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Transforming growth factor-β signalling pathway 
Members of the transforming growth factor-β (TGFβ) superfamily include 

TGFβs, nodal, activins, bone morphogenetic proteins (BMPs), growth and 
differentiation factors (GDFs) and Müllerian inhibiting substance/anti-Müllerian 
hormone (MIS/AMH). A large variety of cell types in different organisms (from flies to 
humans) express at least several of these secreted growth factors. In mice, TGFβ 
superfamily members have major roles during embryogenesis, as evidenced by the 
observation that deficiency in genes of the TGFβ superfamily or genes belonging to 
the TGFβ signal transduction 
pathway result in many cases in 
early embryonic lethality (reviewed 
by Goumans and Mummery, 2000). 
Interestingly, these secreted proteins 
have different functions, such as 
regulating cell migration, adhesion, 
proliferation, differentiation or 
apoptosis and moreover the same 
TGFβ family member can both 
stimulate or block the same process 
depending for example on the cell 
type, stage of development or even 
the concentration of ligand available 
(reviewed by Massagué, 2000; 
Nilsen-Hamilton, 1990) 

The TGFβ superfamily
consist

 
s of about 50 members (34 

members in humans), all containing 
a hydrophobic signal characteristic 
of secretory polypeptides and six 
conserved cysteins that form a rigid 
cysteine knot. They are secreted as 
dimers in large latent complexes 
unable to signal. In this inactive 
form, they bind to extracellular 
matrix (ECM) proteins present at the 
surface of target cells and upon 
proteolytic cleavage active TGFβ dimers can be released (reviewed by Böttner et al., 
2000). The active TGFβ dimers are then able to bind their transmembrane 
serine/threonine kinase type II and type I receptors, sometimes facilitated by an 
accessory receptor, forming heteromeric complexes that are internalized. The type II 
receptor, constitutively phosphorylated at several serine residues, is then able to 
transphosphorylate the type I receptor its the GS domain, present in the 
juxtamembrane region of the receptor. The active type I receptor in turn 
phosphorylates a group of proteins known as receptor regulated (R-)Smads. The R-
Smads are kept in the cytosol by accessory/scaffolding proteins, including SARA, 
that present the R-Smads to the active type I receptor (Fig. 1). Once activated 
(phosphorylated at the two most C-terminal serine residues), the R-Smads bind to 
the common mediator (Co-)Smad, Smad4 and translocate to the nucleus, probably 
mediated by importins and nucleoporins. In the nucleus, the Smad-complex together 
with other transcription factors, besides the essential p300 and CBP co-activators or 
co-repressors, bind to specific motifs in promoter regions of target genes and 
regulate transcription. To terminate the signal, the Smads can be ubiquitinated and 
targeted to the proteasome for degradation, a process that can be mediated by 
Smurfs. Alternatively, Smads may be dephosphorylated by still unidentified 
phosphatases and shuttled back to the cytoplasm (reviewed by Shi and Massagué, 
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2003). Although the TGFβ signalling pathway might seem rather linear and simple, 
there is a growing list of molecules able to modulate each step of the pathway, 
involved in inhibitory loops, and even Smad-independent transcription pathways, 
together responsible for the complexity of the responses triggered by the TGFβ 
family members mentioned above (Balemans and van Hul, 2002; Derynck and 
Zhang, 2003). 
 
Major differences between BMP and TGFβ signalling 

The BMP (BMPs/GFDs/AMH) and TGFβ (TGFβs/activins/nodal) subfamilies 
interact differently with their receptors. BMP subfamily members exhibit high affinity 
for the type I receptor and low affinity for the type II receptor, whereas TGFβ 
subfamily members, on the other hand, interact exclusively with the type II receptor. 
However, both type I and II receptor are required for signal transduction. 
Furthermore, although the steps of the signalling pathway are similar, specific BMP 
and TGFβ subfamily members use different type II receptors, type I receptors and 
Smads to signal and are antagonized by different molecules (Fig. 2) (reviewed by Shi 
and Massagué, 2003).  

As shown in Fig.2, specific BMP subfamily members (BMPs, GFDs, AMH) 
interact with BMP type II receptor (BMPRII), activin type II receptors (ActRIIA and 
ActRIIB) or AMH type II receptor (AMHRII) in combination with activin receptor-like 
kinase (ALK)2, ALK3 and ALK6 to activate Smad1, Smad5 and Smad8. The TGFβ 
subfamily members (TGFβs, activins,  nodal) bind TGFβ receptor II (TβRII), ActRIIA 
and ActRIIB in combination with ALK4, ALK5 and ALK7 to activate Smad2 and 
Smad3. However, note that TGFβ via ALK1 activates Smad1, Smad5 and Smad8, 
whereas for example GDF1 via 
ALK4/7 activates Smad2 and 
Smad3. Direct binding of all R-
Smads (except Smad2) and Co-
Smads to DNA is rather weak but 
sequence specific. However, Smad3 
and Smad4 preferentially bind to 
GTCT-containing sequences, 
whereas BMP R-Smads interact with 
GC-rich containing sequences 
(reviewed by ten Dijke et al., 2003). 

Various extracellular 
antagonists, including noggin and 
chordin, modulate BMP signalling 
exclusively, while DAN/cerberus and 
follistatin also modulate TGFβ 
signalling via nodal and activin, 
respectively. TGFβ itself can in the 
latent complex remain bound to the 
latent-associated polypeptide (LAP) 
or be trapped by the proteoglycan 
decorin. Other molecules that play 
important roles modulating 
BMP/TGFβ signalling, include the 
pseudoreceptor BAMBI, a molecule 
structurally similar to type I receptor 
that titrates BMP/TGFβ ligand away, 
while several accessory receptors, 
like betaglycan, endoglin and cripto 
present ligand to the receptors 
promoting TGFβ signalling (Fig. 2). 
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Still at the level of the receptors, negative regulation can occur by binding of 
inhibitory (I-)Smads, Smad6 and Smad7, to the active type I receptors thereby 
preventing phophorylation of the R-Smads (Fig. 2). Smad7 blocks both BMP and 
TGFβ signalling, while Smad6 preferentially blocks BMP signalling. Additionally, 
Smad6 can also bind activated BMP R-Smads directly preventing complex forming 
with Smad4, while Smad7 targets activated TGFβ receptors for ubiquitination and 
degradation via Smurfs (Fig. 1). Interestingly, Smad7 is an early target of the TGFβ 
signalling pathway, resulting in a negative feedback loop (reviewed by Shi and 
Massagué, 2003). 

During embryonic development, members of the BMP and TGFβ signalling 
pathways are involved in many processes. However, ablation of genes of the BMP 
pathway in general results in early abnormal phenotypes and the mouse mutant 
embryos die before or soon after gastrulation (see below) primarily from defects in 
mesoderm formation; examples include Bmp2, Bmp4, Bmp5/Bmp7, BmpRII, 
ActRIIA/ActRIIB, Alk2, Alk3, Smad4, Smad1 and Smad5 mutant embryos (Ying et al., 
2001; Winnier et al., 1995; Solloway and Robertson, 1999; Beppu et al., 2000; Song 
et al., 1999; Gu et al., 1999; Mishina et al., 1995; Sirard et al., 1998; Tremblay et al., 
2001; Hayashi et al., 2002; Chang et al., 1999). Deletion of Tgfβ1, TβRII, Alk5, Alk1 
and endoglin, all genes belonging to the TGFβ pathway (Dickson et al., 1995; 
Oshima et al., 1999; Larsson et al., 2001; Oh et al., 2000; Arthur et al., 2000; Li et al., 
1999) cause primarily defects in vascularization of the visceral yolk sac (see below). 
In humans, mutations in genes coding for specific members of the BMP and TGFβ 
signalling pathways result in a broad range of diseases, from congenital heart 
disease or anomalies in the intestinal tract to hereditable vascular disorders and 
cancer (reviewed by Miyazono et al., 2001; Waite and Eng, 2003). 
 
The TGFβ signalling pathway and connective tissue growth factor 
 Connective tissue growth factor (CTGF) belongs to the CCN (CTGF, CYR61, 
NOV) superfamily of secreted growth factors and is associated with wound repair, 
tumorigenesis, artherosclerosis and fibrotic disorders of the skin, kidney, lung, liver 
and pancreas (Shakunaga et al., 2000; Wenger et al., 1999; di Mola et al., 1999; 
Igarashi et al., 1993, 1998; Oemar et al., 1997; Frazier and Grotendorst, 1997; Ito et 
al., 1998; Lasky et al., 1998; Paradis et al., 1999). In vitro at least, CTGF is able to 
promote ECM production but also to bind ECM proteins via its thrombospondin type I 
domain (Frazier et al., 1996; Duncan et al., 1999; Lam et al., 2003). Interestingly, via 
its von Willebrand type C domain, a cysteine-rich sequence similar to that found in 
chordin, CTGF has recently been shown to promote TGFβ1 binding to its receptors, 
while inhibiting BMP binding to BMP receptors (Abreu et al., 2002). Although CTGF 
is not directly associated with the cell membrane, it can bind to the ECM and 
therefore it might function as an accessory receptor (or inhibitor), presenting (or 
titrating away) ligands to their respective receptors. On the other hand, CTGF is an 
early target of TGFβs (and BMPs) in different fibroblastic cell types, again in vitro 
(Moussad and Brigstock, 2000; Nakanishi et al., 1997); besides its function in ECM 
remodelling, it may therefore also be involved in a feedback loop modulating the 
TGFβ signalling pathway. In agreement with this, a TGFβ-response element has 
been identified in the Ctgf promoter suggesting a direct effect (Grotendorst et al., 
1996; Holmes et al., 2001) although possibly through a Smad independent 
mechanism (Denton and Abraham, 2001). 
 During mouse embryonic development, CTGF expression is mainly restricted 
to skeletal, cardiovascular and neural tissues. Moreover, deficiency in Ctgf leads to 
perinatal death due to abnormal skeletogenesis, in particular caused by defective 
ECM remodelling and growth plate angiogenesis (Ivkovic et al., 2003). Ctgf mutant 
embryos exhibit reduced levels of matrix metalloproteinase-9 (MMP9). MMPs have 
important roles in degradation of ECM proteins but also in cleaving growth factors 
and their binding proteins thereby modulating specific signalling pathways (Sternlicht 
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and Werb, 2001). Interestingly, MMP9 is known to activate latent TGFβ (D’Angelo et 
al., 2001; Yu and Stamenkovic, 2000), thus providing an alternative mechanism 
through which CTGF may regulate TGFβ signalling. 
 
The TGFβ signalling pathway and β1 integrin 
 The integrin family is formed by molecules that, like CTGF, interact with 
components of the ECM. However, in contrast to CTGF, integrins are 
transmembrane receptors, formed by non-covalently bound α- and β-subunits. 
Integrins are involved in cell-cell adhesion and are considered the major adhesion 
receptors connecting cells to the ECM. In vertebrates, β1 integrin is the most 
widespread subunit, able to associate with the largest number of α-subnunits 
(reviewed by Danen and Sonnenberg, 2003). Mice deficient in β1 integrin die around 
E5.5 and exhibit defects in inner cell mass development and failure of the primitive 
endoderm migration (Stephens et al., 1995; Fässler and Meyer, 1995). In the mouse, 
two isoforms of β1 integrin, β1A and β1D were identified and shown to be non-
redundant during mouse development: replacement of β1A by β1D is embryonic 
lethal while removal of β1D results in survival to adulthood (Baudoin et al., 1998). 

Integrins and the TGFβ pathway interact at several levels. Firstly, there is 
evidence that αvβ1, αvβ3, αvβ5, αvβ6 and αvβ8 integrins interact with the RGD (Arg-
Gly-Asp, an integrin binding sequence present in ECM proteins) motif of LAP, 
mediating activation of latent TGFβ, both in vitro and in vivo (Munger et al., 1999; 
Morris et al., 2003; Ludbrook et al., 2003). Secondly, integrins and TGFβ (Smad-
independent) signalling synergize at the level of phosphorylation/activation of 
common downstream signalling molecules, including those belonging to the Ras/Erk 
MAPK signalling (reviewed by Danen and Sonnenberg, 2003; Derynck and Zhang, 
2003). Interestingly, a recent report showed that it is through binding of TGFβ that 
integrins activate Ras/Erk MAPK signalling (Luettich and Schmidt, 2003). Another 
report suggested that integrin activation of the Ras/Erk MAPK signalling potentiates 
BMP Smad-dependent signalling (Suzawa et al., 2002). Thirdly, binding of integrins 
to RGD-peptides induced transcription of TGFβ (Ortega-Velasquez et al., 2003), 
while TGFβ on the other hand is known to upregulate expression of several integrins, 
including β1 integrin (Thibault et al., 2001; Li et al., 2003). 

