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The amphibian embryo provides a powerful model system to study morphogen gradients
because of the ease with which it is possible to manipulate the early embryo. In particular,
it is possible to introduce exogenous sources of morphogen, to follow the progression of
the signal, to monitor the cellular response to induction, and to up- or down-regulate
molecules that are involved in all aspects of long-range signaling. In this article, | discuss
the evidence that gradients exist in the early amphibian embryo, the way in which morpho-
gens might traverse a field of cells, and the way in which different concentrations of
morphogens might be interpreted to activate the expression of different genes.

he idea that a morphogen gradient activates

the expression of different genes at different
concentrations was perhaps stated most clearly
by Wolpert’s French flag model, in which
a graded signal activates the expression of
“blue,” “white,” and “red” genes at high, inter-
mediate, and low concentrations (Wolpert
1969). Since that original work, great progress
has been made in identifying morphogens and
their target genes and it is now clear that the
spatial pattern of gene expression in the devel-
oping embryo is frequently established by
graded signals of this sort. But many questions
remain, and in particular little is known about
how gradients are established in the embryo
with the necessary precision and how cells
interpret different concentrations of morpho-
gen to activate different genes. I discuss these
issues with respect to mesoderm induction in
the developing amphibian embryo.

MESODERM INDUCTION

The mesoderm of the developing amphibian
embryo is derived from cells in the equatorial
region of the mid- to late blastula (Vogt 1929)
(Fig. 1A,B). The mesoderm forms in this
position in response to a signal derived from
the vegetal hemisphere of the embryo, as first
shown in the urodele Ambsytoma mexicanum
(Nieuwkoop 1969), and then 2 years later in
the anuran Xenopus laevis (Sudarwati and
Nieuwkoop 1971). By isolating the animal
hemispheres of amphibian embryos at different
stages, Nieuwkoop was able to show that the
equatorial region receives a mesoderm-inducing
signal beginning at the early blastula stage,
and that animal pole tissue that is normally
out of range of the signal can be induced to
form mesoderm by juxtaposition with blasto-
meres of the vegetal hemisphere (Fig. 1C,D).
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Figure 1. Mesoderm induction. (A) Drawing of a Xenopus embryo at the midblastula stage (Nieuwkoop 1956).
The animal hemisphere is to the top and the vegetal hemisphere to the bottom. The mesoderm forms in the
equatorial region of the embryo between the two. (B) Mesoderm induction. A signal from the vegetal
hemisphere of the embryo (white arrows) causes equatorial cells to form mesoderm. (C) Demonstration of
mesoderm induction. Animal pole tissue derived from an embryo uniformly labeled with a fluorescent
lineage label is juxtaposed with vegetal pole tissue from an unlabeled embryo and the resulting conjugate is
cultured for 3 days. (D) The result of such an experiment. The fluorescently labeled tissue differentiates as
notochord and muscle rather than epidermis. Photograph courtesy of Les Dale and Jonathon Slack.

These early experiments were followed by
further work indicating that mesoderm induc-
tion is not an all-or-none process, but a quan-
titative one in which dorsal vegetal tissue
provides a stronger signal than does lateral
or ventral vegetal tissue (Boterenbrood and
Nieuwkoop 1973). Thus, dorsal tissue was able
to induce large amounts of predominantly
dorsal tissue, which included notochord and
muscle and lacked primordial germ cells,
whereas the lateral and ventral vegetal cells

induced blood, and many primordial germ
cells, and no notochord and little muscle. The
investigators argued that these differences
represented a quantitative, rather than a quali-
tative, difference in the inducing activities of
the different regions of the vegetal hemisphere
because all regions are able to induce similar
amounts of pronephros and Wolffian duct.
These conclusions reached by Nieuwkoop
and colleagues were confirmed and extended
in Xenopus laevis in experiments making use
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of reliable cell lineage markers and region-
specific markers (Dale et al. 1985; Smith et al.
1985), and it soon became clear that mesoderm
induction is a quantitative process.

