
 

Activin ligands are required for the re-activation of Smad2 
signalling after neurulation and vascular development 

in Xenopus tropicalis
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The Healing Foundation Centre, Faculty of Life Sciences, University of Manchester, UK

ABSTRACT  The importance of Transforming Growth Factor  (TGF ) signalling during early develop-
ment has been well established. In particular, Nodal ligands have been shown to play essential roles 
for the specification and the patterning of the mesendoderm, axes formation and organogenesis. 
Activin ligands, like Nodal, signal by inducing the phosphorylation of the intracellular signal trans-
ducers Smad2 and Smad3. However, the roles of Activins during embryonic development are much 
less understood. Here, we report that during Xenopus tropicalis development two waves of Smad2 
phoshorylation can be observed, first during gastrulation and then a second one after neurulation. 
Using a knock-down approach, we show that the second wave of Smad2 phosphorylation depends 
on activin a (act a) and activin b (act b) expression. Knocking down the expression of act a, or 
treating the embryos with a chemical inhibitor inhibiting TGF  receptor I (TGF RI) activity after 
neurulation result in a decrease of the expression of endothelial cell markers and a lack of blood 
flow in Xenopus tadpoles. Taken together these data suggest that Activin ligands play an important 
role during vascular development in Xenopus tropicalis embryos. 
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Introduction

The vasculature is one of the most complex and important organs 
in the vertebrate body. It is essential for the transport of oxygen 
and nutrients and the removal of waste products throughout the 
organism. During embryonic development, vasculature formation 
starts by the de novo formation of blood vessels, or vasculogen-
esis. Firstly, hemangioblasts differentiate into angioblasts which 

The angioblasts come from two distinct mesodermal tissues: the 
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vasculogenesis, the subsequent blood vessels form by sprouting 
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-
portant roles during the formation of the embryonic vascular 

Walmsley et al.
 signalling has mainly been involved in the differentiation of 

smooth muscle cells lining the blood vessels and in the forma-

 et al  
has been shown to have both pro and anti-angiogenic effects in 
the context of tumour growth, possibly depending on the level of 

 et al
 superfamily of ligands is a major group of signalling 

 ligands 

then recruits and activates a type I receptor. The type I receptor 
then phosphorylates its intracellular effector, the receptor regulated 

the nucleus and in association with other transcription factors, 

 superfamily members to be expressed. They 

Smad2
Xenopus

 ligands play a role 

molecule isolated from a Xenopus cell line shown to be able to 
 et al.  et al.

leading to relatively mild phenotype for act a and act b or no 
observed phenotype in the case of act c and act e  et al., 

Fig. 1. The second wave of TGF  
signalling is necessary for establish-
ing blood circulation in Xenopus 
embryos. (A) Temporal time course 
of TGF  activity during early Xenopus 
development. Total protein extracts 
from embryos at the indicated stages 
were analysed by Western blot. Ac-
tivated Smad2 was detected using 
anti-phosphorylated Smad2 antibodies 
( -pS2, upper panel). The membrane 
was stripped and reprobed with anti-
Smad2 antibodies ( -S2). (B) The small 
molecule inhibitor SB505124 prevents 
Smad2 phosphorylation within an hour. 
Stage NF35 embryos were treated with 
SB505124 (SB), DMSO (as a control) or 
untreated (UT) for the indicated amount 
of time. After protein extraction, the 
level of Smad2 activity was assayed 
by Western blotting using antibodies 
against phosphorylated Smad2 ( -
pS2, upper panel). The membrane was 
stripped and re-probed with anti-Smad2 
antibodies ( -S2, lower panel). (C) The 
SB505124 inhibitor remains active 15h 
after treatment. Xenopus embryos were 
treated with the SB505124 inhibitor 
from stage NF20 to stage NF35 (about 
12h for Xenopus tropicalis embryos), 
washed in 0.01X MMR and collected 
at the indicated times. After protein 

extraction, the level of Smad2 activity was assayed by Western blotting using antibodies against phosphorylated Smad2 ( -pS2, upper panel). The 
membrane was stripped and reprobed with anti-Smad2 antibodies ( -S2, lower panel). In all cases, the experiments were done at least three times 
and a representative blot is shown. (D) Overall phenotype of SB treated embryos. Embryos were treated with SB505124 (SB) or DMSO (as a negative 
control) from stage NF15 until stage NF35 and then raised in 0.01X MMR. Pictures were taken at the indicated stages. (E) Effect of the SB505124 
treatment on blood flow. Embryos treated with the SB505124 inhibitor (SB, blue bar, n=95) or DMSO (as a negative control, red bar, n=105) were 
scored at stage 45 for the presence of blood cell circulation in the tail. The graph shows the compounded results of four independent experiments.
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embryonic development or a high level of redundancy between 
the different family members. In Xenopus, recent evidence points 

 et 
al

 et al
Xenopus has not yet been explored. In 

 
et al
cells development in vivo has not been shown.

