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SUMMARY

Knowledge of when and where signaling pathways are
activated is crucial for understanding embryonic
development. In this study, we have systematically analyzed
and compared the signaling pattern of four major
pathways by localization of the activated key components
B-catenin (Wnt proteins), MAPK (tyrosine kinase
receptors/FGF), Smadl (BMP proteins) and Smad2
(Nodal/activin/Vgl). We have determined semi-
quantitatively the distribution of these components at 18
consecutive stages inXenopus development, from early
blastula to tailbud stages, by immunofluorescence on serial
cryosections. The image obtained is that of very dynamic
and widespread activities, with very few inactive regions.
Signaling fields can vary from large gradients to restricted
areas with sharp borders. They do not respect tissue
boundaries. This direct visualization of active signaling

verifies several predictions inferred from previous
functional data. It also reveals unexpected signal patterns,
pointing to some poorly understood aspects of early
development. In several instances, the patterns strikingly
overlap, suggesting extensive interplay between the various
pathways. To test this possibility, we have manipulated
maternal B-catenin signaling and determined the effect on
the other pathways in the blastula embryo. We found that
the patterns of P-MAPK, P-Smadl and P-Smad2 are
indeed strongly dependent or3-catenin at this stage.

Supplementary material:
http://www.eb.tuebingen.mpg.de/papers/fagotto_dev_2002.html
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INTRODUCTION survive long after disappearance of the signal, obscuring the
dynamics of the inductive pathways.

Embryonic induction relies on a relatively small number of The most reliable method of characterizing signaling
signal transduction pathways, which are used repeatedly amadgtivities in the embryo is the direct detection of downstream
in various combinations during development. The set of geneomponents in their active state. In many cases, these
targets affected by a given pathway depends on the intensity ddwnstream components are resident cytoplasmic proteins,
the signal, the history of the cell (competence), and the crosghich enter the nucleus specifically upon stimulation of the
talk with other signals. A precise activation of these pathwaysorresponding pathway. We have chosen to study four such
in space, time and intensity is thus crucial for proper embryonicomponentsf3-catenin, Smadl, Smad2 and MAPK. Each of
patterning. Our present knowledge of these parameters is stilese components transduces a specific pathway, triggered by
very fragmentary. It is essentially inferred from the expressioa family of secreted factors. (f)catenin is stabilized/activated
patterns of secreted inducers and of target genes, and frdoy Wnts (Cadigan and Nusse, 1997); (2) the Smads are
functional data on the requirement for certain pathways. Yephosphorylated upon stimulation by T@Felated factors
many secreted factors can activate the same pathways, onlyMassague, 1998; Heldin et al., 1997), by BMPs for Smad1,
few have been so far characterized, and comparative data by activin, Vg1 and Nodal-related proteins (Xnrs) for Smad2.
their relative abundance are virtually non-existent. Moreovel3) Finally, one of the members of the MAPK family, ERK,
mRNA localization provides no information on the actualis phosphorylated/activated in response to various ligands
activity of the secreted factors and their range of diffusionof tyrosine kinase receptors, including FGF (Cobb and
These depend on a variety of parameters such as processi@gldsmith, 2000).

secretion, retention (and/or activation) by binding to the Numerous functional studies have provided evidence
extracellular matrix, presence of extracellular inhibitors/indicating essential roles for these four pathways in early
competitors, affinity for a given receptor, or functional statepatterning of the vertebrate embryos, roles that appear to be at
of the receptor and of the downstream components. THeast partly conserved from fish to mammals. PBheatenin
expression pattern of target genes may reflect more directly tipathway determines the body axis (Heasman et al., 1994,
signaling activities, but the available information is incompleteHeasman, 1997; Harland and Gerhart, 1997). This §arly
and its interpretation is complicated by the fact that most genesitenin signaling is activated by an unknown maternal
are targets of more than one pathway. Also, the transcripts mdgprsalizing determinant that is anchored to the vegetal cortex
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of the egg and is asymmetrically re-localized at fertilization(Cadigan and Nusse, 1997). Nucleicatenin has been
(Darras et al., 1997; Harland and Gerhart, 1997; Marikawa eletected in the dorsal cells ¥énopusand zebrafish blastulae,
al., 1997). Zygotic Wnt8 is involved in determination of thein agreement with its role in axis induction (Schneider et al.,
paraxial mesoderm (somites) and inhibition of anterior and996). Upon stimulation, Smadl, Smad2 and MAPK become
axial mesoderm (Christian and Moon, 1993; Hoppler et alphosphorylated and accumulate in the nucleus (Cobb and
1996; Leyns et al., 1997; Wang et al., 1997; Niehrs, 1999)Goldsmith, 2000; Heldin et al., 1997; Massague, 1998). These
Various Wnts are expressed at later stages, and function jfmosphorylated forms are recognized by specific antibodies
particular in neural patterning (Joyner, 1996; lkeya et al.(Christen and Slack, 1999; Faure et al., 2000). Localization of
1997). Smadl and Smad2 at the early gastrula stage have been

FGF/MAPK signaling plays an essential, but not fullyrecently reported (Faure et al., 2000), but phosphorylated
understood role in mesoderm formation (Amaya et al., 199IM/APK is the only component that has received a thorough
Harland and Gerhart, 1997). FGF may act as a competenegamination during development (Christen and Slack, 1999;
factor for mesoderm induction (Kimelman et al., 1992; CornellCurran and Grainger, 2000). All previous immunolocalization
et al., 1995; Harland and Gerhart, 1997; LaBonne andata were obtained using whole-mount staining procedures,
Whitman, 1997), or may only function in mesodermwhich are not ideally suited for the study of large embryos.
maintenance (Isaacs et al., 1994; Schulte-Merker and Smittmmunofluorescence on cryosections (Fagotto and Gumbiner,
1995; Harland and Gerhart, 1997). FGF can later als©994; Fagotto, 1999) has allowed us to perform a detailed,
induce/posteriorize the neuroderm (Cox and Hemmatisemi-quantitative and comparative analysis of the four
Brivanlou, 1995; Lamb and Harland, 1995; Isaacs et al., 19983ignaling pathways. This is to our knowledge the first
Some other activators of MAPK, such as PDGF, are alssystematic description of signal transduction pattern during
expressed during early development (Ataliotis et al., 1995). vertebrate development.

