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Introduction

Recently, significant advances have been made in the
analysis of mesoderm induction, one of the first induc-
tive interactions in vertebrate development. In this
article, I review these advances in the context of earlier
work on the subject and go on to discuss what problems
remain and how they might be approached. I shall
concentrate on cell biological and embryological as-
pects of mesoderm induction rather than on the tran-
scriptional control of genes which are activated in
response to induction. This work has recently been
reviewed elsewhere (Gurdon et al. 1989).

Mesoderm induction probably occurs during the
development of all vertebrates (Nieuwkoop et al. 1985;
Smith, 1988) but the phenomenon has been most
extensively studied in the Amphibia. This is for several
reasons: amphibian embryos are large, making micro-
dissection relatively easy; they are accessible to exper-
imental manipulation at all developmental stages, from
oogenesis to adulthood; development is rapid: the body
plan is established and tissue-specific gene activation
occurs within 24h; amphibian embryos may be ob-
tained in large numbers, which, together with their
large size, makes it possible to extract enough material
for biochemical analysis; and finally, the embryos do
not grow - their early development consists of a series
of cleavage divisions (see Fig. 1). This last point means,
firstly, that it is possible to construct fate maps by
injecting inert lineage tracers into selected blastomeres;

because there is no growth the markers do not become
diluted during development (see, for example, Jacob-
son & Hirose, 1978, 1981; Gimlich & Cooke, 1983;
Gimlich & Gerhart, 1984; Heasman et al. 1984; Cooke
& Webber, 1985; Dale & Slack, 1987a; Moody, 1987a,6;
see also Fig. 2). Furthermore, since embryonic blasto-
meres survive on their yolk reserves, they will divide
and even differentiate in a simple buffered salts sol-
ution. Thus it is possible to test defined molecules for
their effects on differentiation without interference by
poorly characterized serum components. In view of
these advantages, this review deals exclusively with
mesoderm induction in Amphibia.

Experimental embryology and mesoderm
induction

Mesoderm induction was discovered using the tech-
niques of experimental embryology. At morula stages,
the amphibian embryo seems to consist of only two cell
types: prospective ectoderm in the animal hemisphere
and prospective endoderm in the vegetal hemisphere
(Fig. 3A; see Jones & Woodland, 1986). The evidence
for this comes from experiments in which different
regions of the embryo are dissected and cultured in
isolation: even blastomeres of the equatorial 'marginal
zone', which give rise to mesoderm in normal develop-
ment, form epidermis if they are isolated before the 64-
cell stage. If, however, they are dissected later than this
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Fig. 1. The early development of Xenopus laevis. The
Xenopus egg (A) has a diameter of about 1-4 mm. The
animal hemisphere, which lies upwards by gravity, is heavily
pigmented, and the vegetal hemisphere is pale. Sperm entry
occurs in the animal hemisphere, and the side on which the
sperm enters becomes the ventral-posterior half of the
embryo. Ninety minutes after fertilization a rapid series of
cleavage divisions begins. As a result, the embryo forms a
hollow ball of cells, the blastula (B; 5h after fertilization).
During gastrulation (C; 11 h after fertilization: viewed from
the vegetal hemisphere of the embryo) the three germ
layers of the embryo take up their definitive positions, a
process completed by the neurula stage, by which time
tissue-specific gene activation has started (D; 18 h after
fertilization). After formation of the neural tube the
embryo elongates (E; 27 h after fertilization). The body
plan of the embryo is now complete. (F) shows the location
of the major cell types. A-E are redrawn from Nieuwkoop
& Faber (1967), and are all at the same scale.

they form mesoderm as well as epidermis (Nakamura &
Matsuzawa, 1967; Nakamura et al. 1910b).

One interpretation of this result is that mesoderm
formation depends on an interaction between animal
and vegetal blastomeres. This conclusion was con-
firmed by Ogi (1967, 1969) and by Nieuwkoop (1969),
both of whom juxtaposed cells from the animal cap of
the blastula-staged embryo with cells of the vegetal pole
(Fig. 3B). When animal pole cells are cultured alone
they form an atypical type of epidermis, while vegetal
pole cells alone form poorly differentiated endoderm.
Neither make mesoderm. Combinations of animal and
vegetal pole cells, however, form a variety of mesoder-
mal cell types.

Neither Ogi nor Nieuwkoop had access to cell lineage
markers and they differed in the interpretation of their
experiment. Ogi, with tentative support from Naka-
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Fig. 2. A fate map of Xenopus at the 32-cell stage based on
the work of Cooke & Webber (1985), Dale & Slack (1987a)
and Moody (1987a,b). AP, Animal pole; VP, Vegetal pole;
D, Dorsal; V, Ventral.

mura et al. (1970a), was reminded of work on the sea-
urchin embryo indicating the existence of an animal-
vegetal double-gradient system (Horstadius, 1935). Ac-
cording to this view, apposition of animal and vegetal
regions should result in regulation of the gradients, with
both components giving rise to mesoderm. Nieuwkoop,
however, regarded the mesoderm as being formed
entirely from the ectodermal component, as a result of
induction by prospective endoderm. He subsequently
demonstrated that this view was correct by a quantitat-
ive analysis of the structures formed from animal-
vegetal combinations of blastomeres from Xenopus
embryos (Sudarwati & Nieuwkoop, 1971) and by using
[
3H]thymidine to mark the animal pole component of

combinations made from axolotl embryos (Nieuwkoop
& Ubbels, 1972).

Nieuwkoop made a second major contribution to the
understanding of mesoderm induction by demonstrat-
ing that the type of mesoderm that forms in animal-
vegetal combinations depends on the origin of the
vegetal inducing cells (Boterenbrood & Nieuwkoop,
1973). Vegetal pole cells from the dorsal side of the
axolotl blastula tended to induce dorsal cell types such
as notochord and muscle while lateral and ventral
vegetal blastomeres induced blood, a characteristic
ventral cell type, along with mesenchyme and meso-
thelium. Nieuwkoop concluded from this that the
pattern of cell types in the mesoderm (Fig. 1) is
determined, at least in part, by information derived
from underlying vegetal blastomeres.