 
 

13



Mouse embryonic pre-implantation development 
Before implantation, the development of the mammalian embryo (Fig. 3) is 

characterised by a relative independence from the maternal environment. The 
fertilised egg, or 1-cell embryo, completes meiosis and is pushed towards the uterus 
by cilia in the oviduct, while remaining within a glycoprotein coat, the zona pellucida. 
The first cleavage takes place approximately 20 hours post-fertilisation, but divisions 
become more rapid thereafter. Transcription of the mouse embryonic genome starts 
at the 2-cell stage (Flach et al., 1982), after which maternal mRNAs are rapidly 
degraded. In addition, demethylation of the paternal and maternal genomes begins 
after fertilization leading later during implantation to epigenetic reprogramming 
(reviewed in Reik et al., 2001). At the mid-8-cell stage, the embryo undergoes 
“compaction”, as increased E-cadherin-mediated adhesion between all blastomeres 
results in them flattening against each other, forming a smooth, spherical ball of cells, 
the morula. During the next cleavage, some blastomeres divide along the 
apical/basal axis, forming two polar outer cells, while others divide to form one outer 
and one inner blastomere (Fleming et al., 1987). Thus two different lineages become 
established in the morula (Fig. 3): (1) the outer cells form the first epithelium of the 
embryo, the trophectoderm; (2) the inner cells remain nonpolarised and pluripotent, 
giving rise to the inner cell mass (ICM). At the 32-cell stage, “cavitation” starts as the 
trophectoderm cells, now forming a tight junction seal separating the inner cells from 
the maternal environment, secrete fluid directionally into the morula. This leads to the 
formation of a fluid-filled blastocoel cavity and the embryo is designated a blastocyst 
(Fig. 3). As the blastocyst expands, the ICM cells become positioned at one end of 
this cavity. The blastocyst, up until this stage present in the oviduct reaches the 
uterus on embryonic day (E)3.5 and shortly thereafter “hatches” from the zona 
pellucida, but is initially not adhesive. It only becomes competent for attachment to 
the maternal tissue when the uterus reaches its receptive stage, which occurs at 
E4.5. 

 
Cell lineage differentiation in the mouse 
At the late blastocyst stage, the trophectoderm exists as two distinct cell populations, 
the polar trophectoderm that contacts the ICM and the mural  
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trophectoderm that contacts the blastocoel (Fig. 3). Additional to the trophectoderm 
and ICM, a third cell population becomes clearly visible, the primitive endoderm (or 
hypoblast) formed by the cells in the ICM facing the blastocoel. Both trophectoderm 
and primitive endoderm are extraembryonic lineages and do not contribute to the 
embryo proper. The remaining cells of the ICM form the primitive ectoderm (or 
epiblast). Two cell populations develop from the primitive endoderm (reviewed in 
Gardner, 1983): cells leaving the ICM as individual mesenchymal cells and migrating 
on the basal side of the mural trophectoderm eventually lining the blastocoel cavity, 
are termed parietal endoderm. Parietal endoderm cells are responsible for 
synthesising a thick basement membrane, Reichert’s membrane, deposited between 
them and the trophectoderm. Reichert’s membrane is a transient structure unique to 
rodents and bats that not only contributes to the regulation of nutrient and waste 
exchange between embryo and mother, but also protects the embryo against the 
immune system of the mother. Together, the parietal endoderm, trophectoderm and 
Reichert’s membrane are designated the parietal yolk sac (Fig. 4), the structure that 
directly contacts the maternal uterine tissue. Primitive endoderm cells that remain in 
contact with the ICM, differentiate into epithelial visceral endoderm, which initially 
remains in contact with the ICM/epiblast and extraembryonic ectoderm (Fig. 4,5). The 
anterior visceral endoderm (AVE) plays an important role in determining the anterior-
posterior axis of the developing embryo (reviewed in Beddington and Robertson, 
1999). As gastrulation begins, epiblast cells give rise to the definitive endoderm of 
the embryo proper displacing the visceral endoderm towards the extraembryonic 
ectoderm. Meanwhile, extraembryonic mesodermal cells derived from the posterior 
primitive streak (Fig. 5) colonise the basal side of the visceral endoderm, 
differentiating into extraembryonic mesothelium and blood islands. These cells 
together with the VE and its basement membrane form the visceral yolk sac (Fig. 
4,5). The visceral yolk sac is the first site of haematopoiesis in the conceptus 
providing blood cells to the early embryo as the heart begins rhythmic contraction 
around E8.5, but this “extraembryonic” blood (with primitive nucleated red blood 
cells) is then gradually replaced by blood produced by the foetal liver and aorta-
gonad-mesonephros region (Baron et al., 2003). The extraembryonic mesoderm also 
contributes to the chorion (with the extraembryonic ectoderm), the amnion (with the 
embryonic ectoderm) and the allantois located at the posterior side of the embryo 
that grows into the exocoelomic cavity and eventually develops into the umbilical 
cord (Fig. 4,5). 
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Primordial germ cell 

ial germ cells
(PGCs)

e onset of gastrulation at E6.5, epiblast cells are 

From E8.0 to E9.5, the PGCs ingress and migrate through the hindgut, a 
definitiv

migration (Ara et al., 2003; Molyneaux et al., 2003). 

development 
Primord  
 are the cells that form the 

gametes, the only cells in the body 
that undergo meiosis and transmit 
the genetic information of the 
species from generation to 
generation (Fig. 6). In mice, the 
PGCs are allocated around E7.2 at 
the base of the allantois and 
posterior region of the primitive 
streak, visible as a scattered 
population of about 45 cells. PGCs 
can be identified by their high level 
of tissue non-specific alkaline 
phosphatase (TNAP) activity (Fig. 
7) or by staining with an antibody 
recognizing PGC7/Stella or the 
marker for pluripotency Oct4 
(Chiquone, 1954; Ginsburg et al., 
1990; Yeom et al., 1996; Saitou et 
al., 2002; Sato et al., 2002). Until th
still not committed to any lineage and can enter the germ line when placed in the 
proximal epiblast region (Tam and Zhou, 1996), but thereafter no additional 
recruitment to the germ line occurs. This restriction in pluripotency is also clear from 
the expression pattern of Oct4, which is present in all epiblast cells, but after 
gastrulation becomes restricted to the PGC population (Yeom et al., 1996). In 
agreement with these studies, Lawson and Hage (1994) identified the proximal 
epiblast region adjacent to the extraembryonic ectoderm using clonal analysis as the 
region of the embryo at E6.0 that later becomes fated to a PGC and extraembryonic 
mesoderm fate. Several members of the BMP signalling pathway are known to be 
involved in PGC (and extraembryonic mesoderm) specification, including BMP4, 
BMP2, BMP8b, Smad1 and Smad5 (Ying et al., 2000; Winnier et al., 1995; Ying et 
al., 2001; Tremblay et al., 2001; Hayashi et al., 2002; Chang and Marzuk, 2001). In 
addition, a second signal emanating from the nascent posterior extraembryonic 
mesoderm might regulate PGC allocation. Recently, E-cadherin, Lim1 and Hnf3β 
have been identified as part of that second signal (Okamura et al., 2003; Tsang et al., 
2001). 

e endoderm derived tissue (Fig. 6,7). During this period, PGCs exhibit a 
motile morphology (being elongated and extending processes) and have been shown 
to migrate actively in vivo (Gomperts et al., 1994; Molyneux et al., 2003). A number 
of genes have been identified as important during migration through the hindgut, 
including Fgf8, germ cell deficient and the c-kit/Steel (receptor/ligand) pathway (Sun 
et al., 1999; Pellas et al., 1991; De Miguel et al., 2002). Moreover, in vitro TGFβ1 has 
been shown to function as a chemoattractant for PGCs isolated at E8.5 and E10.5 
(Godin and Wylie, 1991). Between E9.0 and E9.5, the PGCs start leaving the hindgut 
into the adjacent mesenchyme to reach the gonadal ridges by E10.5-E11.5 (Fig. 7). 
This abrupt change in migration “direction” is probably associated with changes in 
cell adhesion. Laminins, β1 integrins and proteoglycans are though to play a role 
during this development phase (Anderson et al., 1999; García-Castro et al., 1997). 
Recently,the SDF1/CXCR4 (ligand/receptor) pathway has been shown to be 
essential for homing of PGCs to the gonadal ridges, but not required for directed 
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Once the PGCs 
reach the gonadal 
ridges (Fig. 7), they 
lose their motile 
morpho

er with 

 cell nuclear antigen 1 and germ cell-less (Toyooda et al., 

Skeletal and cardiac progenitors arise from different populations of 
and lateral plate mesoderm. Note that 

extraem

logy and round 
up, being often referred 
to as gonocytes. 
Furthermore, female 
PGCs reactivate their 
silent X-chromosome 
(Monk and MacLaren, 
1981). Around E11.5, 
PGCs have totally 
demethylated 
genomes, but 
methylation imprints are 
re-established in a sex-
specific mann
paternal methylation 
imprints acquired early 
and maternal specific 
methylation obtained 
late during 
gametogenesis 
(reviewed in Reik et al., 
2001). In the genital ridges, the
genes, inclusing vasa, germ
2000; Enders and May, 1994; Kimura et al., 1999), but also Scp3, a meiotic gene (Di 
Carlo et al., 2000). Both male and female PGCs undergo two or thee additional 
rounds of mitosis and around E12.5 enter the pre-meiotic stage. In contrast to male 
germ cells that undergo mitotic arrest, female germ cells enter meiosis and are 
arrested in diplotene around the time of birth (reviewed by McLaren et al., 2003). 
PGCs increase their population from the estimated 45 cells at E7.5 to about 25 000 
cells at E13.5, and therefore replicate 8 times with an average division time of 16 
hours (Tam and Snow, 1981). 
 
Skeletal and cardiac muscle development 

 PGCs increase the expression of germ-cell specific 

mesoderm, respectively paraxial mesoderm 
bryonic mesoderm and PGCs ingress through the posterior part of the 

primitive streak, while the lateral and paraxial mesoderm ingress through the middle 
and anterior part of the primitive streak, respectively (Kinder at al., 2001). 
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The paraxial mesoderm gives rise to the somites, segmented blocks of 

mesoderm cells that develop on each side of the neural tube. The somites undergo 
epithelialization and in response to signals from the neural tube and notochord, the 
somites differentiate forming two distinct regions: the dermomyotome and the 
sclerotome (Fig. 8). The sclerotome develops into the majority of the bones and 
cartilage of the body, while both myogenic and dermal progenitors are derived from 
the dermomyotome. Myogenic progenitors, also known as myoblasts, express the 
muscle-specific transcription factors Myf5 and MyoD (reviewed by Buckingham, 
2001). Once specified, these cells delaminate from the somites and migrate to  
sites of muscle formation. There, some myoblasts irreversibly exit the cell cycle, align 
with each other and fuse forming multinucleated myotubes. During development, 

 populations of myoblasts
etween E11.5 and E15.5 in the mouse, primary myotubes are formed through the 

fusion 

 

there are two waves of myogenesis involving two distinct
B

. 

of primary (embryonic) myoblasts, while secondary (fetal) myoblasts remain 
proliferative. After primary myotubes have stopped forming, secondary myoblasts 
progressively enter the muscle differentiation programme. They use the primary 
myotubes as a scaffold to attach to and fuse with each other, giving rise to secondary 
myotubes, a process that starts at E15.5 in the mouse and goes on until well after 
birth (Stickland, 1982; Wigmore and Dunglison, 1998). In adult mice, myogenesis can 
still occur triggered by skeletal muscle damage. During the process of regeneration, 
satellite muscle cells, which constitute a reservoir of undifferentiated muscle 
precursor cells, are recruited to form new myofibres (Seale and Rudnicki, 2000).