Mesoderm and endoderm formation requires activin-like
signals emanating from the vegetal pole (Hemmati-Brivanlo
and Melton, 1992; Schulte-Merker et al., 1994; Harland anléllATERlALS AND METHODS
G.er.hart, 1997), Which may act as morphogens, activating, . nofluorescence
distinct genes at different doses (Green et al., 1992; Gurd hbryos were fixed in paraformaldehyde, postfixed in

et al., 1994). The egg contains the maternal factors aCtiViBMSO/methanol, embedded in fish gelatin and serial
(Oda etal., 1995) and the vegetally localized Vg1 (Weeks angyosections were prepared as describged (Fagotto, l]iﬁggg). Sections
Melton, 1987). The current models, however, attribute @ere stained with the following antibodies: affinity purified rabbit
crucial role to Xnrs, induced by the maternal transcriptioranti3-catenin (Schneider et al., 1996)1(@/ml), mouse anti-P-ERK
factor VegT in the vegetal hemisphere of late blastula¢l/250; Sigma), rabbit anti-P-Smadl (1/500) and anti-P-Smad?2
(Zhang et al., 1998; Clements et al., 1999; Kofron et al., 19991/250; kindly provided by Peter ten Dijke, NKI, Amsterdam).
Sun et al., 1999; Agius et al., 2000; Takahashi et al., 200&econdary and tertiary antibodies were donkey anti-mouse Alexa488
Yasuo and Lemaire, 1999). Whether the VegT-Xnrs pathwa! /100, Molecular Probes), goat-anti-donkey Alexa488 (1/100) and
is responsible alone for endoderm-mesoderm induction, {onkey a.m"(rjabb.'th Cy3 (l/lo(l)O’h D'a’I‘lfva)'h The h””C'e' "l"erl‘f
whether it synergizes with another maternal factor such iurgrtg)stame with DAPI, and the yolk with Eriochrome Blac
Vgl is still unclear (Zhang et al., 1998; Clements et al., gma).

1999). Image acquisition and analysis (Fig. 1)

The function of BMP signaling during gastrulation is t0To obtain comparable signal intensities, sections from different
impose a ventral fate (Sasai and De Robertis, 1997; Lemaiggages were stained simultaneously, and the images were collected
and Yasuo, 1998; Dale and Wardle, 1999). BMPs are stronghnd processed identically. The samples were observed witlx a 25
expressed during gastrulation in the ventral and laterabater-immersion objective (NA 0.8) on an Axiovert fluorescence
ectoderm and mesoderm, except in the dorsal regioficroscope (Zeiss). Three filter sets were used: a DAPI filter; a
corresponding to the prospective neuroderm and the SpemahH C-filter set with a long pass emission filter allowing
Organizer (Fainsod et al, 1994: Hemmati-Brivanlou an;(Elmultaneous collection of the green Alex488 image and the red

. ; riochrome image; a Cy3 filter set with narrow orange emission
Thomsen, 1995; Schmidt et al., 1995). BMPs can act ilter, which excludes the red Eriochrome signal. Images were

morphogens, and induce Iate_ral to Ve”t“’!' fates in a do_%%llected with a DXC-950P 3CCD video camera (Sony). Composite
dependent manner. The Organizer antagonizes BMP S|gnallri}gages of whole sections were produced by collecting 20-40

both by transcriptional repression of BMPs, and throughontiguous images using an automated stage and AnalySIS software
secretion of soluble inhibitors of BMP ligands, such as NoggifiSoft Imaging System).

and Chordin (Lemaire and Yasuo, 1998; Dale and Wardle, Image processing was performed using Photoshop (Adobe
1999). At later stages, BMPs are expressed in the dorsal neufgistems Inc.) and AnalySIS programs. Images were first adjusted for
tube and the overlaying ectoderm. They can dorsalize tHeckground and intensity, such that the absolute strongest signal
neural tissue, and antagonize the ventralizing activity of Soniguring early development was set to 100%. Cross-reactivity signals
hedgehog emanating from the notochord (Sasai and DEM the vitelin membrane with Smadl and Smad2 antibodies

Robertis, 1997) were removed digitally. Except for images showing Eriochrome

Activati f th f th be detect é:ounterstaining, all images were transformed in monochrome RGB
ctivation 0 ese four pathways can De detecte mages (red for Cy3, green for Alexa488, blue for DAPI). Red, green

biochemically and histologically: in non-stimulated cefs,  5ng blue images were then merged. Nuclear images were obtained
catenin is restricted to the plasma membrane, and cytoplasnii¢ using the blue channel (DAPI staining) as a mask (Fig. 1). The
levels are maintained very low. In activated cells, the solublgse of a DAPI mask was especially important féxcatenin

pool is increased, and nuclear accumulation is conspicuossaining, since the strong plasma membrane signal complicated, and



[-catenin, MAPK and Smad signaling in Xenopus 39

sometimes obscured, the nuclear staining. The other three signdESULTS AND DISCUSSION
were almost exclusively nuclear, except for P-MAPK in animal caps
of blastulae, where a significant cytoplasmic staining was a|SWIeth0dology

observed [see also Curran and Grainger (Curran and Graing%revious data of-catenin, Smad or MAPK localization in

2000)]. To minimize overlap of-catenin signal from the plasma . .
membrane, which can occur in the small cells of late stages, the are)égnopus have been obtained using whole-mount based

of the masks were shrunk (1 pixel/radius of each nucleus) using dgchniques. These methods are widely used for in situ
‘erosion function’. The nuclei were finally re-expanded (2-3hybridization, and provide good information for the superficial
pixels/radius) in the final nuclear images for better visibility. Forstructures of the embryo. However, they suffer from the very
estimation of the signal intensities, pseudocolors were used dimited penetration of large molecules, in particular antibodies,
nuclear images (Fig. 1). The intensity range was divided into fouthrough the thickness of the embryonic tissues. In attempts to
equal parts, and translated into four colors in the drawings, frorgircumvent this limitation, whole-mount staining of embryo
white (no signal) to red (strongest signal). In some cases, a very wegl|yes have been used (Faure et al., 2000), but, even then, the

orlspot'ﬁed signal was reproducibly observed, which is depicted |aeep’ yolk-rich cells are still poorly stained (compare Smad
pale yellow.