The three-signal model of mesoderm formation
The most widely used species in the study of amphibian
development is Xenopus laevis, and the observations of
Boterenbrood & Nieuwkoop (1973) on the axolotl have
been confirmed for this species by Dale et al. (1985) and
Dale & Slack (1987b). The results, however, appear to
contradict the fate map of Xenopus. Ventral vegetal
blastomeres induce little or no muscle from animal pole
cells, yet most of the muscle of the embryo is formed
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Fig. 3. Mesoderm induction. (A) At early blastula stages,
the Xenopus embryo can be considered to consist of two
cell types: presumptive ectoderm in the animal hemisphere
(light stippling) and presumptive endoderm in the vegetal
hemisphere (no stippling) (Jones & Woodland, 1986).
During mesoderm induction a signal from the vegetal
hemisphere induces overlying equatorial cells to form
mesoderm (heavy stippling). This view is somewhat
simplified for it is not possible to draw an accurate line
between vegetal inducing cells and animal pole responding
cells. Indeed, it is may be that some cells both produce and
respond to the signal. (B) The classical demonstration of
mesoderm induction. Blastomeres from the animal pole of a
lineage-labelled blastula-staged embryo are placed in
contact with cells from the vegetal pole of an unlabelled
embryo.

from blastomeres of the 'ventral' half of the embryo
(Keller, 1976; Cooke & Webber, 1985; Dale & Slack,
1987a; Moody, 1987a,b; see Fig. 2).

This incongruity may be resolved by the 'three signal'
model of Slack and his colleagues (Smith & Slack, 1983;
Slack etal. 1984; Smith etal. 1985; Dale & Slack, 19876;
see Fig. 4). The first two signals in this model are those
of Boterenbrood & Nieuwkoop (1973), and are derived
from the vegetal hemisphere of the embryo. One, on
the dorsal side, induces predominantly notochord,
perhaps with a small amount of muscle. The other, on
the ventral side, induces blood, mesenchyme and meso-
thelium. The third signal, however, originates from

Fig. 4. The three-signal model. Two mesoderm induction
signals are assumed to derive from the vegetal region of the
early blastula. The dorsal-vegetal (DV) signal induces
dorsal mesoderm, or 'organizer' tissue (O) while the ventral
vegetal signal (VV) induces general ventral mesoderm
(VM). The ventral mesoderm then receives a signal from
the organizer, probably during gastrulation, which results in
the formation of additional muscle (M3) and perhaps
pronephros (M2); only the most remote tissue (Ml)
remains as ventral blood-forming mesoderm.

newly induced dorsal mesoderm. This signal acts within
the prospective mesodermal germ layer to 'dorsalize'
adjacent ventral mesoderm such that tissue that would
have formed blood forms muscle instead. Only cells
near the ventral midline of the embryo are out of range
of the dorsalization signal and continue to form blood.

Evidence for the existence of the dorsalization signal
comes from experiments in which dorsal and ventral
marginal zone regions of the early gastrula are juxta-
posed. In isolation, dorsal marginal zone tissue forms
notochord, with some muscle and neural tissue, while
ventral marginal zone cells form blood, mesenchyme
and mesothelium. In combinations, however, although
the dorsal tissue continues to differentiate as noto-
chord, the ventral marginal zone forms large amounts
of muscle (Slack & Forman, 1980; Dale & Slack,
19876).

Dorsalization may be the major interaction at work in
Spemann's 'organizer' graft (Spemann & Mangold,
1924), in which early gastrula dorsal marginal zone
tissue (the 'organizer') is grafted into the ventral
marginal zone region of a host embryo, causing the
formation of a mirror-symmetrical double-dorsal larva.
Perhaps the most dramatic aspect of this result is the
formation of an additional neural tube, which arises
from ventral ectoderm under the influence of a neural
induction signal from involuting dorsal mesoderm (see
Gimlich & Cooke, 1983; Jacobson, 1984). However, the
earlier interaction is probably dorsalization, during
which much of the original ventral mesoderm into
which the graft was placed is induced to form muscle
(Smith & Slack, 1983).

Mesoderm-inducing factors

Much of the recent interest in mesoderm induction
stems from the discovery and purification of mesoderm-
inducing factors (MIFs: see Smith, 1987; Slack et al.
1987; Kimelman & Kirschner, 1987; Rosa et al. 1988;
Smith et al. 1988). It is ironic, therefore, that sources of
mesoderm-inducing activity were discovered long be-
fore the phenomenon of mesoderm induction was
properly defined. In 1953, Toivonen found that guinea-
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pig bone marrow could induce mesodermal cell types
from isolated newt ectoderm and, a few years later,
Saxe"n & Toivonen (1958) showed that HeLa cells have
a similar effect. Indeed the discovery of these inducing
factors may have influenced Nieuwkoop (1969) in his
interpretation of the results of animal-vegetal combi-
nations.

Since Nieuwkoop's work, other sources of meso-
derm-inducing activity have been reported. One such is
the carp swim-bladder (Kawakami, 1976; Kawakami et
al. 1977), but the best-known is Tiedemann's 'vegetaliz-
ing factor', which has been purified from 9- to 11-day
chick embryos (Born et al. 1972a). Experiments with
this and other factors have provided some significant
insights into mesoderm induction in amphibia, but
there have been two problems with these inducers that
have hindered their use as research tools. One is that
they are usually assayed as an insoluble pellet, as the
'filling' of a sandwich in which test animal pole tissue is
the bread. This makes dose-response experiments, for
example, particularly difficult to interpret. The other
problem is that these factors are 'heterogenous', de-
rived from an inappropriate source (see Gurdon, 1987).
It is difficult to understand the relevance of a factor
from the carp swim-bladder to the events of early frog
development.

Mesoderm-inducing factors as growth factors
Recent work is overcoming these problems, but accept-
ance of the new mesoderm-inducing factors has been
facilitated by the fact that they are related to known
peptide growth factors. One class of MIFs is related to
transforming growth factor type f3 (TGF-/7). This group
includes XTC-MIF, which is derived from the Xenopus
XTC cell line (Smith, 1987; Smith et al. 1988) and
TGF-/32, obtained from pig platelets (Rosa et al. 1988).
TGF-/J1 has no mesoderm-inducing activity (Slack et al.
1987; Kimelman & Kirschner, 1987), but it enhances the
effect of the other group of MIFs, the heparin-binding
growth factors (Kimelman & Kirschner, 1987). The
main members of this second group are acidic and basic
fibroblast growth factor (aFGF and bFGF), both of
which are equally active in inducing mesoderm from
isolated Xenopus animal pole tissue (Slack et al. 1987;
Kimelman & Kirschner, 1987; Slack et al. 1988).