MESODERM INDUCING FACTORS

The next significant step in our understanding
of mesoderm induction came with the iden-
tification of mesoderm-inducing factors:
molecules which could cause isolated animal
pole regions to differentiate into mesoderm in
the absence of vegetal pole material. These mol-
ecules fell into two classes. The first comprised
members of the transforming growth factor
type B (TGF-B) family, including activin
(Albano et al. 1990; Asashima et al. 1990;
Smith et al. 1990), Vgl (Weeks and Melton
1987; Birsoy et al. 2006), derriere (Sun et al.
1999), and the Xenopus nodal-related proteins
Xnrl, -2, -4, -5, and -6 (Jones et al. 1995;
Joseph and Melton 1997; Takahashi et al.
2000). The second included members of the
fibroblast growth factor family, such as FGF2
(Kimelman and Kirschner 1987; Slack et al.
1987) and FGF4 (Isaacs et al. 1992). In this
article, we consider only members of the
TGF-B family: Although distinctions of this
sort may be a little simplistic (Fletcher and
Harland 2008), TGF-Bs appear to play the
major role in initiating mesoderm formation,
whereas FGF family members may be more
involved in maintaining mesodermal identity
(Kroll and Amaya 1996; Heasman 2006).

EVIDENCE FOR GRADED SIGNALING:
IN VITRO

The first indication that these mesoderm-
inducing factors might act in a concentration-
dependent fashion came from experiments in
which isolated Xenopus laevis animal pole
regions were treated with different concen-
trations of partially purified activin (Green
et al. 1990). The results of these experiments
were reminiscent of those performed by
Nieuwkoop and colleagues (Boterenbrood and
Nieuwkoop 1973), in that higher concen-
trations of activin induced the formation of
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notochord and muscle, whereas lower levels
resulted in the formation of ventral and lateral
cell types such as mesenchyme and mesothe-
lium. Interestingly, increasing time of exposure
to a single concentration of activin had a similar
dose-dependent effect, with more dorsal struc-
tures forming with increased duration (Green
et al. 1990).

The ability of (presumably) a single mol-
ecule to induce different cell types at different
concentrations could be interpreted in terms
of positional information (Wolpert 1969), but
analysis of the results in terms of this model
was hampered by the fact that clear “thresholds”
(Lewis et al. 1977) were not observed; there was,
as in Nieuwkoop’s experiments, considerable
overlap in the tissues that were formed at differ-
ent activin concentrations (Green et al. 1990).
In an attempt to overcome this difficulty, two
changes were made to the experimental design,
and in addition it became possible to use puri-
fied preparations of activin (Smith et al. 1990).
In the first change to the experimental design,
animal pole regions were disaggregated to
create a single cell suspension, thereby ensuring
that activin had equal access to all cells. In the
second, the inductive effects of activin were
monitored by measuring gene activation rather
than by using histological techniques, thereby
allowing a more quantitative approach. The
results obtained in this way were more promis-
ing, with different genes being activated at
different concentrations of activin, with three-
fold differences in activin concentration being
sufficient to yield a qualitative change in gene
expression (Green and Smith 1990; Green et al.
1992; Green et al. 1994).