In control experiments, embryos
overexpressing Axin, a downregulator :
[-catenin, or dominant negative recep ﬁ‘c:t’g':li'}
(MAPK and Smad) showed stro )
reduction of the corresponding nucl
signals (supplementary Fig. S1). Cont
demonstrating the absence of ble
through between the green and (
channels in  our double-staini
experiments are also shown in
supplementary material (Fig. S2).

image acquisition

Embryo manipulation

30 minutes after fertilization, eggs w . merge .
U\irradiated from the vegetal side Us oy signal (B-catenin)
a UV-Stratalinker 1800 (Statage ' and DAPI
energy: 85 mJ). The degree
ventralization (dorsoanterior index) (K
and Elinson, 1988) measured at e
tadp_ole Istage? V\llas t_<O.)5 (53i23 no”rmatl, prepare
maximal ventralization). -cell sta
embryos were incubated for 30 minute DAPI mask
133 mM LiCl, which produces a stro
dorsalization phenotype. 1 ng Myc-tag
B-catenin mRNA was injected ventrally
4-cell stage embryos.

E mask: filter
Fig. 1.Example of image processing for [Rluibibrid merged image

the analysis of nuclear signafscatenin through mask
staining of a parasagittal section, stage
10.25. 25 consecutive images[®f
catenin signal (A, red channel) and of

DAPI staining (B, blue channel) were

expand area

collected and collated automatically. The of the nuclei

two images were merged (C), and filtered| *

through a mask (D) created from the

DAPI image. Because nuclei are small transform

iand their |_?_ten_5|ty dt|1ff|cult Ito visualize at signal intensity

ow magni ication, the nuclear area was F p-catenin into G p-catenin color code

expanded (E). To obtain semi-
guantitative information, the intensity of
the B-catenin signal was translated into
pseudocolors (F). The intensities were
divided into five categories and translated
into a color code (red to white) used for
our drawings (G). Note that pale yellow
can represent very weak or
inhomogeneous signals. An identical
procedure was used to analyze signals fa
P-Smad2 (red channel), P-Smad1 and P
MAPK (green channel).

pseudocolors pseudocolors

translate
into color code
for drawings
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staining in Faure et al. and in the present work) (Faure et apapers/fagotto_dev_2002.html.  Also included in the

2000). supplementary material are animated drawings of these signals
To obtain unequivocal results, we have localipechtenin, during early development.

Smadl, Smad2 and MAPK by indirect immunofluorescence on A detailed discussion of each pattern is beyond our scope.

cryosections. Owing to the complexity and the dynamics of thgVe limit our presentation to the most striking features of each

signals, it was important to collect a large number of imagepathway, and discuss some specific aspects in relationship to

of consecutive stages, using serial sections and sectiopgevious data and current models. The comparison of these

obtained along different axes. The distribution of the fouipatterns suggests a possible subdivision in three phases, early

signaling components could be directly compared by doubléefore gastrulation), gastrulation, and later stages, which we

staining and staining of adjacent sections. For each pathwdyave largely followed in our presentation of each pathway.

the relative intensity at various stages was estimated usirignally, we highlight some general features emerging from this

image processing (see Materials and Methods and Fig. 1). Fstudy.

each stage (stages 8-20) an average distribution obtained py .

comparing different embryos was represented in schematEcatenin

drawings. These results are summarized in Fig. 8, Fig. 9, Fi§-catenin staining in blastulae (Fig. 2, Fig. 3, Fig. 4,

10, Fig. 11, Fig. 12. Examples of selected stages are presenfadnmary Fig. 9)

in Fig. 2, Fig. 3, Fig. 4, Fig. 5, Fig. 6, Fig. 7. A collection of At stage 8-8.5B-catenin accumulation is prominent in the

immunofluorescence images for each staining, which alsdorsal nuclei (Fig. 2A-B, Fig. 4Adouble arrowheads). Dorsal

includes later stages not represented in the drawings, is availablecumulation is prevented when cortical rotation is inhibited

as supplementary material at http://www.eb.tuebingen.mpg.dék UV irradiation (Fig. 4)B-catenin is then strongest in vegetal

A mask: B-catenin/DAPI A'  mask: P-MAPK/DAPI mask: P-Smad2/DAPI A" mask: P-Smad1/DAPI

