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Control of cell differentiation and morphogenesis
in amphibian development

AKIMASA FUKUI and MAKOTO ASASHIMA*
Department of Biology, Tokyo University, Tokyo, Japan

ABSTRACT We reviewed cell differentiation and morphogenesis by mesoderm-inducing factors
during amphibian embryogenesis. Recently, two kinds of growth factors, activin and FGF, have been
identified as influential candidates for natural mesoderm-inducing factor in amphibian development.
These factors are present in early Xenopus embryos. In particular, activin has been shown to induce
many kinds of mesodermal tissues in a dose-dependent manner. Activin-treated ectodermal sheet
(animal cap) acts as an organizer causing gene expression, mesoderm formation and functional events
such as secondary axis formation. Follistatin, an activin-specific binding protein, also present in the
early Xenopus embryo, makes a complex with activin. Follistatin protein exerts no inducing activity
of Xenopus animal cap. Endogenous follistatin may, however, play the role of an activin regulation
factor. Endogenous actions of activin and FGF were studied using injection of their receptor mRNAs.
Disruption of the FGF signaling pathway by its non-functional dominant negative receptors produced
trunk and tail defects. In the case of activin, an embryo cannot form axial structures. Animal-half
blastomeres from the late 8-cell stage Xenopus embryo respond to activin, and there are prepatterns
in ventral and dorsal cells from very early stages. The timing of mesoderm induction during
development and the relationship between the inducing factors and competent cells are discussed in
thisreport. Differentiation of tissues and organized formation of organs can be understood as a system
of serial inductive reactions originating from the organizer. We have attempted to construct a model
of organizer formation based on the results of recent studies.
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Introduction

Since amphibian embryos develop externally their
embryogenesis is easy to observe. Thus, the amphibian embryo
has historically been one of the most important experimental
materials in developmental biology. Recently, the most common
amphibian used is the African clawed toad, Xenopus laevis. It is
quite easy to breed and spawns a large number of eggs, which is
advantageous for biochemical studies. Before fertilization, the egg
is radially symmetrical around the animal-vegetal axis. That is,
every meridian has the potential to form either future dorsal or
ventral structures. Soon after fertilization, a cortical reaction occurs
and the egg rotates. UV irradiation of the vegetal hemisphere or
D,0 treatment of the egg can block that cortical rotation, and thus
interfere with normal development (Gerhart et al., 1989). Also, if
after cortical rotation, the egg is rotated 90° from its normal gravity
orientation, it will develop into a twin-headed embryo. Those
effects suggest that the redistribution of cytoplasm by cortical
rotation affects subsequent events, including mesoderm induction,

axis formation and later morphogenesis. At very early stages,
however, determination of future tissues is not yet definitive and
can be changed by embryonic induction (Spemann and Mangold,
1924).

Mesoderm induction is the first inductive event of post fertiliza-
tion development, and may occur in the early blastula. Mesoderm
induction means that early animal half cells differentiate into
mesoderm which is located at the marginal zone. It seems that an
interaction occurs in which signals emanating from the vegetal
hemisphere cells act on the overlying equatorial cells and induce
them to form mesoderm characteristics (Nieuwkoop, 1969;
Nakamura et al,, 1971; Asashima, 1975). Furthermore, recent
studies have shown that mesoderm induction is a very important
event. Not only is it the first induction for cell differentiation, but it is
implicated in the regulation of morphogenesis as well (Gurdon,
1987; Tiedemann, 1990). Mesoderm induction seems to occur as
a conseqguence of the process of expression of maternal informa-
tion which is stored in the egg from oogenesis. After mesoderm
induction, there is a drastic change in gene expression causing not
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Fig. 1. Methods for bioassay of inducing factors. (a) Implantation
method or Einsteck method. Blastopore lip region or morphogenetic
substance was inserted into blastocoel. (b) Sandwich method. Inducing
substances like pellets (Ind) were wrapped in two ectoderm sheets taken
from early gastrulae. (¢) Piece culture method or animal cap assay.
Presumptive ectoderm (animal cap) taken from blastula stage was cultured
in saline solution.

only maternal infermation but also paternal information. The coor-
dinated initiation of transcription of genes and cell motility as well
asthe onset of an asynchronous and slower cell cycle occurs at the
mid-blastula stage, termed midblastula transition (MBT) (Newport
and Kirschner, 1982a,b).

For the bioassay of inducing substances three different meth-
ods have been developed (Fig. 1). The classical methods for
testing are the implantation (Mangold, 1923) and sandwich meth-
ods (Holtfreter, 1933). The inducing activity of the pellets in both
methods is measured as the percentage and size of resulting
inductions.