Of the genes that respond differentially to
different concentrations of activin, two are
worth discussing at length: Xbra (Smith et al.
1991) and goosecoid (Cho et al. 1991)
(Fig. 2A—C). The former encodes a member
of the T box family of transcription factors
(Naiche et al. 2005) and is expressed throughout
the marginal zone of the Xenopus embryo from
the late blastula stage (Smith et al. 1991).
Goosecoid encodes a homeodomain protein
that is expressed in the dorsal mesendoderm
of the Xenopus late blastula and early gastrula
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Figure 2. Threshold formation. (A,B) Normal expression of Xbra. (A) Sectioned in situ hybridization showing
expression of Xbra in red. Animal pole is to the top and vegetal pole to the bottom. Photograph courtesy of Linda
Essex and Michael Sargent. (B) Whole-mount in situ hybridization viewed from the vegetal pole. Notice
expression of Xbra throughout the marginal zone. (C) Whole-mount in situ hybridization showing
expression of goosecoid in the dorsal region of the embryo. Photograph by Susie Zoltewitz. (http://www.
xenbase.org/xenbase/original /WWW /Marker_pages/organizer/goosecoid.html). (D) Differential expression
of Xbra in response to different concentrations of activin. Disaggregated animal pole cells were exposed to the
indicated concentrations of activin, reaggregated, and cultured until the equivalent of early gastrula stage 10.
They were then assayed for expression of Xbra and EF-la by RNase protection. Note that Xbra is only
activated by intermediate concentrations of activin. (E) Activation of Xbra by intermediate concentrations of
activin. An activin-soaked bead was placed between two animal pole regions and cultured for 5 hours before
being assayed for expression of Xbra. Note that Xbra is not activated close to the bead but at a distance,
where the concentration of activin is at the appropriate level (Papin and Smith 2000). (F) Activation of
goosecoid by high levels of activin. An identical experiment to that illustrated in (E), but assaying for expression
of goosecoid (Papin and Smith 2000). (G,H) An attempt to understand threshold formation. (G) Left-hand side
illustrates that activin activates both goosecoid and Xbra, and the two gene products repress each other’s
expression. The same relationshiop with activin represented as M (morphogen) and goosecoid and Xbra as
“A” and “B”, respectively. (H) Equations describing the rates of synthesis of A and B in response to M. M, A,
and B represent the concentrations of each component, k, and ky, are the synthesis rates of A and B, respectively,
kd, and kd,, are the decay rates, a and . are the cooperativities of repression of A by B and B by A, respectively,
and . is the cooperativity of induction by M (Saka and Smith 2007).
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(Cho et al. 1991). Dose-response experiments
show that Xbra is activated only by interme-
diate concentrations of activin (and therefore
resembles the white stripe of Wolpert’s French
flag model) (Fig. 2D,E), whereas goosecoid is
induced only by high levels (and corresponds
to the blue stripe) (Fig. 2F). Remarkably, 100
molecules of activin bound to a cell are suffi-
cient to activate expression of Xbra, whereas
300 molecules are sufficient to induce goosecoid
and lead to the repression of Xbra (Dyson and
Gurdon 1998). These figures correspond to
2% and 6%, respectively, of the total number
of cell surface receptors.

These results, and others showing the dose-
dependent effects of mesoderm-inducing
factors (Jones et al. 1995), suggest that gradients
of such molecules might establish spatial pat-
terns of gene expression in the early amphibian
embryo. Further evidence that this might occur
came from elegant experiments of John Gurdon
and colleagues, who positioned beads pre-
viously soaked in activin between two animal
pole regions. Such experiments revealed that
activin can act over long range to induce
gene expression in a concentration-dependent
fashion (Gurdon et al. 1994) and that this long-
range effect is not because of a “relay” involving
a succession of short-range interactions (Reilly
and Melton 1996) but rather to the direct action
of activin derived from the bead (McDowell
et al. 1997). The relay model suggests that
cells adjacent to the signaling regions would
themselves be caused to produce a signal,
which would propagate in this way across a
field of cells. Evidence arguing against the
existence of such a mechanism came from the
observation that cells expressing a constitu-
tively active activin receptor could not signal
to adjacent tissue (Jones et al. 1996). In
addition, the use of labeled ligand revealed
that activin can indeed form a gradient in the
responding tissue (McDowell et al. 1997).