stage 8.5

Fig. 2 Distribution of nucleaf-catenin, P-MAPK and P-Smads during blastula stages. Because there are only few nuclei per section at early
stages, nuclear images of several sections were superimposed (number of sections: stages 8 and 8.5=5; stage 9=3-4 fistagertnxd])
P-MAPK images are from double-stained sections. Arrows and arrowheads point at particular aspects of the patterns disctesded in
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nuclei (Fig. 4B, asterisk). Previous observations had suggestet depend on the position of the early maternal signal: the
that activation of materng-catenin occurred near the surface signal seems to spread from dorsal to ventral along the equator
of the embryo (Schneider et al., 1996). However, nudlear in normal embryos, and to radiate from the vegetal pole in UV-
catenin clearly extends to the deep layers in our on-sectiarradiated embryos.
staining, both in normal and in UV-irradiated embryos. Thus, _ . _ ) _ )
activation of-catenin is not restricted to the cortex of theP-catenin staining during gastrulation (Fig. 5, Fig. 6,
embryo, but must spread toward the interior after corticafummary Fig. 9)
rotation. Surprisingly, lower levels of nucldicatenin are also At stage 10.253-catenin is still present all around the marginal
present throughout the embryo. Perhaps, activation of theone (Fig. 5BC,D’, small arrowheads), except for a narrow
dorsalizing pathway ‘leaks’ out of the dorsal region.area of the most dorsal side (Fig.'&B, arrows). Soon
Alternatively, a ubiquitous basal activity might be induced bythereafter (stage 10.5), a strong signal appears at the dorsal
maternal Wnts such as Wnt8b (Cui et al., 1995). blastoporal lip (Fig. 6A arrowhead). This signal further
From stage 8.5 to stage 9.5, nuclgamatenin also increases strengthens and spreads to the ventral lip in subsequent stages
progressively on the ventral and lateral sides to form a rin¢Fig. 6B, arrow, D-D, arrowheads), and persists until the end
(Fig. 2B-D, Fig. 3B, Fig. 4C, Fig. 4E, arrowheads). This ring of gastrulation. The endoderm also displays prominent nuclear
overlaps with the prospective mesoderm, but is wider than thgcatenin staining (Fig. 6Dasterisk), which fades toward the
ring of P-MAPK (see below), and includes dorsal vegetal cellsdorsal anterior region. This endodermal signal peaks at the end
It shifts progressively lower, a likely consequence of epibolyof gastrulation (Fig. 6E asterisk, Fig. 9, stages 12-14), and
This ring-shaped signal was unexpected. During earlgisappears at late neurula stages (Fig. 9, stage 20). The animal
development3-catenin is classically thought to be activated bypole has variable, low to moderate levels. The only region
two consecutive signals with opposite effects: the maternalevoid of nuclearf3-catenin is the most dorsal part of the
dorsalizing activity, and the zygotic ventrolateral Wnt8, whichneurectoderm (Fig. 64" ,E', carets) and of the adjacent
has a ventralizing function during gastrulation (Christian andnterior mesoderm.
Moon, 1993; Hoppler et al., 1996). It is unlikely that the ring The ventrolateral crescent at stage 10.25 fits well with the
might represent the overlan
of both early and la stage 9
signals. It appears earl g rr—ry=—— A'  mask: P-Smad1/DAPI A" mask: P-Smad2/DAPI
than expected for inductic PSR
by Wnt8, and persis
longer than the materr
dorsalizing activity (Jone
and Woodland, 198
Harland and Gerha
1997). Alternatively, thi
ring may reveal th
existence of a thi
intermediate signal. In U’
irradiated embryos, B-
catenin activity at stag B ) [i-catenin mask: [i-catenin/DAPI mask: P-MAPK/DAPI
9.5 was shiffed mo |k
vegetal, occupying ti
lower marginal zone al
the vegetal mass (F
4D',F, asterisks). Thus, tl
late blastula pattern see

Fig. 3.Examples of staining
at stage 9 (blastula).

(A-C) Original images;
(A'-C',A"-C") nuclear C
images f3-catenin and P- equatorial
MAPK images are from
double-stained sections. In the
Smadl image (A), the yolk
was counterstained with
Eriochrome Black (red).
(C',C") Nuclear images of 4
equatorial sections,
superimposed. Arrows and
arrowheads: prominent

patterns, see explanations in
the text. DORSAL
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stage 8.5 control
mask: fi-catenin/DAPI

stage 8.5 UV-irradiated

[-catenin B mask: [-catenin/DAPI

[-catenin

stage 9.5 control stage 9.5 UV-irradiated

c c'
sagittal
L d -
E - I

Fig. 4. -catenin distribution at mid (8.5) and late blastula (9.5) stages in normal and UV-irradiated embryos. (A-F) OriginalAmBges; (
nuclear images. Arrows, arrowheads and asterisks: prominent patterns, see explanations in the text.

equatorial

expression of Wnt8 (Christian and Moon, 1993). However, théHudson et al., 1997). Indeed, similar to TCFs, Sox are HMG-
dorsal ‘gap’ is surprisingly small, narrower than thebox transcription factors, which bind directly fscatenin
prospective axial mesoderm field, and extremely transient, g€orn et al., 1999). It is tempting to speculate that a [Box-
the next strong signal soon appears at the blastopore lip. Itdéatenin pathway is involved in endoderm formation.
presently unclear how this may be fully reconciled with the
proposed inhibitory role of Wnt8 in notochord formation B-catenin at neurula and tailbud stages (Fig. 7, summary
(Christian and Moon, 1993). Our data are however consistefrig- 9, supplementary material)
with head formation being incompatible with Wnt signaling At the end of gastrulatiof-catenin staining remains intense
(Niehrs, 1999), ag-catenin is low or absent from the dorsal around the posterior circumblastoporal region, until the end
anterior region during gastrulation. of neurulation (Fig. 7A,B, cc and asterisk). The endodermal
The complex pattern during gastrulation indicates that othesignal shrinks toward the ventral posterior region (Fig. 7A,B,
Whnts must act in addition to Wnt8, and suggests that importaein and star), and disappears at stage 20. New patterns appear,
functions of [-catenin signaling have probably beenin particular in the neural tissue, consistent with the
overlooked. The appearance[®tatenin at the blastoporal lip expression of various Wnts in this tissue. Note in particular
coincides with the start of convergence extension in the dorstiie stripe in the prospective midbrain area (Fig. 7B,D,
side and archenteron spreading both in the dorsal and in taerowhead), which is perfectly complementary to the MAPK
ventral side. Its pattern is reminiscent of Xbra and Wntlktaining (Fig. 7C,D, carets). Both the ligand, Wntl, and the
expression. Wntl11l is a direct target of Xbra (Saka et al., 2000prget, engrailed, are specifically expressed in this area, and
which regulates cell polarity and gastrulation movements via this pathway is required for proper development of this part
[B-catenin-independent pathway (Heisenberg et al., 2000f the brain (Joyner, 1996). Other prominent signals include,
Wntll shows some axis-inducing activity (Ku and Melton,at neurula stages, the lateral regions of the neural plate,
1993), indicating that it may also activ@@eatenin signaling. consistent with a function of the pathway in neural crest
The intense signal in the endoderm is also unexpected, but mépymation (Ikeya et al., 1997; Dorsky et al., 2000), and, at
be related to the role of Sox17 in endoderm developmemarly tailbud stages, dorsal cells such as neural crest cells and
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dermatome (Fan et al., 1997), as well as the inner layer of thgobably partly reflects the positive feedback loop involving
epithelium (supplementary material). At stage BLatenin  Xbra-eFGF (lsaacs et al., 1994; Schulte-Merker and Smith,
signal has strongly diminished in most regions of the embry©995).