The usual test for mesoderm-inducing activity in-
volves culturing isolated animal pole tissue in dilute
solutions of the factors. In the absence of MIFs, the test
tissue differentiates as epidermis, but in their presence
mesodermal cell types arise (see Smith, 1987). Both
groups of MIF are active at picomolar concentrations,
but the assay reveals a significant difference between
them. The TGF-0 class of MIF induces a variety of
mesodermal cell types including notochord, muscle,
kidney, mesenchyme and mesothelium (Smith et al.
1988). FGF is capable of inducing all these cell types
except notochord, the most dorsal mesodermal tissue
(Godsave etal. 1988). This has led to the suggestion that
the 'dorsal' signal in Slack's model (Fig. 4) is TGF-/3-
like and that the 'ventral' signal is FGF-like (Dale &
Slack, 19876). To confirm suggestions such as this, it is

first necessary to demonstrate that TGF-/3- and FGF-
like molecules are present in the Xenopus embryo in the
predicted amounts, in the predicted regions, and at the
appropriate stages.

Xenopus embryos contain TGF-fi-like molecules
Definitive TGF-/J2 and XTC-MIF transcripts or protein
have not yet been identified in Xenopus embryos, but a
maternal mRNA that is restricted to the vegetal hemi-
sphere of the egg (see Rebagliati et al. 1985) has been
shown to code for a factor related to TGF-/3 (Weeks &
Melton, 1987). This mRNA, designated Vgl, consti-
tutes 0-05-0-1 % of the poly(A)

+
 RNA pool (Rebag-

liati et al. 1985). An open reading frame of 1080 bases
encodes a protein of 41-8x 103

 MT of which the carboxy-
terminal 120 amino acids show 38 % homology to
TGF-/31 and in which the positions of the cysteine
residues are conserved. Interestingly, Vgl shows
greatest similarity to the deduced sequence of the de-
capentaplegic (dpp) gene product of Drosophila,
another member of the TGF-/J family (Padgett et al.
1987). There is a 48% match in the carboxy-terminal
114 amino acids, and the two share a potential glycosyl-
ation site.

Judging from changes in the spatial distribution of
Vgl mRNA, the protein encoded by this message is an
excellent candidate for an endogenous mesoderm-in-
ducing factor. During early oogenesis, the message, as
revealed by in situ hybridization, is distributed uni-
formly within the oocyte (Melton, 1987). As oogenesis
proceeds the RNA moves towards the vegetal pole of
the oocyte and eventually is localized as a thin cortical
shell. Following fertilization the message is released
from its cortical position and it spreads towards the
animal pole. This spread is restricted by the cleavage
divisions of the embryo such that at the early blastula
stage the only cells to contain substantial amounts of
Vgl transcripts are the vegetal blastomeres, those
responsible for inducing adjacent equatorial cells to
form mesoderm (Weeks & Melton, 1987).

Although the circumstantial evidence is compelling,
there is no direct evidence at present that Vgl mRNA
does code for a mesoderm-inducing factor. It is poss-
ible, for example, that it is an inactive homologue of an
endogenous inducing factor in the way that TGF-/31 is
an inactive homologue of the inducing factor TGF-/32.
One way to investigate this might be to make Vgl
protein by amplified expression in Chinese Hamster
ovary cells, as described for TGF-/31 by Gentry et al.
(1987). Alternatively, Vgl RNA might be micro-
injected into the animal hemisphere of early Xenopus
embryos. This should cause the formation of ectopic
mesoderm in a manner similar to microinjected XTC
cell poly (A)

+
 RNA (Cooke et al. 1987; Woodland &

Jones, 1987).
Even if Vgl protein is not a mesoderm-inducing

factor, study of the message will yield important results
concerning the mechanisms by which mRNAs are
localized within early embryos. For example, Pondel &
King (1988) have recently shown that Vgl RNA is
concentrated 35- to 50-fold in detergent-insoluble ex-
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tracts of Xenopus oocytes, whereas histone H3 mRNA
is equally distributed between detergent-insoluble and
-soluble fractions. The detergent-insoluble extracts are
enriched for cytokeratins and vimentin, suggesting that
Vgl RNA may be localized through an interaction with
the cytoskeleton. In support of this, Vgl RNA is found
to be released to the detergent-soluble fraction after
ovulation; this is when cortical cytokeratin filaments
break down (Klymkowsky et al. 1987) and Vgl RNA
spreads towards the animal pole (Weeks & Melton,
1987). Using a different approach, Yisraeli & Melton
(1988) have shown that Vgl message transcribed in vitro
is translocated to the vegetal hemisphere after being
injected into immature Xenopus oocytes. Localization
does not require translation of Vgl. This technique
should make it possible to map the 'vegetal translo-
cation' sequence on the Vgl message, which may, for
example, recognize intermediate filaments. It will then
be interesting to screen Xenopus oocyte cDNA libraries
for clones with similar sequences. Analysis of such
clones may reveal additional localized mRNAs which
could code for mesoderm-inducing factors.

Xenopus embryos contain FGF

Work on FGF indicates that both the mRNA and the
protein are present in the early embryo. In their original
paper, Kimelman & Kirschner (1987) described a
cDNA from a Xenopus oocyte library that contained
sequences closely related to human and bovine basic
FGF. This cDNA hybridized to a 1-5 kb RNA in
Xenopus oocytes, eggs and early embryos, but the level
of this transcript varied through early development.
The message was abundant in oocyte preparations
(which included follicle cells), but had decreased by
95 % at the fertilized egg stage. It increased again at the
midblastula transition, when embryonic transcription
commences (Newport & Kirschner, 1982), and
remained fairly steady at least until the late neurula
stage.