 activity can be detected. One culminating at 
gastrulation which has been well characterised and a second 
one starting at the end of neurulation and increasing until tadpole 

b 
ligands and is required for the development of the vasculature. 
Using a chemical inhibitor and a morpholino approach, we show 

 signalling causes a downregulation of 
in 

situ analyses indicate that the red blood cell or myeloid lineages 
a is necessary 

for the formation of the vitellin plexus and the mature embryonic 

 signalling is required 
for the differentiation or the maintenance of the endothelial cell 
population during vascular development. 

Results

Two waves of TGF  activity during early development

 pathway during early Xenopus development. To this end, 

Xenopus tropicalis

Fig. 2. Activin a and Activin b 
are responsible for the second 
wave of Smad2 phosphoryla-
tion. (A) Total RNA from embryos 
at the indicated stages was iso-
lated, reverse transcribed and 
subjected to real time qPCR for 
the indicated genes. The graphs 
show the mean and standard 
error of three independent ex-
periments with the expression of 
each gene normalised to 1 at egg 
stage. (B) Spatial expression of 
activin genes. In situ hybridisation 
of stage NF30 and NF40 Xenopus 
embryos using probes specific 
for act a and act b. (C) Activin 
ligands are also expressed in the 
ventral side of a tadpole. Stage 
NF35 embryos were dissected as 
indicated and RT-PCR perfomed 
using primers specific for act a, 
act b and odc as a loading control. 
h+v+d is a reconstituted sample 
from dissected head, ventral and 
dorsal parts of the embryo, we 
is whole embryo. (D) Efficacy 
and specificity of the morpholino 
against act a. Xenopus tropicalis 
embryos were injected at the 
one-cell stage with 17ng of mor-
pholino against act a (MO a), 
17ng of morpholino control (MOC) 
or uninjected (UI) and raised until 
stage NF35. After extraction of to-
tal RNA and reverse transcription, 

the samples were subjected to real time qPCR using oligonucleotides specific for the indicated gene. The graph shows the mean and standard error of 
4 independent experiments (** p<0.01). (E) Knock down of Act a and Act b expression causes a reduction of phosphorylated Smad2. Embryos were 
injected with 17 ng of Act a (MO a) morpholino, 17 ng Act b morpholino (MO b), 10 ng of each (MO a+ b), 20 ng of MO control (MOC) or uninjected 
(UI). Embryos were collected at the indicated stage and the amount of phosphorylated Smad2 ( -pSmad2) assayed by Western blot. The membranes 
were stripped and reprobed for total Smad2 ( -Smad2). A representative blot from three independent experiments is shown. 
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et al. 

 activity. 

RI chemi-

tadpole stage in X.tropicalis

Inhibition of the second wave of pSmad2 causes vascular 
defects

Temporal and spatial expression of activin ligands in Xeno-
pus embryos

 et al

 et al.  et al.
Xenopus

nr1
but this has been shown to be important for setting up the left-right 

 et al. -
ingly, the expression of activin b inhbb

 
et al.  et al. activin a
inhba

activin c
inhbc) does not seem to be expressed in early Xenopus embryos 

 et al.
expressed throughout early development, with alk4 expression 

alk5 and alk7 

We then determined where activin ligands are expressed in 
the embryo using in situ 
act a and act b
of expression with strong staining in the eye, the brain and the 
branchial arches. This is consistent with the pattern of expression 
of act b described in Xenopus laevis  et al
further examine whether activin ligands are only expressed in the 