 
 

The lateral plate mesoderm (at each side of the embryo) migrates during 
gastrulation from the posterior side of the primitive streak to an anterior-proximal 
position in the embryo. There, the paired heart-forming fields converge to form the 
cardiac crescent (Fig. 9). Interestingly, there is a concerted movement of 
presumptive cardiac mesoderm with the overlying foregut endoderm (Lawson and 
Pederson, 1987; Tam and Beddington, 1992; Tam et al., 1997), suggesting that there 
may be interactions between these two tissues. However, the presumptive cardiac 
mesoderm is not committed to the cardiac lineage until it reaches the heart-forming 
region after migration. Still in association with the foregut endoderm, the paired 
cardiac progenitors move ventrally, joining at the ventral midline, creating a linear 
heart tube around E8 (Fig. 9). At this stage, the heart is formed by a distinct 

m and myocardium and elongates anteriorly and posteriorly. At E8.5, the
ilateral symmetric heart tube undergoes a process called cardiac looping 

endocardiu
b

 

morphogenesis, during which the different heart chambers acquire their shape, 
position and left-right asymmetry. From E12.5 until birth, the form of the heart is 
retained, but it undergoes a tremendous increase in size. It is during this last 
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developmental period that the process of septation and valvulogenesis takes place, 
remodelling the heart with respect to the chambers connection and separation 
(reviewed by Solloway and Harvey, 
2003).  
 
Placentation 

During the first half of 
gestation, mice embryos rely on a 
yolk sac placenta, formed by tissues 
derived from the trophectoderm and 
primitive endoderm for nutrition and 
survival (Fig. 10). During this period 
exchanges with the maternal 
environment occur by diffusion. 
However, mice develop a chorio-
allantoic placenta around E8.5, 

hen the allantois, elongated across 
ic cavity, makes close 

contact

m) and the placental labyrinth (Fig. 10). 
 progressively removed and as the maternal 

th the small branches formed by the 
e the maternal “blood vessels” themselves 
ses and nutrients thus occurs in the placental 

w
the exocoelom

 with the chorionic plate, the 
chorion flattened against the 
ectoplacental cone. This event is 
called chorio-allantoic fusion. Over 
the next days, chorionic trophoblast 
cells and foetal blood vessels 
undergo extensive branching, 
referred to as “vascular invasion” of 
the chorion, forming the placental 
labyrinth layer (Fig. 10). However, 
the chorionic plate remains as a 
defined structure, adjacent to the 
highly vascularised placental 
labyrinth. In the labyrinth, the 
chorionic trophoblast cells form two 
separate cell layers around the 
lumen of the maternal blood sinus. 
Interestingly, these distinct 
concentric cell layers are formed 
from the fusion of two or more 
chorionic trophoblast cells into a 
multinucleated cell type, the 
syncytiotrophoblast. Note that just as 
the syncytioytophoblasts of the 
placenta, the myotubes that form 
skeletal muscle (described above) 
are also multinucleated cells. 

Large maternal arterial blood 
vessels cross the 
spongiotrophoblast layer, a compact 
non-syncytial cell layer located 
between the trophoblast giant cells (fo
interface with the maternal deciduu
Interestingly, the maternal endothelium is
blood enters the placental labyrin
syncytiotrophoblast cell layers becom
(Adamson et al., 2002). Transport of ga

rming the outer layer of the placenta at the 
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labyrinth from the maternal blood through the syncytiotrophoblast cells and foetal 
blood v

β/BMP activated the 
mad-dependent signalling pathway (Persson et al., 1998). We made use of those 

GFβ/BMP signalling during early mouse development (Chapter 2 
and 3).

 about the role of these two 
molecu

,J.A., 
sman,J., and Wylie,C. (1999). Mouse primordial germ cells lacking β1 

essels into the foetal blood, while embryonic waste products are transported 
in the opposite direction. The chorio-allantoic placenta starts functioning around 
E10.0 and reaches full maturation at E17.5, meeting the ever-growing demands of 
the foetus (reviewed in Rossant and Cross, 2001). 
 
Aim of this thesis 

Although the TGFβ/BMP signalling pathway has been studied for over 20 
years, many aspects of the signalling are still poorly understood. Recently, two novel 
sets of tools have been developed which will help us gain new insights in the 
TGFβ/BMP signalling pathway. One of those set of tools are antibodies that 
specifically recognize the C-terminal phosphorylated form of either TGFβ or BMP R-
Smads, providing accurate information of where and when TGF
S
antibodies to map T

 The other set of tools consist of transgenic mice that carry either a specific 
TGFβ responsive or BMP responsive promoter coupled to LacZ or GFP (Neptune et 
al., 2003; Monteiro et al., unpublished results). Although these reporter mice do not 
give information about immediate TGFβ/BMP signalling, because the reporter 
molecules have to be produced and have a half life of several days, these reporter 
mice provide clear evidence for transcriptional activation as result of the TGFβ or 
BMP signalling. Using these transgenic reporter mice, we were able to map 
TGFβ/BMP signalling transcriptional activation during PGC migration (Chapter 4). 
Furthermore, we studied in detail the role of the BMP signalling pathway in particular 
via ALK2 in the formation of PGCs (Chapter 3) and the role of the TGFβ signalling 
pathway via ALK5 in the migration of PGCs (Chapter 4). 

 A major function of TGFβ is to regulate the expression of genes involved in 
the formation and remodelling of the extracellular matrix (ECM). We focus on two of 
these genes, β1integrin and CTGF and investigated their putative role(s) in the 
development of PGCs and the heart, respectively, during mouse development 
(Chapter 5 and 6). In addition, we studied the relationship between CTGF and the 
TGFβ/BMP signalling pathway after experimentally induced myocardial infarction in 
mice (Chapter 6). At least in rats, CTGF and TGFβ are related to the development of 
fibrosis post-infarction. By contrast, in mice little is known

les during heart remodelling and fibrosis post-infarction, however 
characterization of the molecular signals involved during these processes in mice 
may prove to be extremely useful in combination with the use of mouse genetic 
models to develop new therapies for ischemic heart diseases, which are an important 
cause of mortality in western societies. Our results challenge the prevailing model of 
the relationship between TGFβ signalling and CTGF post-myocardial infarction. 
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Abstract 
 

Deletion of various bone morphogenetic proteins (BMPs) and their 
downstream Smads in mice have clearly shown that BMP signaling is essential for 
the formation of primordial germ cells (PGCs). However, the molecular mechanism 
through which this takes place is still unclear. Here, we demonstrate that BMP4 
produced in the extraembryonic ectoderm signals through ALK2, a type I BMP 
receptor, in the visceral endoderm (VE) to induce formation of PGCs from the 
epiblast. Firstly, embryonic day (E)5.5-E6.0 embryos cultured on fibronectin formed 
PGCs in the presence of VE, but not in its absence. Secondly, Alk2 deficient 
embryos completely lacked PGCs and the heterozygotes had reduced numbers, 
resembling Bmp4 deficient phenotypes. Thirdly, expression of constitutively active 
ALK2 in the VE, but not in the epiblast, was sufficient to rescue the PGC phenotype 
in Bmp4 deficient embryos. In addition, we show that the requirement for the VE at 
E5.5-E6.0 can be replaced by culturing embryos stripped of VE on STO cells, 
indicating that STO cells provide or transduce signals necessary for PGC formation 
that are normally transmitted by the VE. We propose a model in which direct 
signaling to proximal epiblast is supplemented by an obligatory indirect BMP 
dependent signal via the VE. 
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Introduction 
 

In most metazoan animals, the development of primordial germ cells (PGCs) 
is crucial for the survival of the species, since these are the cells that form the 
gametes that transmit the genetic material to future generations. In species such as 
Drosophila, C. elegans, Xenopus, zebrafish and chick, the PGC lineage can be 
followed from the egg or the two-cell stage onwards due to the segregation of germ-
cell determinants (reviewed by McLaren, 2003). By contrast, in the mouse only at 
embryonic day (E)7.2 does a founding population of approximately 45 cells 
descendent from E6.2-E6.5 proximal epiblast (embryonic ectoderm) cells become 
lineage restricted to the germ line (Lawson and Hage, 1994). Moreover, at E6.5, both 
proximal and distal epiblast cells are still competent to become PGCs if positioned 
posteriorly in the proximal epiblast (Tam and Zhou, 1996; Yoshimizu et al., 2001). 
Interestingly, although allocated by different mechanisms, the PGC lineage is one of 
the first exclusively embryonic lineages to be established in the mouse as it is also in 
the other species mentioned. 

To date, the repertoire of signals involved in PGC induction has only been 
identified in part. Lawson et al. (1999) demonstrated that the signal transduction 
cascade activated by bone morphogenetic protein 4 (BMP4) produced by the 
extraembryonic ectoderm is necessary for the generation of PGCs and allantois. In 
addition, other BMPs (BMP8b and BMP2) have been shown to be of importance for 
establishing normal numbers of PGCs (Ying et al., 2000; Ying et al., 2001a). 
Recently, Fragilis/mil-1 was detected in the proximal epiblast at E6.25-E6.5 (Tanaka 
and Matsui, 2002; Saitou et al., 2002) where progenitors of PGCs (among others) 
become specified (Lawson and Hage, 1994). Strikingly, Fragilis/mil-1 is 
downregulated in Bmp4 deficient embryos (Saitou et al., 2002) and may thus be 
involved in the specification of germ cells, although this is currently unclear. 

BMPs belong to the TGFβ superfamily of secreted growth factors. At the cell 
surface of target cells, BMP dimers bind type I (activin receptor-like kinase (ALK)2, 
ALK3 or ALK6) and type II (BMPR-II, ActR-IIA or ActR-IIB) BMP receptors forming 
heteromeric complexes. The type II BMP receptor phosphorylates the type I BMP 
receptor, allowing it to phosphorylate the BMP receptor-regulated Smads (Smad1, 5 
or 8). Upon activation, these Smads bind to Smad4 and translocate from the 
cytoplasm to the nucleus where they regulate transcription of BMP target genes (for 
a detailed review see Shi and Massagué, 2003).  

Using gene ablation in mice, Smad1 and Smad5 have been described as 
important for induction of PGCs (Tremblay et al., 2001; Hayashi et al., 2002; Chang 
and Matzuk, 2001). Embryos lacking BmpRII or ActR-IIA -/-; ActR-IIB -/- double 
homozygotes fail to form mesoderm entirely, while single mutants for ActR-IIA or 
ActR-IIB, although exhibiting a number of defects, develop to term (Beppu et al., 
2000; Matzuk et al., 1995; Oh et al., 1997; Song et al., 1999). All three known type I 
BMP receptors have been deleted in mice, but only Alk2 and Alk3 mutants exhibit an 
embryonic lethal phenotype (Gu et al., 1999; Yi et al., 2000; Mishina et al., 1995). 
Similar to BmpRII deficient embryos, Alk3 deficient embryos implant and form a 
proamniotic cavity but fail to gastrulate, whereas Alk2 deficient mice are arrested 
slightly later in development. The Alk2 mutation shows incomplete penetrance and 
some Alk2 homozygotes generate embryonic mesoderm, although extraembryonic 
mesoderm is never observed. This is reminiscent of the Bmp4 mutant phenotype on 
some genetic backgrounds (Winnier et al., 1999). In addition, Alk2 homozygous 
embryos show abnormal visceral endoderm with a visible constriction at the 
embryonic-extraembryonic boundary. ALK2 mRNA was detected at E6.0 by RT-PCR 
(Roelen et al., 1994) and ALK2 was detected at E6.5 by immunofluorescence 
specifically in the visceral endoderm surrounding the epiblast, but not in the epiblast 
itself (Gu et al., 1999). 
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Although BMPs produced by the extraembryonic tissues are required for PGC 
formation, there is no evidence that BMPs signal directly to the proximal epiblast cells 
inducing a number of them to become PGCs. This important unsolved question 
results in part from the difficulty in detecting BMP protein in vivo, but also because of 
the diversity of in vitro conditions used by different groups to study the formation of 
PGCs, including the use of different feeder cells (which are themselves sources of 
signals) or feeder-free conditions i.e. fibronectin, different mouse strains and 
embryos or epiblasts of slightly different ages, therefore to relate the work of others 
to our own, we used embryos of different developmental stages and cultured them in 
parallel on feeder cells and fibronectin.  