The RNA detected by Kimelman & Kirschner's
original cDNA is large enough to encode a protein the
size of bFGF but, although it contains a short open
reading frame encoding a peptide domain homologous
to the third exon of mammalian bFGFs, sequences
homologous to the first and second exons are absent.
Recently, however, use of a different probe has re-
vealed two additional RNA species (Kimelman et al.
1988). One of these, of approximately 2-1 kb, is present
continuously from the oocyte to midgastrula stages.
The other is a 4-2 kb species which is present in the
oocyte and is transcribed again at neurula stages. A
4-3 kb cDNA corresponding to this larger species was
isolated and sequence analysis indicated that the pri-
mary translation product is a 155-residue protein with
an overall homology to human bFGF of 89 %. When
this protein was synthesized in a T7 expression system
and purified by heparin-Sepharose chromatography it
was shown to be as effective as bovine bFGF in inducing
muscle from isolated Xenopus animal pole regions.

To demonstrate that bFGF protein is present in the
Xenopus embryo, both Kimelman et al. (1988) and

Slack & Isaacs (1989) have passed extracts of eggs and
blastulae through heparin-Sepharose columns before
eluting the bound material with high concentrations of
NaCl. Slack & Isaacs (1989) were able to show that the
eluted material had mesoderm-inducing activity which
could be blocked by antibodies to bFGF but not to
aFGF or TGF-jS. Furthermore, active fractions from an
FJPLC heparin affinity column contained material
identifiable as bFGF by use of specific antibodies after
Western blotting. Kimelman et al. (1988) did not assay
their heparin-Sepharose eluates for mesoderm-
inducing activity, but they also showed by immunologi-
cal criteria that FGF-like-protein was present. Both
groups estimated the total amount of FGF present in
the Xenopus embryo by inspection of Western blots
reacted with anti-FGF antibodies, but they differed in
their conclusions. Kimelman et al. (1988) calculated
that a single embryo contains 100 pg FGF, a concen-
tration of approximately 70ngml~ . Slack & Isaacs
(1989), however, estimate a total concentration of
about 7ngml~' bFGF. Both concentrations are cer-
tainly high enough for FGF to be a natural mesoderm
inducer, but further work is required to discover which
estimate is nearer the mark. Calculations of amounts of
protein from the intensities of bands on gels are
probably subject to errors of at least a factor of three, so
the apparent difference may not be significant. It is
noteworthy, however, that the antibody used by Slack
& Isaacs (1989) may not recognize Xenopus FGF as
efficiently as human; on the other hand, their figure is
corroborated by the levels of biological activity that can
be recovered from the embryo.

The spatial distribution of FGF in the Xenopus
embryo has not yet been studied. The obvious predic-
tion is that, like Vgl, the factor is concentrated in the
vegetal hemisphere of the embryo. There is, however,
one difficulty with understanding how localized FGF
might act as an inducing factor. TGF-/3-like molecules,
including Vgl (Weeks & Melton, 1987), carry a signal
sequence which directs their secretion from the cell,
thus allowing them to act on their neighbours (reviewed
by Massague", 1987). Bovine and Xenopus FGF carry no
such sequence (Abraham et al. 1986; Kimelman et al.
1988) and cannot be secreted from cells through the
usual pathway. For example, NIH 3T3 cells transfected
with a plasmid containing cDNA that encodes bovine
bFGF synthesize large amounts of bFGF, but this
remains associated with the cells in an inactive form,
and the cells themselves appear morphologically nor-
mal. However, when a heterologous secretory signal
sequence is fused to the bFGF cDNA, the cells become
morphologically transformed and tumorigenic,
although no bFGF can be detected in the culture
medium (Rogelj et al. 1988). A similar experiment has
been carried out with acidic FGF and Swiss 3T3 cells
(Jaye et al. 1988). Again, no FGF could be detected in
medium conditioned by the transfected cells but, even
in the absence of a signal peptide, several traits charac-
teristic of the transformed phenotype were expressed.
The authors suggest, as has also been suggested for cells
expressing PDGF encoded by \-sis, that the growth
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factor may stimulate its receptor in an internal compart-
ment (Leal et al. 1985; Keating & Williams, 1988).

It is not possible to draw conclusions about the way
FGF acts in Xenopus embryos from these experiments
on tissue-culture cells, although there are several in-
triguing possibilities. For example, FGF may act during
normal development in an autocrine fashion. In this
case, prospective mesodermal cells would both syn-
thesize and respond to the factor, perhaps on receipt of
a TGF-/J-like factor. The observation that exogenous
FGF acts as an inducing factor on isolated animal pole
regions might then be coincidental, not implying any-
thing about the nature of the vegetal inducer.

Elimination of inducing factors from Xenopus
embryos

It is encouraging that FGF and TGF-^-like molecules
are present in the Xenopus embryo, but much work
remains to be done before either is proved to be a
natural mesoderm inducer. In the case of TGF-/J, the
first task is to identify and characterize a member of the
family which is both present in the embryo and which
has mesoderm-inducing activity. There are three candi-
dates at present: the Vgl protein, the Xenopus equival-
ent of TGF-02, and XTC-MIF. The mRNA for the first
of these is present in the embryo at the right time and
place but it is not yet known whether the protein has
inducing activity or, indeed, whether the RNA is
translated. The other two are known to be mesoderm-
inducing factors, but their presence in the embryo must
be established, followed by an analysis of their spatial
distribution. FGF is known to be present in the embryo
and to be active as a mesoderm inducer, but its spatial
distribution has not yet been studied.

Definitive proof that bFGF or TGF-/J-like factors are
the natural mesoderm inducers requires the elimination
of these factors from the embryo. Recently, techniques
have been developed that should make this possible.
Embryological experiments indicate that the vegetal
hemisphere acquires the ability to induce mesoderm
from animal pole regions at least as early as the 64-cell
stage (Jones & Woodland, 1987). This is about 3h
earlier than the midblastula transition, when embryonic
transcription begins (Newport & Kirschner, 1982), so
the mRNA for inducing factors must be synthesized
during oogenesis. Shuttleworth & Colman (1988) have
demonstrated that such maternal messages can specifi-
cally be eliminated from the oocyte simply by micro-
injecting appropriate antisense oligonucleotides. The
oligonucleotides form a DNA-RNA duplex with the
target message and this acts as a substrate for an
endogenous RNase H activity. The technique works
most effectively when oligonucleotides are injected into
oocytes rather than fertilized eggs or early embryos,
because an RNA duplex unwinding activity appears
soon after fertilization (Rebagliati & Melton, 1987;
Bass & Weintraub, 1987). However, it is possible to
overcome this problem by ablating mRNA in oocytes as
outlined above and then maturing the oocytes in vivo
before fertilizing them in vitro, as described by Holwill
et al. (1987). The result of such experiments, if mRNAs

for endogenous mesoderm-inducing factors are ablated
early enough, should be the development of mesoderm-
less embryos.