(supplementary material). ] .
MAPK at later stages (Fig. 7, summary Fig. 10, and

MAPK supplementary material)

MAPK activation has been studied previously by whole-mounit the end of gastrulation, a different pattern appears. Activity
immunochemistry (Christen and Slack, 1999; Curran ande-spreads from the dorsal lip to a wide posterior area (Fig.
Grainger, 2000). Our data confirm most of the published@C,D, asterisk, see summary Fig. 10). Other discrete areas are
patterns, with some notable exceptions in early stages. activated, including a small region at the anterior tip of the

) _ _ neuroderm, followed by a second stripe at the level of the
MAPK at blastula stages (Fig. 2, Fig. 3, summary Fig. 10)  prospective anterior hindbrain and the tip of the notochord
At stage 8, MAPK is weakly, ubiquitously activated (dark blue-(Fig. 7C,D, carets, supplementary material). As mentioned
green nuclei in Fig. 2A. It is then further activated in the above, MAPK signal tends to be complementar-tatenin
marginal zone (stages 8.5-9.5), first stronger dorsally (Figsignal in the anterior neuroderm (Fig. 7D), while both signals
2B',C' and Fig. 3B, double arrowheads) than ventrally coexist in the posterior mesoderm. This pattern fits well with
(arrowheads). The vegetal region maintains low-moderatthe expression of FGF8 in the anterior ridge (forebrain) and
levels, while the animal cap shows
weak signal. The marginal ri
has been reported previou stage 10.25
(Christen and Slack, 1999; Cur |IN P-Smad1/Eriochrome A'  mask: P-Smad1/DAPI A" mask: P-Smad2/DAPI
and Grainger, 2000). The weal KeEReH .
and somewhat variable, activat
in the vegetal cells had not be
detected by whole-mount stainil
but is consistent with earli
biochemical data (LaBonne &
Whitman, 1997).

MAPK during gastrulation (Fig.
5, Fig. 6, summary Fig. 10)

During gastrulation, MAPK |
strongly  activated at tl
blastoporal lips (Fig. 5BC" anc
Fig. 6D', arrowheads). Compar
to previous reports, our staini
gives a more precise and dyna
pattern. It shows in particular tl
the MAPK signal is not initiall
confined to the blastopore lip, |
is more widespread, as wea g
signals are observed in 1 PEEEEELE]
posterior neuroderm and
dorsal endoderm (Fig. 3BC",
caret and asterisks, Fig. 10, st
10-10.25). MAPK activity the
progressively retracts from t
animal/anterior regions  whi
becoming increasingly restrict
to the lips (Fig. 6D, arrowhead:
Fig. 10, stages 10.5-12). T
sharpening of the activity dome¢  ELUEGHE]

p-catenin ' mask: -catenin/DAPI B"  mask: P-MAPK/DAPI

Fig. 5.Examples of staining at early
gastrula stage. (A-D) Original
images; (A-D',A"-D") nuclear
imagesf3-catenin and P-MAPK
images are from double-stained
sections. bp, dorsal blastopore lip.
Other symbols: see explanations in
the text.
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at the midbrain-hindbrain boundary, and its role in patterningeneral discussion below). The predicted vegetal signal is
of the brain (Shanmugalingam et al., 2000; Joyner et aleventually observed, but surprisingly late, at the beginning of

2000). gastrulation. Its progressive spreading from dorsal to ventral
) ] . ) ] is in agreement with expression of nodal-related factors
Smad2 (Fig. 2, Fig. 3, Fig. 5, Fig. 6, summary Fig. 11) (Jones et al., 1995; Joseph and Melton, 1997; Sun et al., 1999;

Smad?2 shows a very dynamic pattern during early developmen€ofron et al., 1999; Clements et al., 1999; Agius et al., 2000;
At stage 8, significant levels of Smad2 are detected ubiquitousijakahashi et al., 2000), but with a temporal delay of 1-2
(Fig. 2A"). The signal is however somewhat inhomogeneoushours, likely required for secretion of the Xnrs. No obvious
At stage 8.5, the signal increases
transiently in a wid
supraequatorial ring (Fig. 2B i : Stage 10.5 Stage 11
arrowheads), already obsen B-catenin A mask: [}-catenin/DAPI [}-catenin
for B-catenin. The activity the v

increases in the vege
hemisphere (Fig. 20 asterisk)
starting dorsally (Fig. 2CD"
and Fig. 3A, double
arrowheads). P-Smad2 sig
remains high in the vege
region and moderate in t
marginal zone during eat
gastrulation (Fig. 5A,
respectively asterisk al
arrowheads), then decrea [SEEESHELHIGEIGIGTE mask: P-Smad1/DAPI C" mask: P-Smad2/DAPI
rapidly (Fig. 6C, summary Fig 2
11, and supplementary materi
At stage 14 only a weak sigr
with a variable distributio
remains. Nuclear Smad2 la
reappears in several areas of
embryo. The most promine
late patterns are the endoder
signal at stages 16-20, and
very strong activity in th
somites, which at tailbud stag
reaches levels higher than dur p-catenin ! mask: [J-catenin/DAPI D"  mask: P-MAPK/DAPI
gastrulation (supplemente v

material).

These data  show
significant early general Sma
activation (stage 8-8.5). Tt
early activation has n
been previously detect
biochemically (Faure et a
2000), perhaps owing to a low
sensitivity of the method. Th
pattern was unexpected, sit
most potential sources
signal, i.e. maternal Vgl a
zygotic Xnrs, are considered
be vegetally localized (st

Stage 14

[i-catenin : mask: f-catenin/DAPI E" mask: P-5111ad1?API
p 5 _e .

Fig. 6. Examples of staining at
various gastrula stages.

(A-E) Original images;
(A',C-E',C"-E") nuclear images.

C" and D' are from a double-
stained section. All sections are
sagittal. bp, dorsal blastopore lip.
Other symbols: see explanations in
the text. \ bp
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vegetal-animal gradient is detected in stage 16

vegetal mass. However, P-Smad2 is incre B-catenin DORSAL |B mask: -catenin/DAPI
where B-catenin signal peaks (dorsally np

stages 9-10, Fig. 2CD", Fig. 3A’, double Y

arrowheads, summary Fig. 11, and at Gl
ventral corner of the blastocoel floor at st
10, summary Fig. 11), consistent w
activation of Xnrs byB-catenin (Agius et al
2000; Hyde and Old, 2000) (see also bel
Note that in the previously published imag:
stage 10.25, the vegetal signal
conspicuously weak (Faure et al., 2000
probable artifact of whole-mount staining.