Here, we have studied how BMP signaling mediates the formation of PGCs in 
mouse embryos in culture. Firstly, we demonstrate for the first time that at E5.5-E6.0, 
the presence of the visceral endoderm is necessary for formation of PGCs. Secondly, 
we show that PGCs are absent in Alk2 deficient mouse embryos and that Alk2 
heterozygotes contained a significantly reduced number, reminiscent of the 
observations in Bmp4 mutant mice (Lawson et al., 1999). Furthermore, at E6.0-E6.5, 
expression of constitutively active Alk2 (which triggers BMP signaling in the absence 
of ligand) in the visceral endoderm of Bmp4 deficient embryos was sufficient to 
restore the ability of the Bmp4 -/- embryos to form PGCs. Together, our results 
indicate that there is a novel signal activated by BMP4 via ALK2 in the visceral 
endoderm that is required for proximal epiblast cells to adopt a PGC fate. 
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Results 
 
BMP signaling in proximal epiblast and visceral endoderm during early 
postimplantation mouse development 

Expression of type I and type II BMP receptors and receptor-regulated Smads 
has been detected as early as E6.0-E7.0 in the mouse embryo (Hayashi et al., 2002; 
Roelen et al., 1994; Roelen et al., 1997a; Mummery and van den Eijnden-van Raaij, 
1999; Dewulf et al., 1995). However, little is known about their expression at earlier 
stages, even though BMP4 and BMP8b mRNA are present in the extraembryonic 
ectoderm (ExE) at E5.5 (Lawson et al., 1999; Ying et al., 2000), BMP2 mRNA is 
detected in the visceral endoderm (VE) at E5.0 (Coucouvanis and Martin, 1999) and 
the BMP signaling they initiate is thought to be necessary to induce epiblast cells to 
become PGCs (Yoshimizu et al., 2001).  

We detected active BMP signaling in cells of the proximal epiblast at E5.5 
(Fig. 1A) using an antibody that specifically recognizes the active (C-terminal 
phosphorylated) form of the BMP receptor-regulated Smads (PS1, Persson et al., 
1998), suggesting that at E5.5 BMPs from the ExE signal directly to epiblast cells. In 
addition, cells of the VE also exhibited distinctive nuclear PS1 staining (Fig. 1A). At 
E6.0, BMP signaling was maintained and as gastrulation began (E6.25-E6.5), 
prominent PS1 was also evident in the cells that formed the primitive streak and 
nascent mesoderm at the posterior side of the embryo (Fig. 1B-D), as also shown by 
Hayashi et al. (2002).  

To determine which BMP type I receptors mediated the observed activation of 
BMP signaling both in the VE and the proximal epiblast during early postimplantation 
stages (E5.5-E6.5), we performed RT-PCR on whole embryos, embryos from which 
the VE had been removed (whole-VE) and the isolated VE. ALK2 and ALK3 mRNA 
was detected in whole embryos, isolated VE and VE-stripped embryos at all stages, 
but ALK3 mRNA was detected at higher frequency (Fig. 1F-G). ALK6 mRNA was 
detected in VE-stripped embryos, but never in the isolated VE (Fig. 1H).  
 
At E5.5-E6.0, the VE is necessary for induction of PGC formation  

To date, the role of the VE in the induction of PGCs has been unclear, in part 
because in studies on the formation of PGCs, embryos have usually been cultured in 
vitro in the absence of VE, but on a layer of fibroblast feeder cells to facilitate 
attachment to the substratum. Under these culture conditions, isolated E6.0-E6.25 
epiblasts containing no VE and no ExE can develop PGCs (Yoshimizu et al., 2001; 
Ying et al., 2001b). To define the role of the VE in the induction of PGCs, we cultured 
E5.5-E6.5 embryos either intact (whole) or with the VE removed (but retaining the 
ExE) on coverslips coated either with fibroblast feeder cells (STO/SNL cells) or 
directly on fibronectin (FN). The explants were subsequently analyzed for alkaline 
phosphatase (AP) activity  (Fig. 2). Even though PGCs are not the only AP positive 
cell population in explants (and embryos), their typical morphology and AP staining 
pattern, in particular at the cell surface, and the characteristic dark cytoplasmic 
“spot”, allowed us to identify them clearly and unambiguously as PGCs (Chiquone, 
1954; Ginsburg et al., 1990). Independent confirmation of their identity was 
nevertheless obtained (see next section). 

We observed that when cultured on STO cells, explants derived from E5.5-
E6.0 embryos did indeed generate AP positive PGCs, even when stripped of VE (Fig. 
2C,D,H,I). Moreover, although the number of PGCs in the explants was variable, 
both intact and VE-stripped embryonic explants developed similar numbers of PGCs 
in culture (P>0.4). Explants derived from whole E5.5-E6.0 embryos (containing intact 
extraembryonic tissues) cultured on FN developed similar numbers of PGCs to 
explants cultured on STO cells (P>0.4). Strikingly, VE-stripped embryos isolated at 
E5.5-E6.0 did not develop PGCs when cultured on FN-coated coverslips instead of 
feeder cells, despite similar overall development of the explants (Fig. 2A,B,E,F) and  
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expression of Esx1 mRNA, a marker of ExE-derived tissues (see next section). 
These results strongly indicate that in the absence of feeder cells, in addition to the 
ExE, the VE is in fact required for the formation of PGCs at E5.5-E6.0.   

Explants derived from E6.5 embryos no longer appeared to require either VE 
or feeder cells, and the majority of the VE-stripped embryos cultured on FN formed 
PGCs (Fig. 2A,G,J), although their number was significantly lower than the number of 
PGCs in explants derived from intact embryos (Fig. 2B,D). This reduced number of 
PGCs may be caused by the fact that E6.5-VE embryos cultured both on FN and 
STO cells had relatively less time to adapt to the culture conditions after the removal 
of the VE before PGC allocation than either E5.5-VE or E6.0-VE (cultured on feeder 
cells), so that fewer PGCs formed. 

We thus clearly demonstrated that at E5.5-E6.0, the presence of the ExE was 
not sufficient for induction of PGCs from the epiblast, but that the additional presence 
of VE was required. However, culturing VE-stripped embryos on a fibroblast feeder 
layer instead of FN restored the potential of the epiblast cells to generate PGCs. The 
feeder cells (together with the ExE) thus appeared to allow formation of PGCs by 
providing either direct signals to the epiblast or ExE or indirectly by promoting the de 
novo formation of endoderm. 
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Influence of the STO feeder cell layer on explant culture 

Since the unambiguous identification of PGCs in culture is essential for the 
conclusions of the present study, we sought independent means of confirming that 
cells with AP staining and distinctive morphology were indeed PGCs. Using 
Oct4∆PE:gfp transgenic embryos (Yeom et al., 1996), we showed that the majority of 
the AP positive cells (approximately 90%) identified as PGCs in E6.0-VE derived 
explants cultured on STO cells, co-expressed Oct4 (driven by its distal promoter 
element) and/or PGC7/Stella (Saitou et al., 2002; Sato et al., 2002), both 
independent PGC markers (Fig. 3A-C). We confirmed the presence of Oct4 
transcripts by RT-PCR in explants derived from E5.5 embryos and strikingly also 
found that some E5.5-VE derived explants (3 out of 6 explants) cultured on FN 
expressed Oct4 mRNA (Fig. 3D). Because these explants had no recognizable 
PGCs, they may have been slightly younger embryos that developed less well in 
culture and retained Oct4 positive pluripotent epiblast cells. Furthermore, we 
detected expression of Esx1 mRNA, a marker for ExE-derived tissues normally 
upregulated in vivo at E8.5 (Li et al., 1997) in all groups of E5.5 explants in at least 
40% of the explants analyzed, but not in STO cells alone (Fig. 3D). This indicated 
that the absence of PGCs observed in VE-stripped E5.5 derived explants (but not in 
explants from intact embryos) cultured on FN was not the result of the possible 
degeneration of the ExE, but is specifically due to the absence of the VE; it also 
showed that the kinetics of Esx1 mRNA upregulation in explants is comparable to 
that expected from in vivo reports.  

To establish whether the PGC inducing capacity of feeder cells during the 
culture of embryos was indirect and the result of de novo endoderm differentiation, 
we performed RT-PCR to detect expression of α-fetoprotein (AFP) mRNA, a marker 
of VE (Dziadak and Adamson, 1978) but also expressed transiently in definitive gut 
endoderm at E8.0-E9.0 (Gualdi et al., 1996; Kuo et al., 1997) and subsequently in 
the liver, a definitive endoderm derivative (Watt et al., 2001). After culture either on 
FN or STO cells, we detected AFP transcripts in explants derived from intact E5.5 
embryos as expected, but not in E5.5-VE derived explants (Fig. 3D). These results 
suggest that STO cells did not induce or support the formation of endoderm from VE-
stripped embryos. 

Interestingly, STO cells expressed mRNA for ALK2 and ALK3, the two BMP 
type I receptors detected in the VE (Fig. 3D), although neither BMP4 nor BMP2 
transcripts were detected (data not shown). STO cells showed no or weak PS1 
staining, but when treated with 100 ng/ml of BMP4, nuclear PS1 staining was evident 
(data not shown), indicating activation of the BMP signaling pathway. Therefore, STO 
cells could be supporting formation of PGCs by translating BMP signals generated in 
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the ExE of the embryos cultured. To test this hypothesis, we isolated E5.5-E6.5 
embryos obtained from crossings of Bmp4 heterozygous mice, cut them 
longitudinally in two halves and cultured them on STO cells in the presence or 
absence of exogenous BMP4. From all explants derived from E5.5-E6.5 Bmp4 
heterozygous and wildtype littermates, 40-83% contained PGCs, independently of 
the presence of exogenous BMP4 (Fig. 4A-C). Furthermore, the number of PGCs 
was not significantly different between BMP4 treated and untreated explant groups 
(P≥0.2), suggesting that addition of exogenous BMP4 is not sufficient to increase the 
number of PGCs formed, even at E5.5.  

 
Surprisingly, a number of Bmp4 deficient explants were able to generate 

PGCs when cultured on STO cells, even in the absence of exogenous BMP4 (Fig. 
4B,C). This clearly indicated that STO cells provided more than just an appropriate 
substratum or transduction of BMP4 from the ExE, but probably expressed signal(s) 
similar to those downstream of BMP4 in the embryo important for the formation of 
PGCs. STO cells thus have an intrinsic ability to trigger ≥E6.0 Bmp4 -/- epiblast cells 
to adopt a PGC fate, together with possible signals from the Bmp4 -/- ExE or VE 
cells, i.e. BMP8b and BMP2, respectively. In this respect, it is of note that we 
detected Fragilis/mil-1 transcripts in STO cells by RT-PCR (Fig. 4D).  This 
transmembrane molecule acts downstream of BMP4 and is present before 
gastrulation throughout the epiblast and co-localizes during gastrulation with the 
precursor population from which the PGCs arise (Saitou et al., 2002; Tanaka et al., 
2002). 
 
ALK2 is necessary for PGC formation in vivo 

The unexpected role of the VE in formation of PGCs under feeder-free 
conditions and the observation that active BMP signaling was present at E5.5-E6.0 in 
the VE, particularly at the junction between extraembryonic and embryonic ectoderm, 
led us to investigate whether ALK2, one of the BMP type I receptors detected in the 
VE at these developmental stages could be involved in formation of PGCs. 

We counted PGCs in embryos lacking Alk2, after AP staining and failed to 
identify any PGCs in these mutants at E7.5-E8.0, although their wildtype littermates 
(3-7 somites) contained on average 44 PGCs (Fig. 5). More interestingly, the Alk2 
heterozygous embryos contained a reduced number of PGCs (26 on average) 
compared to wildtype littermates (P<0.05), phenocopying in this respect Bmp4 
heterozygous embryos (Lawson et al., 1999). These results indicate that ALK2 is 
necessary for the formation of PGCs.  
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Expression of constitutively active ALK2 in the VE of Bmp4 -/- embryos 
induces formation of PGCs  
 Although we showed that in vitro the presence of the VE between E5.5-E6.0, 
on the one hand and that in vivo the BMP type I receptor ALK2 on the other is 
necessary for formation of PGCs, it was still unclear whether it is ALK2 activation of 
the BMP signaling pathway in the VE that causes proximal epiblast cells to adopt a 
PGC fate. To test this hypothesis, we infected E5.5-E6.0 and E6.5 embryos 
generated from crossings of Bmp4 heterozygous mice with adenovirus expressing 
constitutively active (ca)Alk2 (which triggers BMP signaling in the absence of ligand) 
and cultured the embryos on FN. Firstly, however we infected intact E5.5 and E6.5 
embryos with adenovirus expressing LacZ and showed that punctuated β-
galactosidase staining (X-gal) was detected exclusively in the VE (Fig. 6A). Further, 
we confirmed by Western blot analysis that infection of HepG2 cells with adenovirus 
encoding caAlk2 (caAlk2-virus) induced phosphorylation of BMP receptor-regulated 
Smads (PS1) as did exposure to exogenous BMP4 (Fig. 6B). Infection of intact E5.5 
and E6.5 BRE:LacZ transgenic embryos, containing a BMP responsive element 
coupled to LacZ (Monteiro et al., unpublished results) with caAlk2-virus indicated 
exactly where activation of the BMP signaling pathway occurred. After one day of 
culture, E5.5 BRE:LacZ transgenic embryos showed no detectable X-gal staining, but 
when infected with caAlk2-virus a number of VE cells became X-gal positive (data 
not shown). Most E6.5 embryos had a well developed exocoelomic cavity surrounded 
by extraembryonic mesoderm after one day of culture. Using E6.5 BRE:LacZ 
transgenic embryos, we observed activation of BMP signaling in particular in the 
mesoderm but infection with caAlk2-virus resulted in ectopic activation of BMP 
signaling in a punctuated fashion in the VE as expected, in addition to BMP signaling 
in the mesoderm and some epiblast cells (Fig. 6C). Together, these data indicate that 
adenoviral infection is effective in E5.5-E6.5 intact embryos, occurred in the VE and 
expression of caALK2 resulted in activation of BMP signaling in embryos in vitro.  