EVIDENCE FOR GRADED SIGNALING:
IN VIVO

The experiments described previously indicate
that, in artificial situations, activin and other
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TGF-B family members like the nodal-related
proteins (Jones et al. 1995) can establish a gra-
dient and that cells can respond to different
morphogen concentrations by activating the
expression of different genes. But does this
occur in vivo? The answer to this question is
complicated by the fact that there are many
TGF-B family mesoderm-inducing factors in
the early Xenopus embryo, and it is not clear
what their different roles are. It is possible,
however, to draw some conclusions. The func-
tion of activin in the early Xenopus embryo
can be inhibited by a particular dominant-
negative receptor (Dyson and Gurdon 1997)
or by specific antisense morpholino oligo-
nucleotides (MOs) (Piepenburg et al. 2004).
Injection of increasing amounts of MOs
directed against activin caused first the down-
regulation of goosecoid expression and only
later the down-regulation of Xbra (Piepenburg
etal. 2004), arguing that a higher concentration
of activin is required for expression of goosecoid
than is required for Xbra. Knockdown of indi-
vidual nodal-related proteins has little effect
on the early specification of mesoderm
(Toyoizumi et al. 2005), but it is possible to
use “Cerberus-short,” a truncated version of
the secreted inhibitory molecule Cerberus
(Bouwmeester et al. 1996), to inhibit the activi-
ties of all the nodal-related proteins, and exper-
iments of this sort show that the nodal-related
proteins are most active in dorsal regions of
the embryo and least active ventrally (Agius
et al. 2000). Finally, experiments making use
of antibodies directed against an activated
form of Smad2, a component of the activin/
nodal signal transduction pathway, reveal that
levels of TGF-B signaling are higher on the
dorsal side of the embryo than on the ventral
(Faure et al. 2000; Schohl and Fagotto 2002).

Together, these experiments indicate that
members of the TGF-B family, such as activin
and the nodal-related proteins, are capable of
acting as morphogens. The questions that
need to be addressed are now: How do these
morphogens exert their long-range effects and
how do cells respond differentially to different
morphogen concentrations? The rest of this
article addresses these questions.
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HOW ARE LONG-RANGE GRADIENTS OF
MORPHOGENS ESTABLISHED?

It is likely that long-range signaling occurs by
different mechanisms in different developing
systems. In particular, it seems probable that
signaling in epithelial tissues, such as the
Drosophila imaginal disk (Entchev et al. 2000;
Strigini and Cohen 2000; Vincent and Dubois
2002) or the neuroectoderm of the zebrafish
(Scholpp and Brand 2004), might differ from
that in mesenchymal tissues such as the devel-
oping chick limb bud (Zeng et al. 2001; Dillon
et al. 2003) or the early amphibian embryo.
The analysis of long-range signaling in the
early Xenopus embryo is therefore important
for comparative and evolutionary reasons, as
well as for its own sake.

As discussed above, the first analyses of sig-
naling in Xenopus showed that the long-range
effects of TGF-B family members represent
true long-range signaling, in the sense that
signaling molecules themselves traversed the
responding tissues. An understanding of the
mechanism by which the molecules move
across tissues has come from experiments in
which the TGF-B ligands themselves are made
visible. In one series of experiments, beads
soaked in TGF-B1 were implanted between
two animal pole regions, both of which
expressed a type II TGF-B receptor (McDowell
etal. 2001). Use of a TGF-B1 antibody revealed
that a gradient of ligand could be observed
across a distance of 150-200 wm. The
TGEF-B1 signal colocalized with the TGF-BIIR
receptor, and indeed detection of TGF-B1
required the presence of the receptor, suggesting
that it caused the sequestration and concen-
tration of the ligand. Ligand was only detectable
in the extracellular space in these experiments,
suggesting that the gradient does not form
by transcytosis (repeated rounds of endo-
cytosis and exocytosis), as has been suggested
to occur in the Drosophila imaginal disk
(Entchev et al. 2000; Gonzalez-Gaitan 2003).
Furthermore, similarly shaped gradients were
formed at 4°C and 23°C. Because internali-
zation of TGF-B1 is significantly reduced at
the lower temperature, this again indicates

that transcytosis does not play a significant
role in gradient formation.