The most common experimental procedure used for investiga-
tion of embryonic induction employs tissue culture (Becker and
Tiedemann, 1961). Pieces of the presumptive ectodermal cell
region (animal cap) are excised from amphibian blastulae and
bathed in a culture medium containing the inducing factor to be
investigated. This method is referred to as the “piece culture
method” or “animal cap assay". This piece culture method is easy
to use and suitable for testing large numbers of fractions of
substances in solution, and can be employed to measure inducing
activity quantitatively and qualitatively from the histological to
molecular level. Without the inducer, the explant remains atypical
epidermis. With inducers, the explants change their morphology
and differentiation, showing different types of neural and
mesoderm inductions. By using this method mesoderm-inducing
factors have been identified in Xenopus embryos. Thus, the door
to the mostimportant problems in developmental biology has been
opened for molecular biology research. A series of recent studies
on induction has revealed that mesoderm-inducing factors
are closely related to well known growth factors or peptide hor-
mones.

FGF and activin are candidates for the natural meso-
derm-inducing factor

In early studies of inducing factors extensive experiments were
performed using extracts from different sources (heterogeneous
factors), since the direct extraction of natural factors from Xenopus
embryos is very difficult (Gurdon, 1987; Tiedemann, 1990). Al-
though these factors often were inducers of mesoderm, their
chemical structure remained unknown. Their action, however,
seemed to “mimic” that of the natural mesoderm-inducing factors
existing in the early embryo.

Recently, some biochemically well-characterized candidates
for mesoderm-inducing factors have been discovered. These
factors have effects on mesoderm cell differentiation,
organogenesis, and even axis formation. Using the piece culture
method, Smith (1987) characterized the factor responsible for
mesoderm induction which is present in culture medium of Xenopus
XTC cells. Slack et al. (1987) reported that basic fibroblast growth
factor (bFGF), which has a high binding affinity for heparin,
possesses mesoderm-inducing activity. Independent of this work,
the research team of Tiedemann also reported, on the basis of their
long-term studies, that a heparin-binding factor has mesoderm-
inducing activity (Knochel et al., 1987). FGF is seriously consid-
ered to be one of the natural mesoderm-inducing factors because
bFGF protein is present in the early Xenopus embryos (Kimelman
et al., 1988; Slack and Isaacs, 1989). Messenger RNA (mMRNA) of
bFGF has been detected in the oocyte and has also been localized
in the vegetal hemisphere (Kimelman and Kirschner, 1987) of the
fertile egg. And in unfertilized eggs, bFGF exists as a maternally
inherited protein at a concentration of 7-200 ng/ml. That concentra-
tion of bFGF is sufficient to induce mesodermal tissues in the
embryo. The piece culture method with FGF has demonstrated that
induced explants differentiate mesoderm tissues such as muscle
or mesenchyme, but not notochord, which is the most dorsal
mesoderm tissue (Green et al.,, 1990). Xenopus embryonal FGF
(XeFGF), which has high homology to FGF-4 and FGF-6 members
of the FGF family, has been isolated (lsaacs et al., 1992). bFGF
does not have the signal peptide sequence for secretion, but
XeFGF does, and secretion has been confirmed. XeFGF mRNA is
expressed just after fertilization and increases in amount up to
gastrula. From its inducing ability, the FGF family is considered to
be the natural ventral mesoderm inducer in the embryo.

Activin, a member of the transforming growth factor-B (TGFB)
superfamily (Fig. 2), was originally discovered as a peptide respon-
sible for the activity of pituitary follicle-stimulating hormone (FSH).
Itis a dimer composed of two B subunits (Ling et a/., 1986; Vale et
al, 1986). Because of the existence of two homologous, but
nevertheless distinct B subunits (termed B, and Bg), three isoforms
of activin — activins A (B4/B,), AB (Ba/Bg), and B (Bg/Bg) — are
possible. It has also been reported that activin A acts as erythroid
differentiation factor (EDF) in a mouse erythroleukemia cell line
(Eto et al., 1987). Independent of those studies, we have been
trying for a long time to isolate the mesoderm-inducing factor from
carp swim bladder as well as culture fluids of human cell lines. The
culture fluid of one strain (K-562) was partially purified by biochemi-
cal methods. We recognized that EDF activity and mesoderm-
inducing activity remain associated through the purification proc-
ess. We furthermore reported first that activin A (=EDF) has a
potent ability to induce mesodermal tissues in early Xenopus
embryos (Asashima et al, 1989, 1990b; Nakano et al., 1990).



