xrel).

a limited, localized region of the embryo to direct dorsal axis In the case of a UV-irradiated Brcatenin-deficient embryo,
patterning, in quantities too small to be detected by the meanrentral signals predominate and the embryo does not develop
available. D/V or A/P axes, as the oocyte’s symmetry is not broken and

More recent experiments provide direct evidence thathe dorsal sector is not established. The development of both
inductive signals activating zygotic transcriptionMyoD (a  dorsal and anterior structures depends on an intact maternal
dorsal mesodermal marker) do not pass from vegetal areasXd cf3/B-catenin signalling pathway.
animal caps placed in contact with them until after zygotic This model is extremely fragile, leaving major questions
transcription starts at MBT. In heterochronic recombinants ofinresolved including:
animal and vegetal masses cultured together for a short, one-1. Is there a mesodermal state independent of the proposed
hour culture period, vegetal masses from late blastulae are allersal and ventral pathways? If so, what is it?
to induce competent animal caps to transciihgoD. In 2. Are maternal or zygotic BMPs (or both) essential for spec-
contrast, vegetal masses from early (preMBT) blastulae do ndying ventral fates?
induce identical animal caps to express MyoD over the same 3. In the case of the dorsal signal, what is the primary activity
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that causes asymmetry of XTcf3/beta catenin? In the case ofvolecular nature of Spemann's organizer: The role of Xemopus

the ventral signal, does a transcription factor similar to FAST1 homeobox gengoosecoidCell 67, 1111-1120. o _
bind to Smad2? Cox, R. T., Kirkpatrick,C. and Peifer,M. (1996). Armadillo is required for

. . . adherens junction assembly, cell polarity, and morphogenesis during
4. How do we account for the complexity of fine-grained Drosophilaembryogenesisl. Cell Biol.134 133-148.

expression patterns of transcription factors and secretesli, v., Brown, J. D., Moon, R. T. and Christian, J. L.(1995).Xwnt8b: a
proteins in the Spemann organizer downstream of the dorsalmaternally expressedenopus Wrgene with a potential role in establishing

and ventral signals? the dorsoventral axif®evelopment21, 2177-2186. _
. I - Dagle, J. M., Weeks, D. L. and Walder, J. A1991). Pathways of degradation
5', What is the role of Vgl and activin in embryonic pat- agnd mechanism of action of antisensg(oligo%ucleotidgga'rmpug laevis
terning? embryosAntisense Res Dely, 11-20.
In conclusion, the patterning described here shows morgale, L., Howes,G., Price, B. M. J. and Smith, J. C(1992). Bone
similarities with pattern-forming mechanisms osophila morphogenetic protein 4:a ventralizing factor in exXeyopusievelopment.

iai ; Development15 573-585.
than were visible at the cellular level. In b@psophilaand Dale, L. and Slack, J. M. W.(1987). Regional specification within the

Xenopus maternal transcription factors specify regional” mesoderm of early embryosXénopus laevidevelopment00, 279-295.
activity of zygotic genes and, in both systems, similar sigbash, P, Lotan, I., Knapp, M., Kandel, E. R. and Goelet, 1987). Selective

na||ing mechanisms are at work. We still do not understand elimination of mMRNAsin vivacomplimentary oligonucleotides promote

i rvo. Future RNA degradation by an RNaseH-like activiyoc. Natl. Acad. Sci. US24,
how mesoderm forms in the earKenopusembry 78967900,

emphf”\SIS will be pIaCEd not only _On how the or_gamzebawid, I. B. (1994). Intercellular Signaling and Gene Regulation during Early

organizes, but also on how, even without an organizer, theembryogenesis ofenopus laevig. Biol. Chem269,

embryo generates three germ layers. deRobertis, E. M. and Sasai, Y(1996). A common plan for dorsoventral
patterning in BilateriaNature380, 37-40.
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