As an alternative approach to visualizing
signaling molecules in the developing amphib-
ian embryo, Williams and colleagues created
a ¢cDNA encoding a version of Xnr2 that
was tagged with enhanced green fluorescent
protein (EGFP) (Williams et al. 2004). This
modified form of Xnr2 retained its biological
activity and was capable of exerting long-
range effects. When animal pole tissue ex-
pressing this construct was juxtaposed with
responding tissue, it was capable of activating
gene expression in the adjacent cells and it
was possible to visualize the movement of
the tagged TGF-B family member over several
cell diameters (Fig. 3A). Consistent with
previous work (McDowell et al. 2001), ligand
appeared to move extracellularly, and no evi-
dence was obtained for long-range signaling
through transcytosis or through filopodia or
cytonemes (Ramirez-Weber and Kornberg
1999).

Together, these results suggest that signaling
molecules in the developing Xenopus embryo
exert their long-range effects by traveling
through extracellular space and not by travers-
ing cells through transcytosis. Further evidence
in favor of this idea comes from Gurdon, who
interposed cells expressing a dominant-negative
form of dynamin between activin-expressing
cells and responding tissue (Kinoshita et al.
2006). Even though internalization was inhib-
ited by the presence of DynaminK44E, the
inducing signal was able to cross these cells to
cause the nuclear translocation of Smad2-GFP,
an effective reporter of activin signaling, in the
wild-type responding tissue (Bourillot et al.
2002).

In future work, it will be important to
discover what limits the range of signaling
in the Xenopus embryo, and what determines
the shape of the gradient. It is likely that
signaling range is influenced in some way
by interaction with the extracellular matrix,
in a manner analogous to that in which
BMP signaling range is regulated by type IV
collagens in the Drosophila embryo (Wang
et al. 2008).
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Figure 3. Following long-range signaling in the Xenopus embryo. (A) Animal pole tissue expressing enhanced
green fluorescent protein (EGFP)-tagged Xnr2 (cells with red membranes) was juxtaposed with unlabeled
tissue and cultured for 2.5 hours. Note the presence of EGFP fluorescence (green) in the unlabeled tissue.
Photograph courtesy of Hugh Williams. (B) Visualising activation of the activin signal transduction pathway
by Smad2/4 bimolecular fluorescence complementation (BiFC). Animal pole regions derived from embryos
previously injected with 25 ng (top) or 50 ng (bottom) mRNA encoding activin (left-hand side) were
juxtaposed with tissue derived from embryos expressing GPI-CFP as a membrane-bound lineage marker
(right-hand side). Both tissues were also expressing Smad2/4 BiFC constructs. Note nuclear fluorescence in
cells at a distance from the source of activin, and that the range of signaling is greater when cells are
expressing greater levels of activin. Photograph courtesy of Anja Hagemann.
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HOW DO CELLS IN THE DEVELOPING
AMPHIBIAN EMBRYO INTERPRET
DIFFERENT MORPHOGEN
CONCENTRATIONS?

The second major challenge in coming to
understand the role of graded signaling in
pattern formation in the developing Xenopus
embryo is to explain how different concen-
trations of morphogen activate the expression
of different genes. This problem has been
approached at several levels, but a satisfactory
explanation has yet to emerge. As discussed
above, quantitative work by Gurdon’s group
has indicated that 100 molecules of activin
bound to a cell are sufficient to activate ex-
pression of Xbra, whereas 300 are necessary to
activate goosecoid (Dyson and Gurdon 1998).
This difference in the number of occupied
receptors appears to be translated pari passu
into the nuclear levels of Smad2, a key com-
ponent of the activin signal transduction
pathway. Thus, injection of 0.2 ng of Smad2
RNA leads to the induction of Xbra, whereas
injection of 0.6 ng Smad2 RNA leads to the
repression of Xbra and the activation of goose-
coid. This threefold difference in levels of
injected Smad2 RNA causes only a threefold
difference in levels of nuclear Smad2, indicating
that there is no nonlinear amplification of the
extracellular signal between membrane and
nucleus (Shimizu and Gurdon 1999). The intra-
nuclear concentration of Smad2 is determined
by the rate of flow of activated Smad2 into
the nucleus, where it undergoes degradation
(Bourillot et al. 2002).