After infection with caAlk2-virus, we found clearly identifiable PGCs in 
explants derived from E5.5-E6.0 Bmp4 homozygous knockout embryos at similar 
frequencies as in heterozygous and wildtype littermates (Fig. 6D), whereas in 
contrast to the majority of heterozygous and wildtype littermates, only 25% (1 in 4) 
caAlk2 infected explants derived from E6.5 Bmp4 homozygous embryos formed 
PGCs (Fig. 6D). Our results indicate that activation of the BMP signaling pathway via 
caALK2 in the VE of Bmp4 deficient embryos is sufficient to induce the formation of 
PGCs around E6.0-E6.5 (when the product encoded by the adenovirus becomes 
expressed), but not after that (at E7.0) when PGCs are about to become allocated. 

To investigate whether activation of the BMP signaling pathway via caALK2 
directly in the epiblast (or ExE) could lead to the formation of PGCs, we also infected 
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wildtype E5.5-E6.0 and E6.5 embryos with and without VE with caAlk2-virus and 
cultured the embryos in vitro on FN. PGCs were readily observed in infected explants 
derived from whole embryos, but not in infected explants derived from VE-stripped 
embryos (Fig. 6E), although the embryos could be effectively infected (Fig. 6A). 
These results clearly indicate that overexpression of caALK2 in the epiblast (or ExE) 
of VE-stripped wildtype embryos is not sufficient to induce formation of PGCs and 
therefore the rescued Bmp4 -/- embryos developed PGCs due to the overexpression 
of caALK2 specifically in the VE.  

 
We also addressed the question of whether BMP4 acted exclusively on the 

VE and if this signal was sufficient to induce the formation of PGCs from epiblast 
cells under feeder-free conditions. Therefore, we cultured the distal part of E6.0 
wildtype embryos (containing both epiblast and VE) in the presence of exogenous 
BMP4, caAlk2-virus or both and analyzed the number of PGCs after culture on FN, 
but PGCs were not observed (n=17-19; data not shown). Thus, we were unable to 
show that BMP4 (or caALK2) acts exclusively via the VE at E6.0-E6.5, but we 
suggest that although both BMP4 and ALK2 are necessary for the formation of 
PGCs, they are not sufficient to induce PGCs ectopicaly and the presence of the ExE 
may be also required.   
 
Discussion 
 
ExE and VE are both essential for PGC allocation at E5.5-E6.0 

Of the three BMP ligands known to be involved in the development of PGCs, 
BMP4 and BMP8b are produced in the ExE at E5.5-E7.5 (Lawson et al., 1999; Ying 
et al., 2000), while BMP2 is expressed slightly earlier at E5.0-E7.5 in the VE 
(Coucouvanis and Martin, 1999). Thus a role for the VE as well as the ExE in PGC 
formation has been suggested but never fully elucidated. One reason for this is that 
most studies on the generation of PGCs in vitro have been performed by culturing 
embryos on a layer of feeder cells.  

We observed the appearance of PGCs in E5.5-6.0 VE-stripped embryos 
(epiblast and ExE) cultured on STO cells, but not in parallel cultures on FN, indicating 
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that in the absence of feeder cells, E5.5-E6.0 epiblast cells are not able to develop 
PGCs independently of signals provided by both extraembryonic tissues, VE and 
ExE. This suggests that although BMP signals generated in the ExE at E5.5-E6.0 are 
necessary to induce PGCs in the epiblast, in vitro they are clearly not sufficient and 
the presence of the VE is also required. This observation has not been documented 
previously. 

After E6.0, epiblast cells of VE-stripped embryos were capable of generating 
PGCs, although the numbers of PGCs observed were significantly reduced 
compared to explants derived from intact embryos, suggesting that the VE is still 
important at that stage, but no longer strictly necessary. In agreement with our data, 
Yoshimizu et. al. (2001) observed that when cultured on FN, isolated E6.0 epiblasts 
were unable to develop PGCs, while 40% of the explants derived from E6.25 
epiblasts contained PGCs. Together these results demonstrate that under feeder-
free culture conditions, ≤E6.0 isolated epiblast cells are not able to form PGCs 
autonomously, but require external signals provided not only by the ExE, but also by 
the VE. 
 
ALK2 functions as a type I receptor for BMP4 

Activated BMP receptor-regulated Smads (PS1) were detected at E5.5-E6.0 
in the proximal epiblast and in the VE. Smad1, 5 and 8 are generally activated by 
BMPs, but they can also be activated by TGFβ via ALK1, a type I receptor (Chen and 
Massagué, 1999), but not by nodal (Kumar et al., 2001). However, ALK1 mRNA is 
only expressed from E6.5 onwards (Roelen et al., 1997b), in contrast to ALK2, ALK3 
and ALK6 mRNA, which we showed were expressed earlier in the embryo. Both 
ALK3 and ALK6 are well-characterized type I receptors that translate signals from 
BMPs of both the DPP class (BMP2 and 4) and 60A class (BMP5, BMP6, BMP7, 
BMP8a and BMP8b). ALK2 on the other hand is known to translate signals from 
BMPs of the 60A class, but the relationship with the DPP class is less clear. Although 
BMP2 has been shown to bind ALK2 and activate the BMP signaling pathway (Liu et 
al., 1995), it has not been formally shown that BMP4 also has this capacity.  
In this study, we have provided the first evidence that ALK2 functions in vivo as a 
type I receptor for BMP4 (and possibly BMP2). Firstly, we demonstrated that Alk2 -/- 
embryos form no PGCs, while in Alk2 +/- embryos the number of PGCs was reduced 
when compared to wildtype littermates. This reflected exactly the findings in mutant 
Bmp4 mice, where Bmp4 +/- embryos had reduced number of PGCs and Bmp4 -/- 
lacked PGCs entirely (Lawson et al., 1999). Secondly, we were able to rescue 
formation of PGCs in Bmp4 -/- embryos by expressing caALK2 in the VE, which 
mimicked activation of the BMP pathway, but were not able to rescue formation of 
PGCs by expressing caALK2 in VE-stripped wildtype embryos. These data suggest a 
role for ALK2 specifically in the VE, transducing BMP signals necessary for formation 
of PGCs. 

It is however not clear whether this effect is restricted to caALK2 or whether 
caALK2 downstream intracellular targets are distinct from those of caALK3 and 
caALK6. Nevertheless, we demonstrated that ALK2 does play a crucial role in the 
formation of PGCs and that in its absence, neither ALK3, the other BMP type I 
receptor detected in the VE at E5.5-E6.0 nor ALK6 are capable of supporting 
allocation of PGCs. We have no evidence for which BMP type II receptor partners 
ALK2 in the visceral endoderm, although all BMP type II receptors are functional 
before gastrulation (Beppu et al., 2000; Song et al., 1999). In addition, Smad5 mRNA 
was not detected in the VE at E6.5 (Chang et al., 1999), while Smad1 is clearly 
expressed in the VE before gastrulation and more importantly deficiency in Smad1 
results in complete absence of PGCs (Hayashi et al., 2002), similarly to deficiency in 
either Alk2 or Bmp4. 
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Indirect BMP4 signaling controls PGC formation at E5.5-E6.5 
Based on the data reported here, we propose that a still unknown signal, 

regulated by BMP4 (and probably BMP2) activation of ALK2 in the VE is involved in 
directing proximal epiblast cells towards a PGC (and possibly allantois) fate, at E5.5-
E6.0 (Fig. 7). This would explain why embryos without VE but containing the ExE 
(and therefore able to produce BMP4) were unable to form PGCs when cultured 
under feeder-free conditions. 

Bmp2 -/- mutants form a reduced 
number of PGCs (Ying et al., 2001a) and 
more importantly Bmp2 +/-; Bmp4 +/- 
double heterozygotes had fewer PGCs 
when compared to single Bmp4 or Bmp2 
heterozygous embryos (Ying et al., 
2001a), suggesting that BMP4 and BMP2 
have additive effects in the induction of 
PGCs. This observation is in agreement 
with the proposed role of BMP4 in the VE, 
where BMP2 is produced. Interestingly, 
additive effects were not observed 
between either BMP2 or BMP4 with 
BMP8b (Ying et al., 2000; Ying et al., 
2001a) and therefore we suggest that 
BMP8b signals independently of BMP4/2, 
probably directly to the proximal epiblast 
via Smad5 (and Smad1) (Fig. 7). In 
contrast to the absence of PGCs in Bmp4, 
Alk2 and Smad1 deficient embryos, at 
least 50% of BMP8b or Smad5 deficient 
embryos contained PGCs, although in 
reduced numbers (Lawson et al., 1999; 
Hayashi et al., 2002; Ying et al., 2000; 
Chang and Matzuk, 2001).  

PGCs are completely absent in Bmp4 deficient embryos. The observation that 
activati

 presented here clearly indicates that BMP4 signaling via ALK2 in 
the VE

he role of feeder cells in PGC development in vitro 
feeder cells to study the 

develo

on of BMP signaling in the VE (by caALK2) was sufficient to induce PGCs in 
Bmp4 -/- embryos at E6.0-E6.5 indicates that the BMP4-ALK2 mediated signal 
produced by the VE that we propose is important for generation of PGCs in the 
embryo. Although it could be argued that adenovirus could infect both VE cells and 
some epiblast cells, we demonstrated that caAlk2-infected VE-stripped embryos 
formed no PGCs, showing that the induction of PGCs in Bmp4 -/- mutants is 
specifically due to overexpression of caALK2 in the VE, mimicking there activation of 
BMP signaling.  

The work
 induces indirectly the development of PGCs from epiblast cells. But although 

necessary, both BMP4 and ALK2 are not sufficient to induce ectopic PGCs in the 
distal epiblast in the absence of ExE at E6.0, suggesting that there is probably a 
second signal needed produced by the ExE e.g. BMP8b, to induce epiblast cells to 
differentiate to PGCs (Fig. 7). 
 
T

The outcomes of experiments using different 
pment of PGCs are not equivalent. Yoshimizu et al. (2001) cultured E6.25 

proximal epiblasts on STO and on SI/SI4 cells and obtained different results both with 
respect to the percentage of explants with PGCs (62% vs. 35%, respectively) and the 
number of PGCs (ranging from 1-45 vs. 4-7, respectively). This suggested that STO 
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cells in particular provided important external support for the development of PGCs in 
culture.  

Ying et al. (2001b) were unable to detect PGCs by culturing E6.0-E6.25 
Bmp4 -/- embryos on transgenic Bmp4-producing COS7 cells. Therefore, we were 
surprised by the observation that E6.5 Bmp4 -/- embryos cultured on STO cells 
formed PGCs. Here, we demonstrate that STO cells induced the formation of PGCs 
not by inducing endoderm formation, nor by transducing BMP signals produced by 
the ExE. It is more likely that STO cells produce either a similar signal to the 
postulated BMP4-ALK2 mediated signal generated in the VE, or a downstream signal 
similar to that produced by proximal epiblast cells themselves. This would also 
explain why E5.5-E6.0 VE-stripped embryos developed PGCs when cultured on STO 
cells, but not on FN. Presumably, COS7 cells produce this signal less efficiently. 

STO cells express leukemia inhibitor factor, steel factor and mast-cell growth 
factor, among other diffusible factors known to stimulate PGC proliferation and 
survival in culture (Dolci et al., 1991; Godin et al., 1991). Furthermore, we detected 
Fragilis/mil-1 mRNA by RT-PCR in STO cells. Together, these factors could provide 
an environment that is permissive not only for proliferation and survival, but also for 
the induction of PGCs in culture. Although it is still unclear whether Fragilis/mil-1 is 
necessary for the formation of PGCs, the observation that it acts downstream of 
BMP4 in the epiblast and its co-localization with PGCs as they form (Tanaka and 
Matsui, 2002; Saitou et al., 2002), makes it a good candidate to explain the PGC-
inductive properties of STO cells, in particular in Bmp4 -/- embryos. 