It may not be possible to eliminate mRNAs for
inducing factors before synthesis of substantial amounts
of the factors themselves. If this is the case it may be
possible to interfere with induction in vivo by micro-
injecting specific antibodies to MIFs into the vegetal
hemisphere of early embryos.

Mesoderm-inducing factors and pattern formation

It is important to discover the identity and analyse the
spatial distribution of endogenous mesoderm-inducing
factors in the amphibian embryo, but to explain how the
right mesodermal cell type forms in the right place it is
also necessary to study the responses of animal pole
cells to these factors. Most recent studies of mesoderm
induction in Xenopus have used muscle, the most
abundant mesodermal cell type (Cooke, 1983), as a
marker of mesoderm formation (for example, Gurdon
etal. 1985; Sargent etal. 1986; Kimelman & Kirschner,
1987; Rosa etal. 1988; Gurdon, 1988, 1989). However,
as mentioned above, many other mesodermal cell types
are formed in response to induction, both in animal-
vegetal combinations (Dale et al. 1985) and in response
to purified mesoderm-inducing factors (Smith et al.
1988; Godsave et al. 1988; J. Cooke & J. C. Smith,
unpublished observations). The only mesodermal cell
type that is not formed in response to MIFs is blood
(Smith, 1987; K. Symes & J. C. Smith, unpublished
observations), and it seems likely that this is because
erythrocyte differentiation requires a late-acting per-
missive signal from hepatic endoderm, not because
MIFs do not specify ventral mesoderm (Deparis &
Jaylet, 1984).

The embryological experiments already described
indicate that different mesodermal cell types are
formed in response to different regions of the vegetal
hemisphere of the embryo. Dorsal mesodermal cell
types are formed in response to dorsal vegetal pole
blastomeres and intermediate or ventral cell types in
response to ventral vegetal pole blastomeres. This
series of cell types is also observed in response to
decreasing concentrations of mesoderm-inducing fac-
tors. Thus high concentrations (10-25 ng ml"1) of XTC-
MIF induce notochord, and progressively lower con-
centrations induce muscle, followed by mesenchyme
and mesothelium (Smith et al. 1988). Like Godsave et
al. (1988) I consider mesenchyme, and particularly
mesothelium, to represent ventral differentiation, even
though large amounts of mesenchyme are found, for
example, in the head of Xenopus. This is because
mesenchyme and mesothelium form more frequently in
combinations of ventral vegetal blastomeres with ani-
mal pole regions than in combinations involving dorsal
vegetal blastomeres (Dale & Slack, 1987£>). A similar
dorsal-to-ventral response curve is seen with bFGF,
with the significant difference that even the highest
concentrations of this factor only rarely induce noto-
chord (Godsave et al. 1988).
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One conclusion from these results, already men-
tioned above, is that a TGF-^3-like factor may act as the
'dorsal' component of Slack's three-signal model
(Fig. 4), with bFGF, being unable to induce notochord,
representing the ventral component. The data also
suggest that the vegetal hemisphere of the embryo
might contain graded distributions of one or both
factors, with the highest concentrations at the dorsal
side. However, there is no evidence for a graded
distribution of the mRNA for the only potential MIF
for which such information is available: in situ hybridiz-
ation studies with Vgl probes have not revealed an
asymmetrical distribution in the dorsoventral axis (D.
A. Melton, personal communication). Such studies
need to be repeated with the other candidates for
endogenous mesoderm-inducing factors, but embryo-
logical evidence suggests that the gradient hypothesis in
its simplest form, in which mRNAs for inducing factors
are arranged in an asymmetric fashion, is unlikely to be
true. The dorsoventral axis of Xenopus is established at
fertilization, with dorsal structures usually forming
opposite the site of sperm entry (Black & Gerhart,
1985). This determinative event is linked to a series of
cytoplasmic shifts in which the entire subcortical cyto-
plasm rotates about 30° with respect to the cell mem-
brane, with that in the vegetal hemisphere moving away
from the dorsal side (Vincent et al. 1986). According to
a strict localization model these shifts might move
determinants to the dorsal side of the embryo. How-
ever, this interpretation is not consistent with exper-
iments in which fertilized Xenopus eggs are tilted or
centrifuged, so as to displace the contents of the
cytoplasm. Embryos subjected to this treatment be-
come either double-dorsal or 'head-heavy' (Black &
Gerhart, 1986; Cooke, 1986, 1987) and this cannot be
explained by the redistribution of existing determinants
for two reasons. First, in the formation of twinned
embryos, it is not clear why centrifugation would only
move half of the axis-forming molecules. Secondly, in
both experiments, the results imply that centrifugation
has caused greater amounts of XTC-MIF-like factors to
be created. This would not be predicted by a simple
gradient model. It may be that regions specified by
centrifugation as dorsal translate mRNA for inducing
factors more efficiently. Alternatively, there may be
graded post-translational modifications of proteins
which affect their activity, or the receptors for inducing
factors may become differentially localized. These
possibilities require investigation.

Thresholds

Another difficult problem is that of how different
concentrations of MIFs induce different types of cell
differentiation. This question is not restricted to meso-
derm induction in the amphibian embryo. A similar
problem exists in systems as different as the chick limb,
where a graded signal from the posterior margin of the
limb bud (perhaps retinoic acid: Tickle et al. 1982;
Thaller & Eichele, 1987) specifies different digits along
the anteroposterior axis (Tickle et al. 1975; Smith et al.
1978), and in the insect egg, where position along the

anteroposterior axis is specified by the concentration of
the bicoid gene product (Driever & Nusslein-Volhard,
1988).