One important aspect of morphogen func-
tion is the ability of cells to “remember” the
highest concentration of morphogen to which
they have been exposed (Dyson and Gurdon
1998), a “ratchet” phenomenon that has also
been termed “positional memory” (Smith
1979). This ability might allow cells to “buffer”
fluctuating levels of an extracellular morphogen
or allow the appropriate target genes to be acti-
vated even if levels of morphogen decline
(Jullien and Gurdon 2005). One way in which
this memory might be maintained is through
the ability of embryonic cells to arrest movement

of the internalized ligand-receptor complex
before it reaches the lysosome, thus preventing
its destruction and allowing signaling to con-
tinue unabated (Jullien and Gurdon 2005).
The direct translation of extracellular signal
into intranuclear levels of Smad2 places the
burden for differential gene activation on the
regulatory regions of the genes in question: A
simple model would have it that Xbra responds
to lower doses of activin than does goosecoid.
The promoters of both Xbra (Latinkic et al.
1997) and goosecoid (Watabe et al. 1995) have
been studied, and as predicted, both respond to
activin. It has not yet been possible, however, to
ask whether the two genes respond differently
to different concentrations of activin, partly
because only limited portions of the regulatory
regions of the two genes have been isolated,
and partly because both genes respond to other
signal transduction pathways. Xbra, for
example, responds to FGF signaling (Smith
et al. 1991; Green et al. 1992; Latinkic et al.
1997), and goosecoid to Wnt signaling (Watabe
et al. 1995). In future work, it will be important
to define more closely the activin-responsive
elements of the two genes and to ask whether
their quantitative responses to activin differ.
One simple model for the generation of
differential gene expression in response to
activin would have it that low concentrations
of activin induce Xbra and high concentrations
induce goosecoid; at high concentrations goose-
coid might then repress the expression of Xbra.
Thus, one important outcome of work on
the Xbra promoter has been the identification
of an element that causes the down-regulation
of Xbra in response to goosecoid. The wild-
type Xbra promoter responds to activin in
a concentration-dependent manner that
resembles the endogenous gene: It is activated
by intermediate concentrations of activin and
suppressed by high concentrations (Latinkic
et al. 1997). Exogenous goosecoid protein is
able to repress the activation of the Xbra
reporter construct by intermediate concentra-
tions of activin, but this repression is prevented
by mutating two goosecoid binding sites
between —174 and —152 nucleotides of the
Xbra transcription start site (Latinkic et al. 1997).
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Although additional work suggests that
goosecoid may not by the only gene product
that represses Xbra at high concentrations of
activin (Latinkic and Smith 1999; Papin and
Smith 2000), the principle that interactions
between activin responsive genes refine the
transcriptional response to activin has been
confirmed in other experiments. Thus, if gene
activation in response to different concen-
trations of activin is analyzed shortly after
activin treatment, Xbra and goosecoid are both
seen to be expressed; refinement of their
expression patterns might take as much as
3 hours (Papin and Smith 2000). And if
treated animal pole regions are exposed to
cycloheximide, an inhibitor of protein syn-
thesis, refinement does not take place at all,
again suggesting that interactions between
gene products are responsible for generating
thresholds (Papin and Smith 2000).