Interestingly, STO cells are able to support the development of PGCs from 
VE-stripped E5.5-E6.0 embryos, isolated E6.0 whole or proximal epiblasts 
(Yoshimizu et al., 2001), but not distal E6.0 epiblasts (Yoshimizu et al., 2001). Thus, 
the signals produced by STO cells are not sufficient to induce ectopic PGCs. 
 
At E5.5-E6.0, the epiblast needs BMP4 to develop (PGCs) in culture 

By developing in close contact with STO cells, E6.0-E6.5 Bmp4 -/- embryos 
formed PGCs. However, PGCs did not emerge from E5.5 Bmp4 -/- explants cultured 
on STO cells, but were observed when those explants were cultured on STO cells 
and BMP4 was added to the culture medium, suggesting that the signals produced 
by STO cells are not sufficient to induce PGCs in cultured embryos prior to E6.0, but 
additional BMP signals may be necessary to support general development and 
subsequently PGCs may form. We observed formation of PGCs in VE-stripped E5.5 
embryos cultured on STO cells probably because additional to the STO-produced 
signals, BMPs are being produced in the ExE. Similarly, Hayashi et al. (2002) 
cultured E5.5-E5.75 epiblasts on STO cells, but were only able to observe PGCs 
when BMP4 was added to the culture medium. Moreover, they observed that E5.5-
E5.75 Smad1 -/- mutant epiblasts did not develop PGCs, even in the presence of 
exogenous BMP4 on STO cells. In agreement with the results mentioned above, 
Toyooka et al. (2003) recently showed that germ cells were formed in coaggregates 
of embryonic stem (ES) cells with transgenic Bmp4-producing feeders, including STO 
cells, immediately after 1 day of culture, but germ cells were not observed in 
aggregates of ES cells only cultured in the presence of exogenous BMP4 or 
coaggregates of ES cells with STO cells. 

All together, the results indicated that at E5.5-E6.0 BMP signals i.e. BMP4 are 
necessary not only specifically for the generation of PGCs but probably for the 
general development and differentiation of E5.5-E6.0 epiblast cells in culture, as also 
suggested by Pesce et al. (2002). 
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Material and methods 
 
Isolation of embryos and culture of embryonic explants 

The genetic background of the Alk2tm1 mice (Gu et al.,1999) was  BL6/129 
and of both wildtype and Bmp4tm1blh mice (Lawson et al., 1999) was BL6/CBA. 
Oct4∆PE:gfp transgenic mice were generated as described by Anderson et al. (1999) 
on a BL6/CBA background. BRE:LacZ transgenic mice were generated using the 
BRE promoter sequence (Korchynskyi and ten Dijke, 2002) coupled to LacZ on a 
25% BL6/75% 129 and will be published separately (Monteiro et al., unpublished).  

The mice were kept in a normal or reversed light/dark cycle and the noon of 
day (12:00) of the vaginal plug was designated E0.5 or E0.0, respectively. Uteri 
isolated from mice killed by cervical dislocation were kept in cold Dulbecco’s minimal 
essential medium (DMEM, Invitrogen) supplemented with 7.5% fetal calf serum 
(FCS) and 10 mM HEPES. E5.5, E6.0 and E6.5 embryos were isolated using 
tungsten needles to remove both the Reichert’s membrane and the ectoplacental 
cone, and staged according to Yoshimizu et al. (2001).  

For the culture of embryonic explants, we used (1) whole embryos, consisting 
of intact epiblast, ExE, VE and, at E6.5, primitive streak and nascent mesoderm; (2) 
whole embryos cut longitudinally (through the axis of bilateral symmetry, if this was 
morphologically discernible) using glass needles, but containing parts of all tissues 
described above; (3) embryos containing both an intact epiblast and ExE plus, 
depending on the stage, the primitive streak and nascent mesoderm, but with the VE 
layer removed. To remove the VE layer, whole embryos were placed for 4 minutes at 
40C in a droplet of pancreatin/trypsin solution (3% pancreatin (Applichem) in PBS and 
2.5% trypsin (Invitrogen) in HBSS without calcium (Invitrogen) mixed 4:1). Thereafter, 
the embryos were placed in DMEM containing 15% FCS and the VE was removed 
mechanically using tungsten needles. After the dissection of two embryos/explants, 
these were placed immediately in DMEM containing 15% FCS, at 370C and 7.5% 
CO2. Each individual embryo/explant was cultured on a glass coverslip either 
covered with a confluent layer of mitomycin C-treated STO/SNL feeder cells (7.5x104 

cells/well) or coated with FN (20 µg/ml, Harbor BioProducts) in 4-well culture plates 
(NUNC). Explants derived from E5.5 embryos were cultured for 4 days and E6.0 and 
E6.5 embryos for 3 days. When used, BMP4 (R&D systems) was added to the 
culture medium at 100 ng/ml. 
 
Analysis of primordial germ cells  

PGCs were identified and counted on the basis of AP activity and morphology 
using a 20x objective (Axioplan, Zeiss) as described by Lawson et al. (1999). 
Student’s t-test was used to analyze the differences in the number of PGCs between 
the different groups of embryos/explants. 
 
Immunohistochemistry 

PS1 was detected in wildtype E5.5-E6.5 embryos using rabbit anti-PSmad1 
antibody (Persson et al., 1998) by whole mount immunohistochemistry as described 
(Chuva de Sousa Lopes et al., 2003). 

After the removal of the VE layer, heterozygous Oct4∆PE:gfp E6.0 embryos 
were cultured for 3 days on STO cells (as described above) and used for detection of 
PGC7/Stella and Oct4. After fixation in 4% paraformaldehyde/PBS (PFA) for 2 hours 
at 40C, the explants were washed three times in PBS, permeabilized 8 minutes with 
0.1% Triton X-100 (Merck), washed three times in PBS, blocked with 4% normal goat 
serum (Dako) with 0.05% Tween (Merck) for 1 hour at room temperature (RT), 
incubated 1 hour at RT with rabbit anti-PGC7/Stella antibody (Sato et al., 2002) 
diluted 1:2000 in blocking solution, washed three times in 0.05% Tween and 
incubated 1 hour at RT with Cy3-conjugated goat anti-rabbit antibody (Jackson 
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Immuno Research Laboratories, Inc) diluted 1:250 in blocking solution. After staining, 
the explants were immediately analyzed for GFP positive cells (Oct4) and Cy3 
positive cells (PGC7/Stella) using epifluorescent microscopy (Axioplan, Zeiss). 
Thereafter, the explants were washed three times in PBS, kept for 1 hour in 70% 
ethanol at 40C, washed 3 times in distilled water and treated with AP-staining 
solution, as above. 
 
Genotyping of embryos and embryonic explants 

Samples were boiled in 10 µl 0.1% W1 (Sigma) 5 minutes and after the 
addition of 10 µl proteinase K (2 mg/ml, Invitrogen) incubated overnight (o/n) at 550C, 
then boiled 5 minutes and the DNA amplified by PCR. The Bmp4 mutation was 
detected with primers 5’-CCAGACTAGTCCATCACAATG-3’ and 5’-TTGAGGTGATC 
AGCCAGTGGA-3’, and amplification conditions 940C 5 minutes, 40 cycles of 940C 
15 seconds, 600C 30 seconds and 720C 45 seconds, followed by 720C 5 minutes. 
Thereafter, the amplified product was digested o/n with SfiI (214+227bp wildtype and 
441bp knockout). Neomycin primers were 5’-GATTGCACGCAGGTTCTC-3’ and 5’-G 
ATGTTTCGCTTGGTGGTC-3’ and amplification conditions 940C 5 minutes, 35 
cycles of 940C 30 seconds, 580C 30 seconds and 720C 30 seconds, followed by 720C 
10 minutes to distinguish Alk2 heterozygous from wildtype embryos. 
 
RT-PCR 

Individual embryos, individual explants and STO cell culture were frozen in 
liquid nitrogen and stored at -800C. mRNA was isolated using Dynabeads® mRNA 
DIRECTTM Micro kit (Dynal). Half of each sample was used for RT-PCR by standard 
procedures and the other half used as control for DNA contamination. Amplification 
conditions for ALK2, ALK3 and GAPDH cDNA were 940C 2 minutes, 2 cycles of 940C 
15 seconds, 600C 30 seconds and 720C 5 minutes, followed by 940C 2 minutes. 
Thereafter, the cDNA-magnetic beads were removed with a magnetic particle 
concentrator (Dynal MPC®-E), resuspended in cold 1M TRIS/HCl pH7.5 and re-used, 
while the rest of the solution was further used for amplification (940C 2 minutes, 40 
cycles of 940C 15 seconds, 600C 30 seconds and 720C 45 seconds, followed by 720C 
7 minutes). Conditions for amplification of ALK6, Oct4, Esx1, AFP and Fragilis/mil-1 
cDNA were similar, except for the annealing temperatures which were 550C, 550C, 
550C, 580C and 620C respectively. Hemi-nested PCR of 30 cycles was used to detect 
ALK3, ALK2 and ALK6 cDNA. The primers used for ALK2 were 5’-
GGAGTAATGATCCTTCCTGTGC-3’, 5’-TCTTACACGTCATCTTCCCCTG-3’ and 5’-
ACCACCGAGAGGATGATAAGGC-3’; for ALK6 were 5’-ACGGAGCAGTGATGAGT 
GTCT-3’, 5’-TTCTGGGTTCCTCTGTGTCTG-3’ and 5’-TCTGAACTCACTGGGCAG 
TAG-3’; for GAPDH were 5’-AGCCAAAAGGGTCATCATCTCC-3’ and 5’-CGAAGGT 
GGAAGAGTGGGAGTT-3’; for Fragilis/mil-1 were 5’-ATCCTTTGCCCTTCAGTGCT 
GC-3’ and 5’-TTCAGGACCGGAAGTCGGAATC-3’ and primers for ALK3, Oct4, Esx1 
and AFP have been described by Roelen et al. (1997a), Levenberg et al. (2002), 
Inoue et al. (2002) and Goumans et al. (1999), respectively. 
 
Adenoviral infection, cell culture and Western blot analysis  

Intact or VE-stripped E5.5-E6.0 and E6.5 embryos were infected o/n with 
adenoviruses expressing constitutively active (ca)Alk2 or LacZ (Fujii et al., 1999), 
refreshed and cultured on FN-coated coverslips at 370C and 5% CO2. 0.5x107, 1x107 
and 1.5x107 virus particles per 250 µl were used for individual E5.5, E6.0 and E6.5 
embryos, respectively. Embryonic explants were subsequently fixed for 2 hours in 
4% PFA at 40C, washed 3 times in PBS and either stained for X-gal using standard 
procedures after o/n culture or stained for AP activity as described above after 3 or 4 
days in culture. 
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The human hepatic cell line HepG2 (ATCC HB-8065) was maintained in 
DMEM supplemented with 10% FCS at 370C and 7.5% CO2. For adenovirus 
infection, 30000 cells/cm2 were seeded in 12-wells (Greiner bio-one) grown o/n and 
either infected with 1x107 and 50x107 virus particles in 2 ml medium o/n or treated 
with 100 ng/ml BMP4 for 1 hour. Thereafter, protein isolation for Western blotting was 
performed using RIPA (Faure et al., 2000) and 35 ug total lysate separated by 12.5% 
SDS-PAGE and transferred to Hybond-C Extra nitrocellulose (Amersham 
Biosciences). The membrane was washed in TBST (0.05M TRIS/HCl pH7.5, 0.14M 
NaCl, 0.1% Tween), blocked in 3% skimmed milk/TBST for 30 minutes at RT, 
washed in TBST, incubated with rabbit anti-PSmad1 antibody (1:1000) in TBST o/n 
at 4°C, washed in TBST, incubated with HRP-conjugated goat anti-rabbit antibody 
(1:5000, BD Biosciences) in TBST 1 hour at RT, washed in TBST and analyzed with 
ECL kit (Amersham Biosciences) followed by exposure to X-ray film (Fuji). 
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Abstract 
  

The transforming growth factor β (TGFβ) signaling pathway has shown to be 
involved in controlling the migration of primordial germ cells (PGCs) to the gonadal 
ridges in vitro. We investigated the role of the TGFβ signaling pathway in vivo, both 
analyzing the migration of PGCs in embryos deficient in TGFβ signaling, via the type 
I receptor ALK5 and analyzing the expression of active (C-terminal phophorylated) 
Smad2, a TGFβ effector protein. Furthermore, we investigated transcriptional 
activation mediated by TGFβ in PGCs in transgenic reporter mice containing a TGFβ 
responsive sequence coupled to green fluorescent protein. Our results show that 
TGFβ neither controls migration or proliferation of PGCs until they reach the gonadal 
ridges. However, TGFβ may control the mitotic arrest of PGCs that occurs once the 
PGCs colonize the gonadal ridges.  
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Introduction 
 In mammals, the primordial germ cells (PGCs) have an extra gonadal origin. 
They are allocated during gastrulation around embryonic day (E)7.2 at the base of 
the allantois, where a founder population of about 45 cells can easily be identified on 
the basis of staining for tissue non-specific alkaline phosphatase (TNAP) activity 
(Lawson and Hage, 1994; Ginsburg et al., 1990; Chiquoine, 1954). To reach the 
gonadal ridges, the PGCs first occupy the definitive endoderm (Anderson et al., 
2000), migrate through the hindgut and ingress the dorsal body wall before dorsal 
mesentery formation. They continue to leave the hindgut as the mesentery forms and 
expands and move laterally into the gonadal ridges (E9.0-E10.5) (Molyneaux et al., 
2001). By E11.5, most PGCs have entered the gonadal ridges. While migrating, the 
PGCs proliferate so that they are about 26 000 when they finally enter mitotic arrest 
in the gonads (Tam and Snow, 1981). The mechanism controlling PGC migration is 
not fully understood. Although most of the migratory process appears active and 
directional, a significant number of ectopic PGCs are observed not only scattered 
along the migratory route, but also in the surface ectoderm of the tail and the 
hindlimb bud mesoderm.  