Since then several mesoderm-inducing factors have been identi-
fied from various sources, such as the Xenopus XTC cell line
(Smith et al., 1990), murine myelomonocytic leukemia cells (Albano
et al, 1990), mouse macrophage cells (Mitrani et al., 1990;
Thomsen et al., 1990), calf kidney (Asashima et al., 1990a) and
chicken embryos (Mitrani et al., 1990; Asashima et al., 1991c).
They have been identified as homologs of activin A. Activin (XTC-
MIF) treated ectoderm which is transplanted into the blastocoel of
the early gastrula embryo (Einsteck method) elicits the formation of
head structures with eyes and cement gland (Cho and DeRobertis,
1990). Activin mRNA is not expressed until the blastula stage
(Dohrmann et al., 1993). However, the presence of activin protein
in unfertilized eggs and blastulae of Xenopus has been demon-
strated (Asashima et al., 1991b) even before the 16-cell stage of
early embryos (Fukui et al., 1994). Activin homologs are, indeed,
contained in an egg of Xenopus laevis in a considerable amount
(about 1 pg/egg) as a maternal protein. These activins appear to
make a complex with follistatin, an activin-specific binding protein,
remaining inactive until mesoderm induction. Thus, an endo-
genous activin may be one of the natural mesoderm-inducing
factors acting in early Xenopus embryogenesis.

Follistatin was originally isolated from porcine follicular fluid
based on its ability to suppress FSH secretion specifically from
pituitary cultures (Ueno et al., 1987). Later it was identified as an
activin binding protein which suppresses the physiological activi-
ties of activin (Nakamura et al., 1990). Follistatin is a single-chain,
cysteine-rich protein, containing two glycosylated sites. It sup-
presses the mesoderm-inducing activity of activin {Asashima et al.,
1991a). In the presence of constant concentrations of activin, but
with increasing concentrations of follistatin, using the piece culture
method, we demonstrated that at higher follistatin concentrations
cultures differentiated more into ventral mesodermal tissues than
dorsal mesodermal tissues (Asashima et al., 1991c¢; Fukui et al.,
1993). Follistatin is presently the only known physiological regula-
tory factor for activin.

Our most recent studies demonstrated the presence of both
activin and follistatin protein before the 16-cell stage in the early
Xenopus embryo (Fukui ef al., 1994). Three kinds of Xenopus
activin isoforms, activins A, AB and B were observed in very early
Xenopus (st 1-5). A sufficient amount of follistatin is also present at
high enough concentrations to suppress the activin activity. In a
cleavage stage embryo about 1 pg (total) of the activins, A, AB and
B have been estimated, and about 40 pg of follistatin exists for
making a complex in an egg. These activins and follistatin proteins
can also be detected by immunohistological examination. Though
the accumulation mechanism during oogenesis is not yet clear, the
storage of these maternal proteins might be related to the polarity
of the egg mentioned in the introduction.

Inducing potency of activin

Activin has been demonstrated to induce all mesodermal tis-
sues at nanomolar concentrations (Asashima et al.,, 1990b). A
dose dependency is however observed; low levels of activin
(concentration of approx. 0.1 ng/ml) cause presumptive ectoderm
explants to differentiate into ventral mesodermal tissues, including
mesenchyme, coelomic epithelium (same as mesothelium), and
blood-like cells. Medium concentrations (approx. 1 ng/ml) of activin
cause explants to differentiate into various mesodermal tissues
such as mesenchyme, muscle, coelomic epithelium and second-
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ary-induced neural tissues. At a high concentration (approx. 10 ng/
ml) dorsal tissue such as notochord was induced. Activin thus
induced all mesodermal tissues in a dose-dependent manner,
indicating the presence of a gradient.

Low dose-induced ventral mesodermal structures and high
dose-induced dorsal mesodermal structures (Green and Smith,
1990; Ariizumi et al., 1991a,b; Nakamura et al., 1992; Fukui et al.,
1993) (Fig. 3). The minimum concentration of activin A to induce
mesodermal tissues was inversely proportional to its treatment
time. The explants differentiated into different types of mesodermal
tissues, from the ventral-type to the dorsal-type depending on the
concentration of activin and its treatment time (Ariizumi et al.,
1991b). Activins may be the natural mesoderm inducer, and thus
it may be responsible for establishing axial organization in the
amphibian embryo.