for act a, act b and odc
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Fig. 3. Phenotype of Activin a and Activin b morphants (A) Overall phenotype of 
Act a and Act b morphants. Embryos injected at the 1-cell stage with 17 ng of MO a, 
17 ng of MO b or 17ng of MOC as a control. Pictures of typical embryos were taken 
at the indicated stages. (B) Survival rate of embryos morphants for Act a and Act b. 
Embryos injected as in (A) were scored for survival. The graph show the compounded 
result of three independent experiments, n=184 embryos for MO a, 151 for MO b, 
182 for MOC and 135 for UI. (C) Activin morphants do not have blood flow. Embryos 
were injected at the one-cell stage with the indicated morpholinos as in (A) and scored 
at stage NF40 for the presence of blood flow. The graph shows the compounded result 
of three independent experiments, n=109 for MO Act a (MO a), 19 for MO Act b 
(MO b), 100 for MO Control (MOC) and 53 for uninjected (UI).
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detect transcripts of both act a and ac b in all parts of the em-
bryos indicating that their expression is enriched in the anterior 
part of the embryo, but they are also expressed in the dorsal and 
ventral part of the tailbud in a diffuse fashion not detectable by 

a 
b were injected together, almost completely preventing 
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Fig. 4. TGF  signalling is necessary for 
expression of endothelial cell markers. 
Embryos were injected at the one-cell stage 
with MOAct a (MO a) and a MO control 
(MOC) or treated at stage NF15 with 100 M 
of SB505124 (SB) and DMSO (as a negative 
control). At stage NF35, the embryos were 
harvested and total RNA isolated. Real time 
qPCR was then performed using specific 
primers for the indicated genes. Fli1 and 
tie2 are endothelial markers, globin is a red 
blood cell marker and mmp7 is expressed in 
myeloid cells. The graph represents the mean 
and standard error of three independent 
experiments. ns, non specific. ** p<0.01.
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in situ hybridisation. 

Activin ligands are responsible for the second wave 
of Smad2 phosphorylation

act b
Xenopus tropicalis

act a, we designed a 

-
pholino for act a and observed the same phenotype as 

ligands induce phosphorylation of their downstream effector 

-
b in combination 

Fig. 5. Inhibition of TGF  signalling affects endothelial gene 
expression. (A) In situ hybridisation of stage NF30 embryos treated 
with the SB505124 inhibitor (SB-treated), DMSO (as a control) or 
untreated (UT) from stage NF15. -globin is a marker for red blood 
cells, mmp7 is a primitive myeloid marker and fli1 labels endothelial 
cells. (B) Embryos were treated as in (A) but until stage NF35 and 
subjected for in situ hybridisation using a probe against fli1. The lower 
panels show a magnification of the black box. (C) Act a morphant 
have a disrupted vasculature. Embryos injected with the indicated 
morpholinos were fixed at stage NF35 or NF42 and then processed 
for fluorescent in situ hybridisation using antisense probes against 
-globin (a red blood cell marker, green) and ami (an endothelial cell 

marker, red). The samples were imaged using confocal microscopy 
and a maximal projection is shown. In all cases, anterior is left, 
dorsal up. The scale bar represents 200 m.
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act b expres-

-
phorylation during Xenopus b. 

Tie2 tek

-globin mmp7

 signalling 
a ligand for their expression in vivo. 

TGF  signalling and Act a are necessary for vascular 
development

We then wanted to analyse the spatial expression of hemato-
 signalling is inhibited. To this end, we 

performed in situ hybridisation to analyse the expression of the 

-globin for red blood cells, mmp7 for myeloid cells and  for 
-globin and mmp7 expression 

-

trunk
stage 35 stage 42

MOβA

MOC

UI

ami -globin
DAPI

trunk (10X) tailtrunk (40X)

Phenotype of Activin morphants
act a, 

act b

b injected embryos 
a injected embryos display 

act b 
b may have an important role before 

-
a 

act a expression causes a 
dramatic reduction in the number of tadpoles with blood 

reminiscent of the phenotype observed when embryos are 
a is the 

ligand responsible for the observed phenotype.

TGF  signalling and Activin regulate the expression of 
endothelial genes

To gain insight in the molecular mechanisms by which 
 signalling plays a role in vascular development, we 

R inhibitor, 

-
and tie2. The expression 

of 

 DA and PCVa Presence of the DLAVb globin +ve cells in the tailc 

 Separated fused Yes No Yes No 

MO a 
(n=10) 

2 8 0 10 0 10 

MOC 
(n=8) 

8 0 8 0 8 0 

PHENOTYPE OF MOACT A INJECTED EMBRYOS

in situ hybridisation for 
ami globin

athe fusion of the dorsal aorta 
b

cthe detection of -globin
done with the indicated number of embryos from three independent experiments.