We are not aware of any known acti
Nodal-dependent process that can be corre
to the strong Smad2 activation found in
somites at late stages. On the other hand, n
have been implicated in determination of |
right assymetry, and Xnrl is asymmetric
expressed in the left lateral region of tail
stages (Lowe et al., 1996; Lustig et al., 19
We have not been able to detect
corresponding asymmetric P-Smad2 sign:
this region. Perhaps levels of Smad?2 active
were below detection. Alternatively, Xr
might act via other transducing molecule:
this process.

ANTERIOR

mask: J-catenin/P-MAPK/DAPI

Smadl
Smad1 staining at blastula stages (Fig. 2, Fig. 7. B-catenin/P-MAPK staining of stage 16 neurula, parasagittal section.
Fig. 3, summary Fig. 12) (A) Original B-catenin image; (Bp-catenin nuclear image; (C) P-MAPK nuclear

image; (D) overlay op-catenin and P-MAPK nuclear images. Note the overlappin

LO\_N . Ievels_ of P-Smadl are detec staiging((eisteriskflinrihe posterior circumblastoporal coII?ir (cc) and the Pping
ubiquitously in early blastL_JIae (Fig. Z'A‘B'_”)- complementary patterns in the brain (arrowhead and carets). The arrow indicates the
At stage 9, the pathway is globally activa  midbrain-hindbrain boundary. Star, posterior endodef¥etenin staining; en,

but remains weaker in the dorsal animal re endoderm; ep, epidermis; fb, forebrain; md, midbrain; hb, hindbrain; np, neural plate;
(Fig. 2C",D™ and 3A, arrow). These patter ~ sm, presomitic mesoderm.

are generally consistent with the presenc

maternal BMPs (Hemmati-Brivanlou &

Thomsen, 1995), and with a transcription-independenhas disappeared by stage 26 (summary Fig. 12, supplementary
activation detected biochemically (Faure et al.,, 2000)material). It persists longest in the most ventral endoderm.
However, the pattern of lower activity in the dorsal animal BMPs can act as morphogens and induce lateral to ventral
quarter does not coincide with the Organizer, which is moréates in a dose-dependent manner (Lemaire and Yasuo, 1998;
vegetally centered, but partly prefigures the neural field. Recebale and Wardle, 1999). Although BMP expression itself is not
data suggest that neural induction, classically thought to occgraded, but is rather homogenous over the ventrolateral
during gastrulation, may in fact start earlier (Baker et al., 199%ctoderm mesoderm (Fainsod et al., 1994; Hemmati-Brivanlou
Streit et al.,, 2000), consistent with early dorsoventrabnd Thomsen, 1995), a graded BMP activity has been predicted
differences observed in the ectoderm (London et al., 1988 form in the gastrula embryo, controlled by the diffusion of

Sokol and Melton, 1991) the BMP antagonists from the dorsal side (Dale and Wardle,
1999; Lemaire and Yasuo, 1998). Our data demonstrate indeed

Smadl staining at gastrula and neurula stages (Fig. 5, the existence of a wide shallow gradient of BMP activity (Dale

Fig. 6, summary Fig. 12) and Wardle, 1999). They provide a striking image of the

During gastrulation, P-Smadl acquires a graded ventral @ynamic antagonism between ventral BMPs and dorsal
dorsal distribution (Fig. 5A. The gradient appears at stage 10inhibitors, with the appearance of the gradient, its progressive
by downregulation around the dorsal Organizer (summary Figharpening and stabilization. A ventral/dorsal difference had
12). The polarity is then progressively sharpened by increasdxben observed in previous P-Smad1 whole-mount staining, but
activity at the ventral side and by increased repression at thiee gradient had not been observed, probably due to the lower
dorsal side (Fig. 6Csummary Fig. 12). This process peaks atsensitivity of the method (Faure et al., 2000). The gradient
the end of gastrulation, when the embryo appears precisedpreads in fact in the three germ layers and is particularly
divided into a ventral half filled with strong P-Smad1l signaljntense in the ventral endoderm, suggesting that, unlike
and a dorsal half devoid of signal (limit indicated by arrows irpreviously reported (Hemmati-Brivanlou and Thomsen, 1995;
Fig. 6E'). From stage 14 on, the activity slowly decreases anBainsod et al., 1994), BMPs may be expressed in all layers. A
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particularly remarkable feature of the
Smadl pattern is the perfect dorsovel
division observed at the end
gastrulation. A sharp dorsoveni
boundary is for instance in agreern
with the role of BMPs in determination
the cement gland (Gammill and Si
2000). Note also that two sources
BMPs, anterior and posterior, have b
identified during neurulation (Hemme
Brivanlou and Thomsen, 1995),
Smadl activation appears rat
homogenous over the whole ventral s
This case exemplifies well the difficu
in predicting a pattern of activity fro
expression patterns, especially when
activity results from the integration
activating and inhibiting componer
Note finally that ADMP, a BMP
homologue, is strongly expressed in
notochord (Moos et al., 1995), yet no ¢
of Smad1 activation can be found in !
structure. ADMP has been shown
function independently of the classi
BMP receptors (Dosch and Nief
2000).

Smad1 staining at late stages
(summary Fig. 12, and
supplementary material)

At late neurula stages, some P-Smac
also detected in the dorsal neurode
ectoderm, in agreement with the ne
dorsalizing function of BMPs (Dale a
Wardle, 1999). At later stages, P-Sm
is found in many different structur
including the dorsal retina, he
mesenchyme, dorsal fin, somit
notochord, branchial arches, ven
anterior ectoderm and mesoderm, h
anlage, around the proctodeum. All th
sites coincide with known BM
expression patterns (Hemmati-Brivan
and Thomsen, 1995).