A measure of our ignorance on this topic, that of the
interpretation of positional information (Wolpert,
1969), is that it is not even clear whether such threshold
phenomena operate at the single cell level or at the level
of cell populations. That is, does an individual cell have
several thresholds, such that at a low concentration of a
factor it will form mesdthelium, and at a higher concen-
tration muscle, or will mesothelium be formed by a
population of cells if 10 % of them undergo an initial
response to induction, and muscle be formed if 50 % of
them do so? An experiment by Cooke et al. (1987)
suggests that the latter model is more likely to be
correct. In this work, animal pole explants were al-
lowed to 'round up' before treatment with high concen-
trations of XTC-MIF. The outer surface of rounded
explants is not responsive to soluble inducing factors, so
the procedure reduces the number of cells in the
explants that are exposed to the factor. If individual
cells have several thresholds, the explants would be
expected to contain small patches of notochord. How-
ever, mesenchyme and mesothelium were formed,
suggesting that the threshold phenomenon is a cell
population effect. We are further testing the idea that it
is the proportion of induced cells within an explant that
determines which cell types differentiate by mixing
populations of induced and uninduced cells in different
proportions (M. Yaqoob, K. Symes, J. B. A. Green &
J. C. Smith, work in progress).

If it is the proportion of induced cells that determines
which cell types form in response to MIFs, there must
be communication between cells after the initial induc-
tive stimulus. Work by Symes etal. (1988) indicates that
this is the case. This series of experiments was initiated
by the results of Sargent et al. (1986), who cultured
Xenopus embryos in calcium- and magnesium-free
medium (CMFM). Under these conditions, the blasto-
meres of the embryo lose adhesion, but continue
dividing to form a loose heap of cells (Fig. 5A). If
divalent cations are restored at the early gastrula stage
the cells readhere and eventually form muscle (Fig. 5B)
as well as epidermis (Fig. 5C). If, however, the cells are
dispersed during culture in CMFM (Fig. 5D), muscle
does not form following reaggregation (Fig. 5E),
although epidermis formation is enhanced (Fig. 5F).
This suggests that culturing blastomeres in a heap
allows the transmission of mesoderm-induction signals,
while dispersion effectively dilutes the signal. Symes et
al. (1988) attempted to substitute for cell proximity by
culturing dispersed blastomeres in XTC-MIF (Fig. 5G).
The surprising result was that dispersed cells did not
respond to XTC-MIF by forming muscle, or indeed any
mesodermal cell type, after reaggregation, but the
factor did inhibit epidermal differentiation (Fig. 5H,I).

Two conclusions may be drawn from this result. One
is that an early stage in mesoderm induction is the
suppression of epidermal differentiation. This inhi-
bition is not due to any toxic action of XTC-MIF
(Symes et al. 1988) and is a specific effect of mesoderm-
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Fig. 5. Evidence for additional signals involved in mesoderm induction. (A) Xenopus embryos cultured in calcium- and
magnesium-free medium (CMFM) disaggregate to form a loose heap of cells. If divalent cations are restored at the early
gastrula stage, both muscle (B) and epidermis (C) are formed. If disaggregated blastomeres are dispersed during culture in
CMFM before reaggregation at the early gastrula stage (D), they do not form muscle (E) but epidermal differentiation is
enhanced (F). If dispersed embryos are cultured in the presence of XTC-MIF (G) they do not form muscle on reaggregation
(H), but neither do they form epidermis (I). Scale bar in (I) is 200 jum, and also applies to (B), (C), (E), (F) and (H).

inducing factors: bFGF also suppresses epidermal dif-
ferentiation, but EGF and fetal calf serum have no
effect. The suppression of epidermal differentiation at
the single cell level is all-or-nothing, but the proportion
of cells that are diverted from epidermal differentiation
depends on the concentration of XTC-MIF or bFGF
and on the stage of the responding tissue. This result
allowed the first real quantitative analysis of the effects
of MIFs (Symes et al. 1988). The second conclusion is
that formation of mesoderm in response to XTC-MIF
requires further signals that are produced in response to
the first. Dispersion of blastomeres during exposure to
XTC-MIF effectively dilutes these signals and prevents
mesoderm forming. The nature of these 'second signals'
is under investigation in this laboratory. One possibility
is that XTC-MIF and other inducing factors act by
converting animal pole cells to vegetal blastomeres,
which then produce their natural inducing signal (see
Minuth & Grunz, 1980). However, one argument that
this is not the case is that the inducing activity of
Xenopus vegetal pole regions is lost around the begin-
ning of gastrulation, or soon afterwards (Nakamura et
al. 1970a; Dale et al. 1985; Gurdon et al. 1985; Jones &
Woodland, 1987), while Xenopus animal pole regions
are responsive to XTC-MIF at this stage and even later
(K. Symes and J. C. Smith, unpublished observations).
If XTC-MIF were to act by converting some cells to
endoderm, even if this transformation were instan-
taneous, there would barely be enough time for the
subsequent mesoderm induction to occur. It seems

more likely that the proposed second signal is part of a
cascade of events that follows mesoderm induction and
is required for the activation of mesoderm-specific
genes. Such an idea would also explain Gurdon's (1987,
1988) observation that small numbers (tens) of animal
pole cells do not form muscle in response to vegetal
pole regions, whereas larger numbers (hundreds) do.
This phenomenon, described by Gurdon as a 'commu-
nity effect', might occur because small numbers of
responding cells cannot build up sufficient levels of
second signal.