Though the above described mesoderm induction by activin is
remarked from the histological level, several biochemical and
molecular biological approaches have been reported. Activins can
induce in the explants several kinds of homeobox genes such as
Mix.1, goosecoid, Xlim-1, XFKH, oncogene related genes such as
Xwnt-8, and key differentiation genes such as MyoD, a-actin and
myosin in muscle differentiation. Almost all of the activin-respon-
sive genes are expressed in the dorsal region of the blastula stage
embryo (Table 1). Activin can also act on explanted blastomeres to
induce tissues ranging from posterolateral mesoderm to
dorsoanterior organizer mesoderm. By contrast, FGF induces only
posterolateral markers and does so over relatively broad dose
ranges (Green ef al., 1992).

There are many reports about gene expression in explants after
activin A treatment (Dawid et al., 1992; Kinoshita and Asashima,
1894). The genes expressed in the explants (animal cap) by activin
A are all observed in normal embryogenesis, and the order of these
expressed genes is also the same during normal development.
Thus gene expression induced by activin treatment of the animal
cap seems to really mimic the cell differentiation and morphogenesis
which occurs during normal development.
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Receptors and signal transduction pathway of meso-
derm-inducing factor

The onset of mesoderm induction occurs in the early blastula,
prior to the MBT. The structure of activin receptors has been
demonstrated by cDNA cloning from mammalian cell lines (Mathews
and Vale, 1991) and has shed light on research into the signal
transduction mechanism of activin. This receptor appears to have
the predicted structure of a transmembrane ligand-activated pro-
tein serine/threonine kinase. These findings raise the possibility
that a new class of receptor-coupled kinases may play a central
role in signal transduction by members of the TGFB family.

The presence of activin receptor isoforms has also been re-

activin and retinoic acid induced the
renal tubules (Moriva et al., 1993).

%

ported (Attisano et al., 1992) and the possibility that heterogeneity
of the isoforms may underlie the dose- and cell-specific features of
activin function has been discussed.

The sequence of the type Il Xenopus activin receptor genes
(XactRlIl) has also been established (Kondo et al., 1991; Hemmati-
Brivanlou et al., 1992; Mathews et al., 1992; Nishimatsu et al.,
1992). XAR7, one of the XactRIl genes, is represented as a
transcript in the embryo from the oocyte to the tailbud stage, and
has 87% homology at the level of deduced amino acid sequence
with the mouse activin receptor ActRIl (Kondo et al., 1991). In
addition, when cloned XactRIIB mRNA was injected into one of the
embryo’s ventral blastomeres, a secondary body axis was induced
(Mathews ef al., 1992). On the other hand, XAR1, which is highly

TABLE 1

EXPRESSION OF SEVERAL KINDS OF GENES IN XENOPUS EMBRYOGENESIS BEFORE GASTRULATION

genes activin FGF expression reference
expressed from/  responsive responsive region at
after MBT genes genes pre-gastrulation
homeobox goosecoid +* (S1. 9) + - blastopore lip Blumberg et al. (1991)
genes (sc) Cho et al. (1991)
Mix. 1 + + — vegetal half Rosa (1989)
Lim-1 + + — dorsal mesoderm Taira et al. {1992)
Xhox3 + + - mesoderm? Ruiz i Altaba
and Melton (1989)
Xnot + + + blastopore lip von Dassow et al. {1993)
XFKH1 + + + dorsal mesoderm Dirksen and Jamrich (1992)
Xtwi + N.D. N.D. Hopwood et al. (1989)
Xlab + (51.10) N.D N.D. Sive and Cheng (1991)
Brachyury (T) brachyuty + + + marginal zone- Smith et al. (1991)
(Xbra) notochord
secretory Xwnt-8 + + N.D. ventral marginal Smith and Harland (1991)
factors zone Sokol et al. (19971)
noggin +* + N.D. dorsal marginal Smith et al. {1992)
zone

*genes which can be detected from cleavage stage but at a very low expression level: N.D., no data.



homologous to XactRIIB (Hemmati-Brivanlou ef al., 1992), is
expressed continuously in the ovary, unfertilized egg and neurula
stage embryo. The maternal mRNA is found uniformly in the early
embryo, but analysis by in situ hybridization showed that the
XactRIIB mRNA does not localize before blastula, and is restricted
to the neural plate region at the neurula stage. These findings
suggest that activins also play a role in both neural tube formation
and mesoderm induction much earlier, at the early cleavage stage.