The simple network represented by the
model above can be elaborated and formalized
so as to ask whether its intuitive conclusions
can withstand more rigorous analysis. To do
s0, Saka and Smith (Saka and Smith 2007)
recognized not only that goosecoid represses
expression of Xbra, but that Xbra, albeit
indirectly, represses expression of goosecoid. By
representing these observations in a formal
network in which activin induces expression
of both Xbra and goosecoid and in which
Xbra and goosecoid feed back on each other in
a negative fashion (Fig. 2G,H), it was possible
to show that such a scheme could convert a
graded inducing signal into a binary output in
which Xbra was on and goosecoid off or vice-
versa. Significantly, this mutual negative feed-
back system was capable of yielding sharp
thresholds in response to increasing levels of
activin, in a manner resembling the endoge-
nous genes. The differential expression of Xbra
and goosecoid in response to different concen-
trations of activin requires that the rates of
synthesis of the two gene products are well
balanced, and threshold formation is made
more likely if the rates of degradation of Xbra
and goosecoid differ.

Models such as this represent a great simpli-
fication of the real cell, and ultimately it will be

Gradients in the Early Xenopus Embryo

necessary to model the complete genetic regu-
latory networks that underlie mesoderm for-
mation in the early amphibian embryo (Loose
and Patient 2004). This is a huge task, and it
may not be feasible in the foreseeable future,
but it may be possible to design a smaller
network based on Xbra, targets of which have
been identified through several screens (Tada
et al. 1998; Saka et al. 2000; Tada and Smith
2000; Tada and Smith 2001). These Xenopus
experiments have recently been complemented
by work in the zebrafish that has used chroma-
tin immunoprecipitation followed by micro-
array analysis to identify targets of no tail, a
zebrafish ortholog of Xbra (Morley et al. 2009).

OTHER SPECIES

Members of the TGF-f family play a role in
mesoderm formation in other species, includ-
ing mouse (Conlon et al. 1994; Vincent et al.
2003), chick (Seleiro et al. 1996; Shah et al.
1997), and zebrafish (Rebagliati et al. 1998;
Feldman et al. 2000; Dougan et al. 2003; Liang
and Rubinstein 2003), and at least in mouse
(Vincent et al. 2003) and zebrafish (Chen
and Schier 2001; Chen and Schier 2002;
Solnica-Krezel 2003), it is clear that the body
plan is specified by graded nodal signaling.
Work in the zebrafish embryo has confirmed
the impression gained from Xenopus (Green
et al. 1990) and the chick embryo (Dessaud
et al. 2007): that time of exposure to nodal is
as important as the absolute concentration of
ligand (Hagos and Dougan 2007). Thus, cells
exposed to a uniform concentration of nodal
for a long period of time adopt more marginal
fates than cells exposed for a shorter period.
Importantly, this provides a mechanism for
“steepening” a gradient, for cells closer to the
source will not only be exposed to a higher
level of ligand than cells more distant, they
will have been exposed to it for longer. This
“Integration” of time and concentration may
underlie the spatial pattern of the Smad2
signal transduction pathway in the zebrafish
embryo as revealed by use of a Smad2-Venus
fusion protein and by Smad2/Smad4 BiFC
(Harvey and Smith 2009). Thus, Smad signaling
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in the zebrafish embryo, as in Xenopus, is higher
dorsally, and this may occur because expression
of the nodal ligand sqt begins on the dorsal side
of the embryo and persists for longer in this
region (Dougan et al. 2003).

THE FUTURE

It is now well established that gradients of
TGF-B family members regulate the spatial
patterns of gene expression in the developing
Xenopus embryo as well as in the embryos of
other vertebrate species, and in this article I
have outlined what we know about how this
occurs. In the future, it will be important to
take advantage of improved imaging technol-
ogies to observe morphogen function in real
time and space. It may be possible, in a single
embryo, to observe the progression of ligand
(see Fig. 3A), the activation of a signal transduc-
tion pathway (Fig. 3B), and the induction of
target genes. It may also be feasible to measure
the concentrations of ligand and of various
gene products. In this way, one will be able to
test models of morphogen action more rigor-
ously than is possible at present and thereby
come to a definitive understanding of the
spatial activation of gene expression in the
developing embryo.
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