This, of course, does not solve the problem of how
blastomeres become specified to form different cell
types - it simply inserts another step in the process.
Thus the question remaining is: how can the proportion
of cells responding to induction influence the cell types
that arise? One suggestion might involve a timing
mechanism. The sequence of cell differentiation in the
mesoderm of Xenopus seems to follow the dorsoventral
axis. Thus, the notochord, the most dorsal mesodermal
cell type, becomes visible as a separate group of cells at
the late gastrula stage (Keller et al. 1985), and presum-
ably this is preceded by transcription-dependent
changes in the cell surfaces of these cells. Activation of
muscle-specific actin genes occurs at the late gastrula
stage (Gurdon et al. 1985), while transcription of globin
genes, which characterize the most ventral cell type,
blood, does not start until the tailbud stage (Banville &
Williams, 1985). According to one model, similar to
Cooke's (1983) 'serial diversion theory', cells induced
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by XTC-M1F or FGF might pass through phases of
development during which they are capable of differen-
tiating first as notochord, then as muscle, and then as
successively more ventral cell types. For differentiation
to occur there must be a threshold level of a second
signal, whose concentration depends upon the pro-
portion of cells that are induced. If a small number of
cells initially responded to induction, the concentration
of second signal would be slow to build up, so that the
phases during which they can produce notochord or
muscle will have passed, and their only option is to form
ventral cell types. If many cells responded to induction,
the second signal would accumulate rapidly, so that
notochord would be formed. One reason why XTC-
MIF but not bFGF can induce notochord might be that
they produce different second signals which build up at
different rates or have different specific activities.
Alternatively, the accumulation of second signal in
response to FGF may start later in development.
Recent results on the timing of gastrulation movements
induced by XTC-MIF and bFGF, described below, may
support the latter idea (Cooke & Smith, 1989).

Mesoderm Induction, gastrulation and
developmental clocks

Gurdon (1987) has emphasized that a significant differ-
ence between embryonic induction and other cell
signalling systems is that the timing of the response is
dictated by the stage of the responding tissue and not by
the time at which the signal was received. Gurdon
himself has illustrated this with reference to the timing
of muscle-specific actin gene activation in response to
mesoderm induction: irrespective of the stage at which
animal and vegetal pole regions are placed in contact,
actin gene activation always occurs at the mid- to late-
gastrula stage; if the combination is made at the early
blastula stage, transcription occurs some 9-5 h later, but
if the tissues are placed in contact at the early gastrula
stage, the interval is between 5 and 7h (Gurdon et al.
1985). Similar results have been reported by Kimelman
& Kirschner (1987). Actin gene activation in response
to mesoderm induction is the earliest molecular marker
of induction yet identified. However, an even earlier
response is a visible one. Xenopus animal pole explants
exposed to XTC-MIF undergo changes in shape, in-
volving elongation and constriction, that mimic the
gastrulation movements of isolated dorsal mesoderm
(Smith, 1987; Symes & Smith, 1987; see Fig. 6). These
movements provide a novel system for the study of
gastrulation itself (Symes & Smith, 1987; D. DeSimone,
J. C. Smith & K. Symes, work in progress), but they
also supply further information on timing mechanisms
in early development. Thus, within the limits of obser-
vation, the XTC-MIF-induced gastrulation movements
of animal pole regions always commence at the equival-
ent of the early gastrula stage, irrespective of the stage
at which explants were exposed to the factor (Symes &
Smith, 1987).

Animal pole explants exposed to bFGF also undergo

Fig. 6. XTC-MIF induces gastrulation-like movements in
animal pole explants. (A) A control explant. (B) An
induced explant 15 h after treatment with XTC-MIF. Scale
bar in (B) is 200nm, and also applies to (A).

gastrulation-like movements, but these are less dra-
matic (Slack et al. 1987; Kimelman & Kirschner, 1987;
Godsave et al. 1988; Slack et al. 1988), making it harder
to estimate their time of onset. A technique introduced
by Cooke et al. (1987) and Cooke & Smith (1989)
overcomes this problem by microinjecting mesoderm-
inducing factors into the blastocoels of Xenopus em-
bryos. This results in wide-spread changes in cell shape,
locomotion and adhesion that correspond to those that
occur in a spatially and temporally organized fashion
around the marginal zone of the embryo (Keller, 1976,
1986; Keller & Schoenwolf, 1977). It is as if the entire
blastocoel roof is induced to form mesoderm. These
events can be observed and timed with great precision
by dissection of fixed embryos, and the results confirm
those of Symes & Smith (1987) in that the time of
transformation of cell behaviour is independent of the
time of injection of inducing factor. However, the
results also indicate that the time of onset does not
depend on the intrablastocoelic concentration of factor,
and that the response is extraordinarily rapid: if XTC-
MIF is injected at the early gastrula stage, the trans-
formation of cell behaviour occurs within 30min
(Cooke & Smith, 1989). But perhaps the most signifi-
cant observation is that the changes in cell behaviour
induced by XTC-MIF and by bFGF start at different
times: those induced by XTC-MIF begin at the early
gastrula stage, whereas those induced by bFGF occur
over 1 h later, at the midgastrula stage.

This result is significant for at least three reasons.
First, in relation to the threshold model outlined above,
it demonstrates that at least one response to bFGF
occurs later than a similar response to XTC-MIF. It is
possible, therefore, that production of a second induc-
tive signal also begins later in response to bFGF than it
does to XTC-MIF or other TGF-/J-like factors. Second,
the result is consistent with the simple model that XTC-
MIF represents the 'dorsal' mesoderm induction signal
and bFGF the 'ventral' (see Fig. 4), because in normal
development dorsal-anterior structures such as noto-
chord start gastrulating before ventral-posterior struc-
tures (see Keller, 1986). Finally, it suggests that a
particular cell type induced by XTC-MIF may differ in
some way from the same cell type induced by bFGF; in
the terminology of Lewis & Wolpert (1976) the cells
may be 'non-equivalent'. This difference may relate,
for example, to the position of the tissue within the
embryo.
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Modulation of the effects of mesoderm-inducing
factors: inhibitors and further cell-cell
interactions

The Xenopus embryo may thus employ two mesoderm-
inducing factors. Both of these induce different cell
types at different concentrations, and each causes the
onset of gastrulation-like behaviour at a time appropri-
ate to a specific position in the embryo. Such a
combination of effects should be capable of establishing
a complex yet consistent pattern of cell differentiation
in the mesoderm, but even with our present limited
understanding we know of at least three ways in which
the initial response to mesoderm induction can be
modified. First, the embryological evidence discussed at
the beginning of this article predicts that at least three
signals are required to establish the pattern of mesoder-
mal differentiation in Xenopus. Two of these derive
from the vegetal hemisphere of the embryo, and might
be represented by XTC-MIF (or another TGF-0-like
molecule) and bFGF. The third signal, produced by
dorsal marginal zone cells somewhat later in develop-
ment, 'dorsalizes' adjacent ventral mesoderm. Little is
known about the nature of the dorsalization signal,
except for an unconfirmed report by Flickenger (1980)
that heparin and heparan sulphate can have dorsalizing
effects on ventral mesoderm. However, an alternative
strategy to identify the signal might take advantage of
recent observations that animal pole cells treated with
XTC-MIF, but not bFGF, can act as Spemann's organ-
izer (Cooke et al. 1987; J. Cooke, unpublished obser-
vations); it may thus be possible to identify the dorsal-
ization signal through the differential screening of
cDNA libraries.