Moreover, a dominant negative activin receptor, a receptor
molecule with its cytoplasmic domain truncated so that its capacity
to respond to ligand is abolished, was constructed and
overexpressed in the Xenopus embryo (Hemmati-Brivanlou and
Melton, 1992). This dominant negative experiment yielded em-
bryos that cannot form axial structures. This observation suggests
that activin is required for both the induction of mesoderm and the
patterning of the embryonic body plan in vivo.

It can easily be speculated, therefore, that activin, follistatin, and
activin receptors participate in a regulatory circuit.

It is known that the FGF receptor has an extracellular ligand-
binding domain containing a globin-like sequence, and cytoplas-
mic tyrosine kinase domain. Disruption of the FGF signaling
pathway by expression of a dominant negative construct of the
FGF receptor generally results in gastrulation defects that are later
evident during formation of the trunk and tail, although head
structures are formed nearly normally (Amaya et al., 1991). This
phenotype resembles the result from cultured explants of neural
plate from which the archenteric roof was discarded. In those
experiments it was reported that this dominant negative receptor
inhibits the expression of Xbra. It does not, however, inhibit
goosecoid, the dorsal lip marker (Amaya et al., 1993). Those
results suggest that the intracellular signal pathway of FGF are
different from activin. Perhaps the two candidates for the natural
mesoderm-inducing factor, activin and FGF, may act cooperatively
during embryogenesis (Fig. 4).

Many intracellular signal-transducing molecules have been
observed, and recent studies have shown that ras and raf-1 proto-
oncogenes are involved in mesoderm signal transduction. The ras
and raf-1 products (Ras and Raf-1) are indispensable sequential

Follistatin
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elements in the transduction of growth and differentiation signals
initiated by receptor and non-receptor tyrosine kinases. Raf has
been positioned downstream of Ras in numerous signal transduction
pathways, and Ras interacts directly with the Raf (Vojtek et al.,
1993). Whitman and Melton (1992) demonstrated using
microinjection of RNAs encoding p217¢ variants and the piece
culture method that dominant inhibitory ras affects the inhibition of
FGF and activin signaling for mesoderm induction. Constitutively
active ras injected explants show differentiation alone without
mesoderm-inducing factors. These results do not show that the ras
signaling pathway depends upon natural mesoderm induction, but
suggests that a ras dependent signaling step exists in the meso-
derm-inducing pathway. A more direct experiment was done using
Raf-1 serine/threonine kinase (MacNicol et al., 1993). Animal cap
explants injected with dominant negative Raf-1 mutant (NAF)
demonstrated a complete block to bFGF-stimulated mesoderm
induction, but NAF had no effect on the activin-stimulated forma-
tion of mesoderm. Injection of NAF RNA into embryos blocked
normal development, and the phenotype induced by NAF showed
posterior truncations in the tadpole such as the injection of domi-
nant negative mutants of FGF receptor in Xenopus embryos. The
failure of NAF to inhibit activin-stimulated mesoderm induction
suggests that Raf-1 is not an obligatory component of the activin
receptor signaling pathway.

Recently, another type of activin receptor type | (ActRl) has
been cloned (Attisano et al., 1993). Though the relationship be-
tween ActRl and ActRIl receptors is not clear, inducing signals
seem to move into the nucleus through two types of activin
receptors. Kinase activity related with these receptors needs to be
examined more at the molecular level. In eggs signal transduction
pathways seem to be not strict but are flexible in regulating the
signals which control sequential gene expressions during develop-
ment.

Sequential gene expression in development

Several genes that are expressed in the early Xenopus embryo
have been cloned. Some of these genes have been classified
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Fig. 5. Changes in inducing activity and capacity of competence
following the development in Xenopus laevis. (a) Mesoderm inducing
activity from vegetal hemisphere to animal hemisphere. (b) Neural induc-
ing activity from mesoderm layer to ectoderm layer. (c) Competence for
mesoderm differentiation in ectoderm. (d) Competence for neural differ-
entiation in ectoderm.

either as coding DNA binding factors or secretory factors (Table 1).
Distinctions between those various DNA binding factors — i.e.,
genes containing homeobox region or brachyury gene (Kispert and
Herrmann, 1993) —include increasing levels of expression levels
from the MBT onwards, response to FGF or activin, and localized
activin responsive genes expression (generally in the dorsal mar-
ginal region of early gastrulae). It is known that some of those
genes are expressed in the presence of cycloheximide, a protein
synthesis inhibitor. This suggests the presence of an immediate,
early response mechanism to a mesoderm-inducing factor in the
early blastomeres of the embryo. Among those genes, Xlim-1 is
activated by retinoic acid alone.