Signaling patterns in manipulated
embryos (Fig. 13 and

supplementary Fig. S3)

Early dorsoventral asymmetry
established by cortical rotation, wh
activates materng-catenin signaling i
the dorsal side (Darras et al., 1€
Harland and Gerhart, 1997; Marikawz
al.,, 1997). P-MAPK (Fig. 2AC', Fig.
3B") and P-Smad2 signals (Fig. 2Cig.
3A") also start on the dorsal side.

particular, the P-MAPK pattern striking _
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Fig. 8. Schematic drawings of the various stages and the main regions of th&eraopus

embryo.

overlaps with the-catenin pattern at all blastula stages (Fig.which prevents cortical rotation (Harland and Gerhart, 1997);

2). Thus, to test the influence of materfalatenin activity on

(2) LiCl treatment, which activateg3-catenin signaling

other pathways, we compared the activation patterns in stagbiquitously (Schneider et al., 1996); (3) ventral injection of

9 blastulae after the following treatments: (1) UV irradiation,3-catenin mRNA.
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ventral dorsal ventral dorsal
Fig. 9.Fig. 9, Fig. 10, Fig. 11, Fig. 12 are summary diagranfsadtenin, P- Fig. 10.MAPK signaling during early
MAPK, Smad2 and Smad1 pattern during early development, respectively. Xenopuglevelopment (see Fig. 9 legend).

Each drawing represents an average pattern obtained by analysis of sever:
sections. The relative intensities between various stages were compared u:
pseudocolors images (see Fig. 1). Red is strongest, pale yellow is very
weak/inhomogeneous. The spotted pattern of Smad2 at stage 8 indicates ¢
very heterogeneous signal. All sections are sagittal unless stated otherwise
eq, equatorial; ps, parasagittal; tr, transversal.
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We found that P-MAPK and P-Smad2 pattt
were strongly dependent @rcatenin signaling at th
stage (Fig. 13): their dorsal accumulation (Fig. 1
double arrowheads) was absent in UV-irradi
embryos (Fig. 13B, arrows). The highest levels \
then found symmetrically in the vegetal-equat
region (asterisks), similar t@-catenin. Upon LiC
treatment, P-MAPK and P-Smad2 were stro
activated also in the ventral side (Fig. 1
arrowheads). A similar activation was observe
the site of B-catenin overexpression (Fig. 1:
arrowheads). Despite extensive colocalization
MAPK and P-Smad2 activation appeal
nevertheless, spatially more restricted tBazatenin
in all conditions, high P-MAPK was limited to a brc
equatorial ring, while P-Smad2 activation
most prominent in the vegetal hemisphere. T
differences obviously reflect the differen
distribution of other determinants, which li
activation of P-MAPK to the marginal zone :
Smad? to the vegetal pole. P-Smadl has an op
polarity, i.e. weakest in the dorsal animal region |
2C-C" and Fig. 3A, supplementary Fig. S3A).
UV-irradiated embryos, P-Smadl was also activ
on the dorsal side (supplementary Fig. S3B).
treatment or ventral B-catenin overexpressi
caused a significant decrease in the ventral
(supplementary Fig. S3C,D).

In conclusion, our data show that materifia
catenin signaling is an important factor in control
intensity and pattern of the other pathways at bla
stages. While other parameters regulate the latit.
the activation field{3-catenin can entirely account
the dorsoventral polarity. Mechanisticalljscatenir
probably contributes to Smad2 activation
stimulating Xnrs expression (Agius et al., 2000). t
[-catenin controls MAPK and Smadl remains t
investigated.

General observations and conclusions

We have generated a global view of signaling thr
four major pathways during early development

vertebrate embryo. A glance at the various si
shows that the intensity of a signal is not sufficiel
determine its significance. Indeed, one can finc
each pathway well-defined fields of weak sic
which suggest that even the lowest intensities mi
significant depending on the context. Signal activi
is remarkably widespread, in particular in blast
and gastrulae, with very few areas showing no si
To what extent the weakest parts of these patter
due to specific activation, or to ‘sloppiness’ of
pathways, remains unknown. However, one imme
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Fig. 11.Smad?2 signaling during earkenopusievelopment
(see Fig. 9 legend).

inference from this observation is that gene activity must be axf signal might be only achieved by active repression/inhibition.

a rule controlled by thresholds rather than on/off switches. Thdote that patterning is certainly not the only role of these
regions completely devoid of signal during gastrulation are fewpathways. They have other well-established functions, in
and clearly delimited. At least some of them are known tgarticular, control of cell proliferation, which may be important
secrete inhibitors of the corresponding signals, such as tla late stages (Ikeya et al., 1997; Neumann and Cohen, 1996).
dorsal axial structures for Smadl and the anterior dorsal In many instances, changes in signaling patterns are very
structures for3-catenin (Harland and Gerhart, 1997; Niehrs,dynamic, and could only be followed by a systematic analysis
1999). We hypothesize that in early development the absenoé consecutive stages. In some cases, the patterns seem stable
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st11 Comparison of the different pathways point in several
instances to common or related patterns, which may suggest
possible interplay. Such patterns include for instance the ring
at blastula stages, the blastopore lips during gastrulation, the
posterior region of neurulae. Known connections include the
induction of Xnrs bypB-catenin (Agius et al., 2000) and of
Wntll by FGF-Xbra (Saka et al., 2000). Furthermore, potential
direct intersections between intracellular pathways exist, for
instance betweef-catenin and MAPK pathways (Behrens,
2000) or MAPK and TF@ (Heldin et al., 1997; Mulder, 2000).
We have verified the occurrence of such crosstalk in the
dorsoventral asymmetry observed for all four pathways at
blastula stages, which appears to be controlle-bgtenin

(Fig. 13 and Fig. S3).

Our data raise additional questions on how embryonic
patterns are established. (1) As a rule, signaling fields consist
of mosaics of single cells with widely variable intensities.
What modulates the activity at the level of single cells, and
what the consequences are on cell fate, are unknown. (2) The
spatial patterns are unexpectedly refined, even at early stages.
st14 stidtr For instance, at stage 10, ventgatatenin, P-MAPK and P-
Smad?2 are stronger inside, in a narrow area at the edge of
the blastocoel floor (Fig. 8, Fig. 9, Fig. 10, Fig. 11). What
determines these patterns? Is location (e.g. superficial) or cell
type (e.g. epithelial) contributing to patterning? (3) Our images
show, for each pathway, a variety of patterns, from large
shallow gradients to localized ‘hot’ spots. This suggests that
st16 stibtr the range of the signals might vary greatly, and could be in
some instances extremely restricted.