A second way in which the effects of mesoderm-
inducing factors might be modulated is through specific
inhibitors. Direct evidence for the existence of such
inhibitors comes from experiments in which XTC-MIF
or bFGF is injected into the blastocoels of host embryos
(Cooke et al. 1987; Cooke & Smith, 1989). The concen-
tration of XTC-MIF or bFGF required to induce
ectopic mesoderm under such circumstances is 20-50
times higher than the concentration required to induce
mesoderm from isolated animal pole regions. Inhibitors
of mesoderm induction may play a role in normal
development by preventing mesoderm induction from
spreading too far towards the animal pole or across the
blastocoel (see Smith, 1987; Gurdon, 1989) or by acting
in concert with inducing factors in a reaction-diffusion
patterning system (see Meinhardt, 1982). No inhibitor
of mesoderm induction has been isolated from amphib-
ian embryos, but Born, Tiedemann & Tiedemann
(19726) have isolated an inhibitor of the 'vegetalizing
factor' from chicken embryos. Another candidate for
an inhibitor of mesoderm induction is heparin, which
inhibits induction both in animal-vegetal conjugates
and that mediated by exogenous bFGF (Slack et al.
1987). a-2-macroglobulin, which inhibits binding of
TGF-0 to its receptor (O'Connor-McCourt & Wake-
field, 1987), does not inhibit the action of XTC-MIF,
and nor does its presence in the blastocoel affect normal

Xenopus development (J. C. Smith & J. Cooke, unpub-
lished work).

Finally, mesoderm can also be induced from ecto-
derm through the phenomenon of homeogenetic induc-
tion. In its 'strong' form homeogenetic induction refers
to the induction of like by like: for example, muscle-
forming cells might induce muscle from adjacent ecto-
derm. However, as discussed below, the term can also
be used to describe a form of induction in which one
type of mesoderm induces another.

The existence of homeogenetic induction in amphib-
ian development has been inferred from grafting exper-
iments in the newt Cynops pyrrhogaster (Kaneda, 1981;
Kaneda & Suzuki, 1983). However, the phenomenon
has been demonstrated more directly by Kurihara &
Sasaki (1981), who have shown that ectoderm induced
to become muscle and notochord by exposure to carp
swim-bladder can itself induce adjacent ectoderm to
become mesenchyme and mesothelium. A more recent
experiment to demonstrate homeogenetic induction in
Xenopus takes advantage of the observation that ani-
mal pole cells require only a brief exposure to inducing
factors in order to form mesoderm (Cooke et al. 1987;
Slack etal. 1988). Lineage-labelled uninduced Xenopus
animal pole ectoderm was juxtaposed with unlabelled
ectoderm which had been exposed to XTC-MIF for 1 h
and was then thoroughly washed. The combinations
formed elongated structures surrounded by epidermis
derived from both components. The unlabelled, orig-
inally induced, tissue formed large masses of muscle,
occasionally with notochord. However, significant num-
bers of lineage-labelled, originally uninduced, cells also
formed muscle, with much of the remainder differen-
tiating as mesenchyme and mesothelium (Cooke et al.
1987). These results, along with those of Kurihara &
Sasaki (1981), not only indicate that both 'weak' and
'strong' forms of homeogenetic induction can occur,
but also show that a form of pattern formation takes
place, in which responding ectoderm forms more ven-
tral structures with increasing distance from the in-
ducing tissue. The relevance of this observation to
normal development is unclear at present, but there is
indirect evidence that homeogenetic induction does
occur during embryogenesis. Clonal analysis of animal
pole blastomeres (Gimlich & Cooke, 1983; Dale &
Slack, 1987a) shows that cells may form substantial
amounts of mesoderm without making direct contact
with vegetal pole cells; furthermore, these cells must
receive their inductive signal relatively late in develop-
ment, because even if they are isolated at the late
biastula stage they form only epidermis (see Cooke et
al. 1987). It seems likely that formation of mesoderm by
these cells occurs due to homeogenetic induction.

Conclusions

The analysis of mesoderm induction has made great
advances over the last two or three years due to the
discovery of soluble mesoderm-inducing factors which
have been shown to be related to peptide growth
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factors. Over the next two or three years it should be
possible to show which of these factors are present in
the embryo, to define their location and to ablate the
messages from the embryo to confirm their involvement
in mesoderm induction.

The challenge will then be: how do mesoderm-
inducing factors establish the correct spatial pattern of
cellular differentiation in the mesoderm of Xenopusi I
believe that the answer to this question will depend on a
detailed understanding of the early embryological and
cell biological aspects of mesoderm induction. Results
from this laboratory indicate that MIFs merely establish
the initial conditions for pattern formation in the
mesoderm. There is evidence that FGF or XTC-MIF
alone cannot induce mesodermal cell types: further
signals produced by responding cells are also required,
but the identity of these is not yet known. It may be the
level of these second signals which determines which
mesodermal cell types eventually form, and this de-
cision may depend on a timing mechanism.

Cell differentiation in the mesoderm may also be
influenced by an inhibitor of mesoderm induction, by a
'dorsalization' signal which converts prospective blood-
forming tissue into muscle, and by homeogenetic induc-
tion. It will be a formidable problem to discover the
relative importance of each of these components of the
system and to explain how they interact with each other
and feed back to produce the remarkably constant
mesodermal pattern of Xenopus (Cooke & Smith,
1987).

1 am very grateful to Jonathan Cooke, Jeremy Green,
Geoff Howes, Jack Price and Peter Vize for their helpful
comments.
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