Wnt family members and Noggin are secretory factors. That is,
they possess a hydrophobic signal peptide sequence at the amino
terminus (Christian et al., 1991; Smith and Harland, 1991, 1992).
The mRNAs for these factors rescue axis formation in ultraviolet-
irradiated embryos when injected into the marginal zone (Sokol et
al., 1991; Smith and Harland, 1991, 1992). The expression pattern
of nogginis especially interesting. It is not localized maternally, but
becomes restricted to the dorsal mesoderm region after the MBT.
The gene noggin was isolated from a Xenopus expression library
and shown to be expressed in the dorsal midline of the mesoderm
during gastrulation (Smith and Harland, 1992). When tested using
the ventral mesoderm assay, noggin protein showed dorsalizing
activity and neuralizing activity (Lamb ef al., 1993; Smith et al.,
1993). noggin protein also has an important role through associa-
tion with Wnt family, activin, FGF in the process of early develop-
ment.

Anyway, nogginand Xwnt-8 are expressed activin-treated piece
cultures. Activin and FGF are most likely situated in an upstream
position in a cascade of gene expression, whereas noggin and
Xwnt family are downstream genes which are controlled as early
response genes.

Retinoic acid as a modulator of development

Retinoids appear to play a major role in embryogenesis and
differentiation. Retinoic acid (RA), a derivative of retinol, can
modify formation of the chick limb bud and budding of the ascidian
embryo. It is known that Xenopus embryos treated with RA exhibit

defective head formation (Durston et al., 1989). It has also been
reported that expression levels of homeobox box genes such as
goosecoid, Xlim-1 and X1hbox-6 (Cho and DeRobertis, 1990)
change after RA treatment, using the piece culture method. Ex-
pression levels of X1hbox-6 and Xlim-1 are increased after RA
treatment. goosecoid expression is lower after the treatment with
activin (XTC-MIF) and RA than after the treatment with activin
(XTC-MIF) alone.

RA modulates these activin effects. Presumptive ectoderm
treated with activin and RA differentiates pronephric tubules (Moriya
et al, 1993). Activin at a concentration of 10 ng/ml induces
notochord in presumptive ectoderm. In combination with 10% M
RA, muscle is induced instead of notochord. In combination with
10 M RA, activin frequently induced pronephric tubules. RA
appears to be the modular of the lateralization related to axis
formation in embryogenesis.

Retinoic acid receptors (RARs) and retinoid X receptors (RXRs)
are ligand-inducible trans regulators that modulate the transcrip-
tion of target genes by interacting with cis-acting DNA response
elements. RAR-RXR heterodimers form more efficiently than
homodimers (Durand et al., 1992). The presence of RA at
1.5x107 M in the Xenopus embryo after gastrulation has been
reported by Durston et al. (1989). Two types of RAR genes, RAR«
and RARy, and two types of RXR genes, RXRa and RXRy, have
been isolated from unfertilized Xenopus eggs (Blumberg et al.,
1892). RXRy and RARa are synthesized during oogenesis and
persist in the cleaving embryo at approximately constant levels
until they are degraded just before gastrulation (stage 10), sug-
gesting the regulation of gene expression by the retinoid.

Role of the determinant and axis formation

Components of a cell that commit it and its descendants to a
particular pathway of differentiation are generally referred to as
“determinants”. During the first cell cycle after fertilization the
cortex of the egg rotates about 30 degrees relative to the inner
cytoplasm. This rotation is essential for the establishment of the
dorsal-ventral axis and for the production of dorsoanterior struc-
tures in the embryo. UV irradiation of fertilized eggs blocks the
cortical rotation and eliminates dorsal mesoderm and dorsoanterior
structures in irradiated embryos. It is generally accepted that axis
specification depends both on the presence of an axis-inducing
determinant and on activation by sperm-mediated cortical rotation.
It has been reported that a determinant in the vegetal pole of an
uncleaved Xenopus egg is moved to the equatorial region by
cortical rotation (Fujisue et al., 1993). The molecular nature of the
determinant is unknown but it has been demonstrated that cyto-
plasm of the presumptive dorsal cell of an embryo contains a
determinant that is responsible for dorsoventral axis specification.