Experiments on cultured PGCs suggest two different mechanisms that may 
contribute to regulate PGC migration, one chemotactic and the other based on a 
gradient of extracellular matrix (ECM) (Godin et al., 1990; Godin and Wylie, 1991; 
Alvarez-Buylla and Merchant-Larios, 1986; Ffrench-constant et al., 1991; García-
Castro et al., 1997). Indirect evidence for involvement of an ECM gradient in vivo was 
provided by Anderson and colleagues (1999), who showed that PGCs lacking the 
ECM receptor β1 integrin did not colonize the gonadal ridges efficiently. Recently, a 
specific requirement for the chemokine stromal cell-derived 1 (SDF1) and its receptor 
CXCR4 for proper colonization of the gonadal ridges has been demonstrated 
(Molyneaux et al., 2003; Ara et al., 2003). However, The SDF1/CXCR4 is not 
involved in the earlier phases of PGC migration. 

In vitro, transforming growth factor β1 (TGFβ1) has been shown to mimic the 
chemotropic effect of E10.5 gonadal ridges observed for PGCs isolated from E8.5 
embryos, in a dose dependent manner. Moreover, a neutralizing antibody against 
TGFβ1 blocked the chemotropic effect from the gonadal ridges, suggesting that 
indeed TGFβ could be involved in the homing of PGCs (Godin and Wylie, 1991). 
However, these in vitro experiments were all performed on STO feeder cells and 
there is no direct evidence that E8.5 PGCs express TGFβ receptors so that it 
remains unclear whether the observed TGFβ effect was direct on the PGCs or 
indirect via the feeders. Nevertheless, even though at E8.5 the gonadal ridges have 
not yet formed and the PGCs have just entered the hindgut, at E10.5 the dorsal body 
wall does express TGFβ1 (Godin and Wylie, 1991), suggesting that TGFβ1 could 
play a role regulating migration of PGCs towards the gonadal ridges in vivo. 

TGFβ1 is the prototype of the TGFβ superfamily of secreted growth factors, 
which also includes among others TGFβ2, TGFβ3 and bone morphogenetic proteins 
(BMPs). TGFβ1-3 signal through serine/theonine kinase transmembrane receptors, 
requiring both the type II (TβRII) and type I (ALK5 and, specifically in endothelial 
cells, ALK1) receptors to initiate a cellular response. Upon activation of ALK5, TGFβ 
receptor regulated (R-)Smads, Smad2 and Smad3 are phosphorylated in their C-
terminal sequence and translocate to the nucleus where they modulate transcription 
of TGFβ target genes (reviewed by Shi and Massagué, 2001). 

The purpose of this study was to determine whether TGFβ signaling 
contributed to PGC migration directly in vivo. Furthermore, we also investigated 
whether BMP signaling contributed to migration control of PGCs, because recently 
phosphorylated (BMP) R-Smads and transcripts of the BMP receptors were observed 
in isolated E11.5 PGCs (Pesce et al., 2002). We used antibodies that specifically 
recognize the active form (C-terminal phosphorylated) of the TGFβ R-Smad, 
PSmad2 or the BMP R-Smads, PSmad1/5/8 and the recently generated transgenic 

57



reporter mice containing LacZ or green fluorescent protein (gfp) reporter genes 
driven by promoter sequences specifically responsive to TGFβs (CAGA-reporter) or 
BMPs (BRE-reporter) R-Smads (Neptune et al., 2003; Monteiro et al., unpublished 
results). In these mice, expression of the reporter indicates the tissues and cells 
where transcriptional activation as result of either TGFβ or BMP signaling has taken 
place. We observed active TGFβ, but not BMP, signaling in PGCs at E10.5 and 
E12.5. In addition, the distribution of PGCs was analyzed in Alk5 deficient mice. The 
results showed that while Alk5 deficient embryos had similar numbers of PGCs as 
their wildtype littermates, their PGCs seem to migrate more efficiently to the gonadal 
ridges and therefore TGFβ seems not to function as a chemoattractant in vivo. 
 
Materials and Methods 
 
Mouse strains and embryo isolation 

Wildtype mice were maintained on a BL6/CBA background, TgfbrI+/- (or Alk5+/-

) mice (Larsson et al., 2001), CAGA:gfp mice (Neptune et al., 2003) on a BL6 
background and BRE:LacZ mice (Monteiro et al., unpublished results) on a 25% 
BL6/25% CBA/50% 129 background. Embryos were isolated in cold Dulbecco’s 
minimal essential medium (DMEM, Invitrogen) supplemented with 7.5% fetal calf 
serum (FCS) and 10 mM HEPES. Wildtype and Alk5+/- embryos were fixed overnight 
(o/n) in 4% paraformaldehyde in PBS (PFA) and embedded in paraplast (Sigma) 
using standard procedures. Alk5 genotyping was performed as described (Larsson et 
al., 2001).  
 
PGC staining 

BRE:LacZ and CAGA:gfp males were crossed with wildtype females. The 
resulting E9.0-E10.5 embryos were dissected as described (Lawson et al., 1999) or 
the gonads of E12.5 embryos isolated, before fixation for 2 hours in 4% PFA at 40C. 
BRE:LacZ embryonic fragments were stained for β-galactosidase using standard 
procedures for 4 hours at 370C, while CAGA:gfp embryonic fragments were 
photographed using filters for GFP. All fragments were washed in cold PBS and 
stained as whole-mount for alkaline phosphatase (AP) activity (Lawson et al., 1999) 
and mounted in 70% glycerol. Sections of embryos resulting from Alk5 heterozygote 
crossings or wildtype were stained for AP activity using ASMX/Fast Red TR (Sigma) 
following manufacturer’s instructions, counterstained with hematoxylin, dehydrated 
and mounted in DePeX. In all cases, AP staining was performed maximally 3 days 
after embryo collection. 

 
Immunohistochemistry 

Sections of embryos were dewaxed, rehydrated and treated for 15 minutes at 
room temperature (RT) with 1.2% hydrogen peroxide in MeOH. Sections to be 
stained with rabbit anti-PSmad2 (Persson et al., 1998) and anti-UTF1 antibodies 
were boiled for 20 minutes in 10 mM sodium citrate pH6.0, sections to be stained 
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with rabbit anti-PSmad1/5/8 antibody (Cell Signaling) were boiled 20 minutes in 10 
mM Tris/1mM EDTA pH9.0. Other antibodies used were anti-phospho p44/42 MAP 
kinase (Cell signaling) and anti-phospho p38 MAP kinase (Cell signaling). Sections 
were blocked for 30 minutes at RT in TNB blocking solution (provided by the TSA 
Biotin SystemTM, Perkin Elmer), incubated o/n at 40C with the first antibody in TNB 
(diluted at 1:100, except anti-phospho p38 MAP kinase diluted at 1:1000), followed 
by 30 minutes incubation at RT with biotin-conjugated swine anti-rabbit IgG (DAKO) 
in TNB and treatment with the ABComplex/HPR (DAKO), the TSA Biotin System and 
Fast 3,3’-diaminobenzidine tablet set (DAB, Sigma). Sections were counterstained 
with hematoxylin, dehydrated and mounted in DePeX. 
 
Results 
 
At E9.0-E10.5, TGFβ signaling, 
but not BMP signalling, is active 
during the migration of PGCs 
from the hindgut to the gonadal 
ridges 
 Although TGFβ1 as been 
described as a chemoattractant 
molecule for migratory PGCs in 
vitro, its role in vivo has never been 
clarified. Using 
immunohistochemistry, we show 
that indeed at E10.5, PGCs exhibit 
nuclear staining for PSmad2, 
indicating that TGFβ signaling is 
active in the PGCs (Fig. 1). At 
E10.5, PGCs are entering the 
gonadal ridges and can be 
morphologically distinguished from 
the somatic cells surrounding them 
due to the typical large round 
nucleus as shown using the marker 
for pluripotency UTF1 (Fig. 1A). 
Making use of transgenic 
CAGA:gfp TGFβ reporter mice 
(Neptune et al., 2003), we 
expected to show transcriptional 
activation of the GFP reporter as a 
result of activation of TGFβ 
signaling specifically in the PGCs 
along the hindgut, mesenterium, 
body wall and the gonadal ridges. 
However, at E10.5 no GFP was 
detected in the embryo proper and 
visceral yolk sac (data not shown). 
This was unexpected because embryos deficient in either TGFβ1 on specific genetic 
backgrounds, TβRII or ALK5 die around E10.5, indicating not only that TGFβ 
signaling is occurring, but more importantly that TGFβ signaling is necessary for 
proper development during this developmental stage (Dickson et al., 1995; Oshima 
et al., 1996; Larsson et al., 2001). We generated transgenic CAGA:lacZ TGFβ 
reporter mice and will analyze PGC development in those reporter mice. 
 At E10.5, PGCs are not receiving BMP signaling, as no nuclear PSmad1/5/8 
was detected (Fig. 1C). Transcriptional activation resulting from BMP signaling was 
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analyzed in transgenic BRE:LacZ BMP reporter mice (Monteiro et al., unpublished 
results) in particular in the PGCs. In contrast to the extensive β-galactosidade 
staining observed for example in the developing metanephros, positioned caudally 
from the gonadal ridges (Fig. 2), no staining was observed in the PGCs between 
E9.0 and E12.5 (Fig. 2). Together, these results suggest that BMPs do not directly 
signal to the PGCs during migration and colonization of the gonadal ridges. 

 
Alk5 deficient embryos exhibited abnormal distribution of PGCs 

The distribution of PGCs was analyzed in detail in Alk5 deficient embryos until 
E10, when a large percentage of the mutants are still morphological normal, to see 
whether PGC migration is dependent of TGFβ signaling. We observed that the total 
number of PGC was similar in wildtype and Alk5 deficient littermates during early 
development (3 to 30(S) somites), indicating that TGFβs do not have an anti-
mitogenic effect on PGCs in vivo (Fig. 3A), in contrast to reports in vitro (Godin and 
Wylie, 1991; Richards et al., 1999). Furthermore, the distribution of PGCs was similar 
in wildtype and Alk5 deficient littermates until E9.0 (20S) (data not shown). However 
thereafter, between E9.0 and E9.5 (20S-30S), even though the majority of Alk5 
deficient embryos analyzed were morphologically similar to wildtype littermates (Fig. 
3C), the region in length containing PGCs was significantly shorter in mutant 
embryos (Fig. 3D,E). Comparing littermates with identical numbers of somite pairs, 
we observed that Alk5 deficient PGCs migrate closer together and seem to leave the 
hindgut earlier than wildtype PGCs. Wildtype PGCs are very dispersed and still 
occupy posterior regions of the hindgut while the most anterior PGCs migrate to the 
mesenterium and body wall; the majority of Alk5 deficient PGCs remain compact 
leaving the hindgut together. Surprisingly, migration of PGCs to the gonadal ridges 
seems to occur more efficiently in the absence of TGFβ signaling (Fig 3D,E), 
suggesting that in vivo TGFβs do not regulate homing of PGCs.    
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At E10.5, no 
morphologically normal 
Alk5 deficient embryos 
could be recovered. 
However, neither the 
distribution nor the total 
number of PGCs in Alk5 
heterozygous was 
significantly different from 
wildtype embryos (Fig. 
4A,B), suggesting that only 
the complete absence of 
ALK5 affected PGC 
behavior.  
 