Fig. 6. The organisation of endothelial cells in disrupted in Act a morphants. 
Embryos injected with the indicated morpholinos were fixed at stage NF35 or NF42 
and then processed for fluorescent in situ hybridisation using antisense probes 
against -globin (a red blood cell marker, green) and ami (an endothelial cell marker, 
red). After embedding and cryosection, the sections were stained for DAPI (blue) 
to label the nuclei. The sections are at the level of the trunk and the tail. The white 
boxes show a close up of the dorsal aorta (DA) and the posterior cardinal vein (PCV). 
Dorsal is up and the scale bar represents 50mm.
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a during vascular develop-
a, 

in situ hybridisation 
with probes recognising -globin ami

-globin-positive cells are still located in 

a injected embryos, the 

the -globin-positive cells have now entered the vasculature, the 

a injected embryos display 
-globin

some ami staining is visible in the tail, the different blood vessels 

To analyse this phenotype in more details, we then performed 
cryosection of the whole mount in situ hybridisation shown in 

-globin 
expressing cells reside in the ventral side of the embryo even if 

The ami
a injected embryos, much 

fewer ami positive cells are visible and whilst some are localised 

ami

Discussion

during Xenopus tropicalis development. In particular, we present 
 pathway, 

Luxardi et al. act a and 
act b 

vasculature of the embryos and the downregulation of endothelial 
genes expression such as tie2 or .

TGF  – like activity during embryonic development
 signalling during gastrulation has been exten-

 

dramatically after gastrulation and becomes detectable again after 

Xenopus laevis 
et al.,

 superfamily of ligands are responsible for this second wave 
 et al., 

 et al. -

 ligands possibly responsible. In particular, tgf 1, 
tgf 2, act a and act b all show a substantial increase in expres-

act a and act b are required 

a-dependent, with 

act a and act b 
expression increase at the same time, but the relative expression 
of act b

a direct correlation between level of expression of the ligand and 
activation of the downstream effector. We did not investigate the 
role of Tgf
do so in the future.

Role of Activin during early embryonic development
 et 

al

exclusively on the over-expression of dominant-negative forms of 

in Xenopus laevis -
ment and a reduction in the expression of dorsal mesodermal 

 et al

development, follicle cells development and in the differentiation 
 et al., 

Act b leads to defects in eyelid development 
 et al

for Act a die within a day after birth showing multiple defects in 
 et al

b function as the double 

 et al

yet been fully characterised. 
Xenopus tropicalis and its genomic 

-

act a. 
Unfortunately, the genomic information for act b did not allow 
us to design a splice morpholino and we therefore only used an 

b 
or both has no effect on the morphology of the embryo until after 

b morphant embryos 
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are shorter, with less pigment, form an oedema and show poor sur-
a morphants develop fairly normally and their 

 signalling has been involved in epithelial-mesenchymal 

 et al.
a and 

in situ hybridisation studies using 

a morphant embryos. 

a morphants. This correlates with a reduction in the expression 
tie2 and . Finally, the red 

blood cells do not leave the ventral blood islands, indicating that the 

the primary cause for the malformation of blood vessels. This is 

Possible roles of Activin in blood and vasculature development

 et 
al.

 et al.

 et al a 
in inducing blood vessels formation. Interestingly, treatment of 

 et al

seems to be complex and context dependant.
In Xenopus laevis, treatment of naïve ectodermic explants, or 

a 

a morphants do not display any 
defects in red blood cells differentiation, indicating that this role is 
probably not conserved in the context of a whole organism. Inter-

a 
 and tie2 expression 

 et al
a reduction of  

the programme leading to the formation of the vasculature in early 

 
 et al

Materials and Methods

Embryo manipulations and morpholino injections
Xenopus tropicalis embryos were obtained as previously described 

 et al

with the indicated concentration. The morpholinos used were act

-

Western blot

using standard techniques. 

In situ hybridisation
Xenopus tropicalis -globin, mmp7,  were described 

 et al ami act b 
-

a probe against act a was generated by amplifying the coding sequenced 
-

in situ hybridisation were performed essentially as de-

in situ  et al
situs, whole mount were cleared in benzo-benzoate solution and image on 

in situ and subse-

RNA extraction and RT-PCR

The data for each sample was normalised to the expression level of odc 
 method. The following primers were used for 

-
tie2

tie2 act a -
act a act b 

act b -
alk4 alk4 -

alk5 alk5 
alk7 -

alk7 
internal control, odc odc 
odc mmp7 
and -globin  et al

Statistical analysis
To test the equality of variance between samples, an F-test was per-
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