Candidate genes for that determinant exist. Vg7 is a maternal
mRNAthatis localized in the vegetal hemisphere of the developing
Xenopus egg (Weeks and Melton, 1987). Vg7 mRNA is synthe-
sized during early oogenesis and translocated to the vegetal cortex
of fully grown oocytes (Melton, 1987), and consequently Vg7
mRNA and protein become partitioned within cells of the vegetal
hemisphere during early development. Thus Vg7 mRNA and
protein are localized to cells that induce embryonic mesoderm, and
the protein is a member of a family of cell growth and differentiation
factors, the TGFBs, other members of which have the ability to
induce mesoderm. Moreover, agenetically engineered constructed
chimeric mMRNA containing a latent associated region of bene
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Fig. 6. Model of a process of organizer formation. The
upper figure shows an outline of early development in
Xenopus and factors acting throughout the developmen-
tal stage based on the reported data. Lower shows a
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hypothetical model supporting the upper figure. The
model is described more fully in the text. vg

morphogenetic protein-4 (BMP4) and mature region of Vg7 was
injected (Thomsen and Melton, 1993). When this chimeric mRNA
was injected into the ventral cell of Xenopus a secondary axis
developed. Despite these suggestive observations, no function for
Vg1 protein has yet been assigned.

Candidates for determinants in unfertilized eggs include factors
such as Vg1, FGF, activin, noggin, retinoic acid, Xwnt family, BMP
as well as structures and other cell organelles such as yolk
platelets, mitochondria and ER. It will be important to establish the
relationship or the interactions between these factors and cell
organelles in cell differentiation and morphogenesis.

Acquisition and diminution of competence

During embryogenesis from a fertilized egg to a larva, the
developmental programs are deployed with a relationship between
the inducing factors and competent cells. The first regional differ-
entiation is discernible as separations of presumptive ectoderm,
mesoderm and endoderm cells. According to Holtfreter and Ham-
burger (1955), competence is “the physiological state of a tissue
which permits it to react in a morphogenetically specific way to
determinative stimuli”.

Tissue or cell differentiation is generally due both to intrinsic
factors in the competence cells and to extrinsic inducing factors
such as activin. Concerning inducing factors, itis important to know
what kind of inducing factors are involved and where parts of the
embryo are activated in the process of development. So, it is also
very important to know the state of the competent cell. The
competence of cells during development changes (Fig. 5). It is
known that animal-half cells change their responding ability
(= competence) against mesoderm-inducing factor or neuralizing
factor (Chuang, 1955; Kuusi, 1961). Gastrula ectoderm, isolated
from Xenopus laevis, consists of two cell sheets, representing a
superficial and a deep layer. An endodermal character of the deep
layer can be ruled out by induction experiments with vegetalizing
factor (= activin-like factor). Under the influence of vegetalizing
factor the outer as well as the inner ectoderm layer differentiated
into mesodermal tissues. The results of experiments with dorsal
blastopore lip asinducerindicate thatboth inner and outer ectoderm

layers are responsive to the neural stimulus (Asashima and Grunz,
1983).

When animal cap cells of Xenopus blastulae were exposed to
activin A, low concentrations induced ventrolateral mesoderm,
whereas high concentrations induced formation of dorsal meso-
derm (Green and Smith, 1990; Ariizumi et al., 1991b; Green et al.,
1992; Fukui et al., 1993). These results suggested that the blastula
animal cap may consist of multipotent cells that can form all states
ranging from posterolateral mesoderm to dorsoanterior organizer
mesoderminresponse to activin. Animal-half blastomeres from the
late 8-cell stage Xenopus embryo have been isolated, and these
blastomeres have been examined for their response to activin A
(Kinoshita et al., 1993). Dorsal blastomeres from the 8-cell stage
gave rise to trunk and tail structures containing dorsal mesoderm,
whereas the ventral blastomere explants from 8-cell stage formed
spheres containing solely ventral mesoderm. Both muscle actin
transcription and goosecoidtranscription were induced primarily in
dorsal blastomeres. These results suggest that a competence
prepattern of response to activin exists as early as the 8-cell stage.
But at the moment we cannot find any difference in the molecular
substance between dorsal cells and ventral cells. For the receptor
of activin type Il in the cell membrane, no difference has been
found. The signal transduction or metabolism in the cytoplasm and
nucleus in both cells are not clear at the presenttime. Though there
are clearly responding cells and a prepattern in ventral and dorsal
cells during development, the mechanism which generates com-
petent cells at the molecular level is not clear.

Formation of the organizer

Differentiation of tissues and organized formation of organs can
be understood as a system of serial inductive reactions originating
from the organizer. Some exploratory experiments have demon-
strated that only dorsal marginal zone can form the axial mesoderm
with self-differentiation before gastrulation.