The signaling patterns obtained may be roughly divided in
three phases. (1) An early phase, reflecting maternal and very
early zygotic events; (2) a second phase of zygotic patterning,
which from late blastula to neurula establishes the general plan
of the embryo, and which is characterized by generally robust
and widespread activities; and finally (3), the late phase of
pattern refinement associated with the beginning of
organogenesis. The transition from the first to the second phase
could be set around stage 9.5, and correlates with a somewhat
higher variability of staining patterns. Transition from the
second to the third phase appears progressive, with small
defined patterns appearing first in the anterior dorsal structures
(B-catenin and MAPK), while the posterior region maintains
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st13

@
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O
©

e

st10.25 st20

O
S

vontrall  dorsal for a longer time broad signaling fields, probably reflecting its
prolonged organizer activity (Gont et al., 1993).
Fig. 12.Smad1 signaling during earKenopusievelopment (see Surprisingly, novel patterns were observed in the first phase,
Fig. 9 legend). and the emerging image is somewhat unfamiliar, suggesting

that, with the exception of dorsal materiflatatenin, early
relative to particular regions of the embryo despite the extensiy@ocesses are still incompletely understood. We found that all
tissue remodeling occurring during gastrulation, but for thdour pathways are activated in the midblastula (stage 8.5), and
individual cells that migrate in and out of these regions, signalinthus could all potentially influence the earliest steps of gene
is particularly transient. Examples include the blastopore lipsegulation. The ring-shaped patterns observedBfoatenin,
for B-catenin and MAPK, and the ventral side for Smad1MAPK and Smad2 signals are consistent with a contribution of
Importantly, spreading of these signals is generally not limitethese early activities to mesoderm formation, in addition to the
to particular germ layers or tissues, but appears to freely crossll-established role of VegT relayed by Xnrs [see discussion
boundaries. Recent work on gastrulation movements has Zhang et al., and Clements et al. (Zhang et al., 1998;
demonstrated that the early embryo can be divided in welElements et al., 1999)]. How are these patterns established
defined domains characterized by specific cell behaviors, amdmains to be determined. In the case of Smad2, for instance,
that the limits of these domains do not coincide with germ layesome Xnrs are expressed as early as stage 8-8.5. The
boundaries (Wacker et al., 2000). We propose that the earistribution of all known Xnrs is however clearly vegetal
embryo could also be subdivided into signaling domains, whicliTakahashi et al., 2000), and this pattern is reflected in P-Smad2
do not necessarily depend on anatomical structures. activation only from stage 9 (Fig. 11), a lag likely due to the
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stage 9 B-catenin mask: B-catenin/DAPI P-MAPK/Eriochrome mask: P-Smad2/DAPI
A“l

control

uv-
irradiated

LiCl

ventral
(-catenin

Fig. 13.Signaling patterns at blastula stage in manipulated embryos''(jAcéntrols; (B-B') UV-irradiated embryos; (C-C) LiCl-treated
embryos; (D-D') embryos ventrally injected wif-catenin mRNAs (large arrowhead). (A-D/®") original images; (AD',A" -D") nuclear
images. A-A, B-B" and C-C are from double stained sections. All other images are from contiguous sections from the same embryos.
Arrows, arrowheads and asterisks: see explanations in the text.

time required for protein synthesis and secretion. The stage 8faternal signals might arise very early and be somehow
ring-shaped pattern suggests the existence of additional signadgabilized even in the absence of ligand input.
Possible candidates could be maternal activin (Oda et al., 1995)While the first phase of early signaling is somewhat
and Vgl. Although Vgl mRNAs accumulates vegetally in thegpuzzling, patterns that are more familiar appear at late blastula
oocyte (Weeks and Melton, 1987), distribution of active Vglor early gastrula, which are largely consistent with current
protein is not known. In fact, there is evidence both for verynodels. Stage 10.25 in fact fulfils all predictions, with vegetal
early mesoderm inductive activities in the cleaving embry@&mad2, marginal MAPK, ventrolatefédcatenin, and a ventral
(Jones and Woodland, 1987), and for pre-localized, celto dorsal gradient of Smadl. Nevertheless, even at gastrula
autonomous properties of the marginal zone (Nakamura et astages important aspects remain to be characterized. Our
1970; Gurdon et al., 1985; Lemaire and Gurdon, 1994). images reveal in particular strikifgrcatenin signals (e.g. at
Early signals are difficult to study, and their importancethe blastopore lip), which await identification of sources and
might have been underestimated because of technichinctions. The detection of dynamic patterns in the vegetal
limitations. There are still few early markers and levels areells, including intensg-catenin and Smadl activities, further
often below detection by most localization methods. The rolemphasizes our incomplete understanding of early endoderm
of the Smadl, Smad2 and MAPK pathways has been mosttievelopment (Clements et al., 1999; Yasuo and Lemaire, 1999;
addressed using dominant negative receptors [see Harland d@achpin-Botton and Melton, 2000).
Gerhart, and Heasman for reviews (Harland and Gerhart, 1997,We now know with reasonable precision when and where,
and Heasman, 1997)]. These constructs generate sevemd to what extend, four signaling pathways are active. This
phenotypes at later stages, but, in our hands, they have omlystematic description of signaling patterns should provide a
marginal effects on stage 9 signals (not shown), perhagsasis for future investigation/re-investigation of patterning
because sufficient expression levels are not reachable andfmocesses during development. It will be now possible to test
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the specific contribution of the various inducing factors,Fainsod, A., Steinbeisser, H. and De Robertis, E. NiL994). On the function
determine the function of each individual activity detected in of BMP-4 in patterning the marginal zone of the Xenopus emiyBO
these patterns, and identify possible interconnections betwegpy: 13 50155925

L . an, C. M., Lee, C. S. and Tessier-Lavigne, M1997). A role for Wnt
the pathways. Our results on the rolg3afatenin in patterning proteins in induction of dermomyotom@ev. Biol.191, 160-165.

the other pathways in the late blastula illustrate such immediataure, S., Lee, M. A., Keller, T., ten Dijke, P. and Whitman, M(2000).
applications. Endogenous patterns of T@Buperfamily signaling during earienopus
developmentDevelopmeni27, 2917-2931.
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patterning to organogenesigends Genetl6, 124-130.

Green, J. B., New, H. V. and Smith, J. C(1992). Responses of embryonic
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