Muscle precursor cells from early, mid-, and late gastrula stages
of Xenopus embryos were isolated and transplanted singly into the
ventral region of late gastrula hosts (Kato and Gurdon, 1993).
Single cells from late gastrulae differentiated into muscle when
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surrounded by nonmuscle cells. Similar cells from early or mid-
gastrula did not, unless they were transplanted as a group of
adjacent cells taken from the same region of an embryo. These
results suggest that the pre-gastrula embryo did not determine
muscle differentiationin the presumptive somite region of fate map.
Therefore, mesoderm induction of normal embryo represents
“determination of Spemann's crganizer".

Now, there is not sufficient evidence to construct a model for
“formation of the organizer”. However, we have attempted to adapt
the results from recent studies to normal Xenopus development
(see Fig. 6). The upper arrow indicates the actual time of normal
development using Nieuwkoop and Faber's staging series (1967).
Formation of the organizer can be understood as a cascade of
competence and molecular pathways. At first, cortical rotation with
rearrangement of cytoplasmic factors occurs and morphogenetic
determinants shift from the vegetal pole to the dorsal region.
Mesoderm induction does not occur at this stage. The potency of
the determinant is lost at about the 128-cell stage (Fujisue et af.,
1993). Mesoderm induction may occur in the early blastula (Jones
and Woodland, 1987). Competence of animal blastomeres to
activin or natural inducing factors is obtained atthis stage between
the 32- and 64-cell stage (Kinoshita et al,, 1993; Bessho and
Asashima, unpublished data). The onset of embryonal FGF syn-
thesis and activation of maternal activins suppressed by follistatin
may occur at this stage. Itis suspected that activin acted on dorsal
mesoderm as a presumptive organizer region and FGF acted on
the whole marginal zone.

Then the regionally specific gene expression described previ-
ously occurred through the MBT period. Some genes exist mater-
nally, but few mRNAs and their proteins have been recognized, so
we must wait for further investigations before discussion. It is clear
that secretory factors which may correlate with axis formation, such
as Xwntand noggin. increase gene expression levels at this stage.
Many DNA binding factors responding to mesoderm-inducing
factor such as activin or FGF also commence expression (see
Table 1).

The inducing potency of the organizer can be expected to have
a close connection with embryonic morphogenesis. This idea is
supported by the fact that afterinvagination of the organizer region,
remarkable morphogenetic movement may be observed in the
course of archenteric roof formation, and this has a close relation-
shiptotheregionalinductive effect of the organizer. Innormogenesis
the uninvaginated blastopore lip of the early gastrula develops into
the frontal part of the archenteric roof and induces differentiation of
the archencephalic region of the central nervous system. But when
the blastopore lip is isolated before invagination and cultured with
the ectodermal sheets, spinocaudal differentiation occurs, includ-
ing formation of the notochord. This seems closely connected with
the fact that when the blastopore lip is isolated before invagination,
it undergoes a remarkable elongational movement in subsequent
development. In contrastto the frontal region of the archenteric roof
which induces the brain and is formed by proliferation, the rear
region of the archenteric roof, which induces the spinal cord, is the
tissue formed by the elongating movement (Hama, 1949, 1950).

Conclusion

Although at the present time many findings on mesoderm-
inducing factors and receptors of amphibian embryos have been
reported, the general problem of the mechanism of embryonic
induction remains unsolved.

Is there any relationship between the elongation movements
which occur in gastrulation and cell differentiation? What are the
differences in the molecular signals and competence between
head organizer and trunk-tail organizer? Concerning these issues,
itisimportantto ask what factors are controlling the formation of the
body plan, formation of the organizer, neural induction, determina-
tion of segmentation? In the process of embryonic development,
many genes are connected or related to each other in a sequential
chain of induction. Some genes play a major role and initiate cell
differentiation and morphogenesis, but some genes appear in the
shade, or behind, other genes which drive the process of develop-
ment.

Many factors such as FGF, activins, RA, Xwnt, which are related
with embryonicinductions, have been reported. These factors play
avery important role in normal embryogenesis, but they also have
important functions in the developmental process throughout the
life cycle. For example, activin genes or proteins appear to play
some roles throughout the development. It is very interesting that
these substances appear in the key processes or stages such as
oogenesis, mesoderm induction, gastrulation, limb bud formation
and the adult changing function, while using the same genes.
Indeed, activins successfully unite classical embryology and
endocrinology and molecular developmental biology.

We need to understand the dynamic behavior of these key
substances during development. We must also investigate new
signaling genes or signaling systems which relate competence to
embryonic development, and connect molecules and biological
phenomena.
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