 
At E12.5, TGFβ Smad 
dependent/independent 
signaling in the PGCs 

Although TGFβs do not have an anti-proliferative effect during PGC migration, 
they could regulate mitotic arrest at E12.5, as the PGCs loose their migratory 
morphology, round up and stop proliferating. Therefore, we studied the activation of 
TGFβ signaling in PGCs at E12.5. We observed that PGCs were positive for 
PSmad2, showing faint but clear PSmad2 nuclear staining (Fig. 5B). TGFβ is also 
known to activate Smad-independent pathways through the phosphorylation of 
mitogen-activated protein kinases (MAPKs), including p38 MAPK and Erk MAPK 
(Derynck and Zhang, 2003). These TGFβ Smad-independent pathways are related to 
rapid changes in cell morphology and could play a role during this phase of PGC 
development. However, using immunohistochemistry we were unable to detect 
phosphorylated p38 MAPK in the PGCs, while abundant nuclear staining was 
detected in the somatic cells surrounding these cells (Fig. 5D). Similarly, 
phosphorylated Erk MAPK was absent from the PGCs (data not shown). We also 
investigated BMP signaling by means of PSmad1/5/8 nuclear staining, but no active 
BMP signaling was detected in the PGCs, while interestingly prominent staining was 
observed in the tissue surrounding the Müllerian duct. 

 
Discussion 
 
TGFβ signaling does not play a role during PGC migration  

At E9.5, active TGFβ Smad2-dependent signaling was observed in the 
migrating PGCs. However, PGCs were identified on the basis of morphology and no 
direct co-localization of PSmad2 and a PGC marker was shown. Using CAGA:gfp 
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reporter embryos, we expected to demonstrate that PGCs were indeed a direct target 
of TGFβ signaling. However, those reporter mice had no detectable levels of GFP at 
all at E9.5 and E10.5. Furthermore, we isolated the hindgut region of E8.5 embryos, 
containing the PGCs and cultured them overnight in the presence of exogenous 
TGFβ1, mimicking the culture conditions used by Godin and Wylie (1991), to test the 
possibility that only in the presence of 25ng/ml of TGFβ1 the PGCs would activate 
the TGFβ pathway. After culture, no GFP positive cells were observed at all, while 
large numbers of PGCs were detected after AP staining. We suggest that the 
CAGA:gfp reporter mice are not suitable to analyze TGFβ signaling activation in 
mouse embryos during the first half of gestation and therefore generated new 
transgenic lines of CAGA:lacZ reporter mice (Bowman et al., unpublished results). 
The activation of the TGFβ pathway will be analyzed specifically in the PGCs to 
clarify if direct TGFβ signaling is observed during PGC migration.   

Interestingly, in the absence of Alk5 (and therefore of TGFβ signaling) PGCs 
seem to reach the gonadal ridges more efficiently then wildtype PGCs. The 
observation that PGCs were distributed through a shorter length in the posterior part 
of the Alk5 mutant embryos may be explained by the fact that in those mutants the 
expansion of the posterior part of the embryo is delayed, suggested by a relatively 
lower number of somites pairs present in the Alk5 mutants analyzed, compared to 
heterozygote and wildtype littermates. Nevertheless, the number of PGCs observed 
in the Alk5 mutants is similar to wildtype littermates and therefore we suggest that 
TGFβ signaling via ALK5 does not play a significant role either in the migration or the 
proliferation behaviour of the PGCs in vivo, in contrast to reports from studies in vitro 
(Godin and Wylie, 1991; Richards et al., 1999).     
 
BMP signaling does not play a role during PGC migration  

The role of BMP signaling in the formation of PGCs has been well established 
(Lawson et al., 1999; Ying et al., 2000; Ying et al., 2001; Tremblay et al., 2001; 
Hayashi et al., 2002; Chang and Matzuk, 2001). Recent reports have shown that 
BMP receptors and active BMP R-Smads were present in E11.5 PGCs (Pesce et al., 
2002), suggesting a putative role for BMP signaling during later stages of PGC 
development. Our results using immunohistochemistry for PSmad1/5/8 and the 
analysis of PGCs in the BRE:lacZ reporter embryos strongly suggested that no direct 
BMP signaling occurred in PGCs from E9.5 until E12.5. BMP8b is known to be 
involved in spermatogenesis postnatally (Zhao et al., 1996), therefore as a proof of 
principle that the CAGA:lacZ reporter line is indeed faithfully showing tissues where 
BMP signaling is active, newborn and adult testis will be analyzed.    

 
TGFβ signaling and PGC mitotic arrest 

In E11.5 embryos, PGCs expressed TβRII and Alk5 (Richards et al., 1999) and 
could therefore respond to TGFβ1 signals. At E12.5, PGCs exhibited faint nuclear 
PSmad2 and therefore TGFβ Smad-dependent signaling could be involved in the 
mitotic arrest of PGCs that occurs during this developmental stage. Additional 
experiments will be performed to clarify this observation, including the analysis of the 
recently generated CAGA:lacZ reporter mice. 

TGFβ Smad-independent pathways although still poorly characterized are 
related to rapid morphological changes associated with cytoskeletal reorganization, 
in contrast to the TGFβ Smad-dependent pathway that directly modulates 
transcription (Derynck and Zhang, 2003). Once in the gonadal ridges, the PGCs 
undergo a clear change in morphology from an elongated typical migratory cell 
phenotype to a round cell phenotype. The activation of two TGFβ Smad-independent 
effector proteins were analysed, p38 and Erk MAPK, however no signal was detected 
in PGCs, indicating that at least the pathways activated by these MAPKs are not 
involved in the changes in morphology observed in the PGCs around E12.5. 
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However, we can not exclude that other TGFβ Smad-independent signaling 
pathways control this process. 
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Abstract 

 
Connective tissue growth factor (CTGF) has been reported to be a target 

gene of transforming growth factor β (TGFβ) and bone morphogenetic protein (BMP) 
in vitro. Its physiological role in angiogenesis and skeletogenesis during mouse 
development has recently been described. Here, we have mapped expression of 
CTGF mRNA during mouse heart development, postnatal adult life and following 
experimental myocardial infarction. In contrast to observations in vitro, CTGF and 
TGFβ/BMP show little crosstalk during development in vivo, but we report that CTGF 
is upregulated independently of TGFβ or BMP in the developing heart under hypoxic 
conditions.  

Strikingly one week after myocardial infarction, when myocytes have 
disappeared from the infarct zone, CTGF and TGFβ expression as well as activated 
forms of TGFβ but not BMP, Smad effector proteins are co-localized exclusively in 
the fibroblasts of the scar tissue, suggesting possible cooperation between CTGF 
and TGFβ during the pathological fibrotic response. 
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Introduction 
 

Connective tissue growth factor (CTGF), also known as FISP12 in the mouse, 
was first isolated from human umbilical vein endothelial cells [1]. This secreted 
growth factor belongs to the CCN family, which includes CYR61 and NOV and has 
been identified in mammals as well as amphibians. Mouse and human CTGF are 
both 38kDa proteins and share 90% of their amino-acid sequence, but differ in that 
human CTGF can be glycosylated, whilst mouse cannot. CTGF contains 4 conserved 
structural domains: an insulin-like growth factor binding domain, a von Willebrand 
type C domain, a thrombospondin type I repeat and a C-terminal cystine knot module 
and further 38 conserved cysteine residues [2,3]. 

CTGF binds to extracellular matrix proteins (ECM) and integrins [3], but also 
to transforming growth factor-β1 (TGFβ1) and bone morphogenetic protein (BMP4) 
modulating their activity [4]. CTGF has also been shown, at least in vitro, to promote 
ECM production in different types of fibroblasts [5,6,7]. Its physiological role during 
mouse development has recently been described by Ivkovic and colleagues [8]. Ctgf 
deficient mice have defects in skeletal development leading to perinatal death. 
Pathologically, CTGF is known to play important roles during wound repair, 
tumorigenesis, artherosclerosis and fibrotic disorders of the skin, kidney, lung, liver 
and pancreas [reviewed in 3,9].  

TGFβ1 and BMP4 are members of the TGFβ superfamily of secreted growth 
factors. TGFβ signaling involves the activation of type I receptor serine-threonine 
kinases and subsequent phosphorylation of receptor-regulated (R-)Smads, which 
then form complexes with Smad4 and  translocate from the cytoplasm to the nucleus 
and regulate transcription of target genes [reviewed by 10].  

To what extent CTGF interacts with TGFβ/BMP signaling in vivo during 
development and disease is still unclear. In vitro, TGFβ(1) has been shown to 
increase mRNA and protein synthesis of CTGF in various fibroblastic cell types [3]. A 
TGFβ-response element identified in the Ctgf promoter suggests that this may be a 
direct effect [11,12] although possibly independently of Smads [13]. In dermal 
fibroblasts, the basal activity of the Ctgf promoter appears TGFβ Smad-dependent, 
but the constitutive increase in activity associated with sclerodoma is Smad 
independent [14]. The relation between BMPs and CTGF is less clear, although they 
are co-expressed in developing bone [8,15] and BMP2 upregulates CTGF mRNA in 
chondrocytes [16].  

Here, the distribution of CTGF mRNA was studied in the heart during 
embryonic development and in adult mice. In addition, possible interactions between 
CTGF and TGFβ/BMP in vivo during development and disease were investigated. 
Analysis of Alk5 and Bmp4 deficient embryos at embryonic day (E)9.5 revealed 
similar changes in the expression of CTGF mRNA in the heart, despite signaling 
through different Smads, suggesting that CTGF may be upregulated there as a 
consequence of common defects in yolk sac formation. Analysis of Ctgf deficient 
mouse embryos at E16.5 showed no alterations in either the activation of TGFβ or 
BMP Smad-dependent signaling in the heart. Interestingly, CTGF expression was 
essentially restricted to the atria in adult hearts, but after experimental induction of 
myocardial infarction (MI) both CTGF and TGFβ mRNA were upregulated specifically 
in the scar tissue of the ventricle 1 and 4 weeks post-MI, where they may interact. 
We show for the first time increased TGFβ Smad-dependent signaling in fibroblasts 
of the heart combined with enhanced CTGF expression in the same cells and show 
that the myocytes are only marginally involved. 
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Material and Methods 
 
Mouse strains, genotyping and isolation of embryos and hearts 

Embryos and mice were BL6/CBA. Bmp4tm1 mice [17] were maintained on a 
BL6/CBA background, TgfbrI+/- (or Alk5+/-) mice [18] on a BL6 background and Ctgf+/- 
mice [8] on a 25% Balbc/75% 129 background. All embryos and hearts were 
isolated/kept in cold Dulbecco’s minimal essential medium (DMEM, Invitrogen) 
supplemented with 7.5% fetal calf serum (FCS) and 10 mM HEPES, fixed overnight 
(o/n) in 4% paraformaldehyde in PBS (PFA), washed twice 30 minutes in 0.83% 
NaCl, kept 30 minutes in 0.42% NaCl in 50% EtOH and washed twice 30 minutes in 
70% EtOH, all steps performed at 40C. Embryos and hearts were embedded in 
paraffin wax, sectioned (6 µm) onto coated slides (Klinipath) and stored at 40C. 
Genotyping was performed as described [8,17,18]. 
 
In situ hybridization 

To generate the CTGF probe, the vector pGEM4Z containing a 0.65kb PstI 
fragment of hCtgf cDNA (235-825bp) [19] was linearized with BamHI. The anti-sense 
probe was made using [α35S]-UTP (Amersham) and the T7 promoter. The TGFβ1 
probe was generated from a KpnI-ApaI fragment (553-1152bp) from the mouse full 
length Tgfβ1 [20] cloned into Bluescript and linearized with EcoRI. The anti-sense 
probe was made using [α35S]-UTP (Amersham) and the T3 promotor. In situ 
hybridization was performed essentially as described [21]. Consecutive adult heart 
sections were used for Azan –Mallory staining.  
 
Cell culture and northern blot 

C2C12 cells were cultured to subconfluence in DMEM supplemented with 
10% FCS at 370C and 5% CO2, kept for 16 hours in serum-free medium, then treated 
with 50 ng/ml BMP4 (R&D systems) in fresh serum-free medium for 1 or 2 hours. 
Total RNA was isolated using TRIzol Reagent Kit (Invitrogen). The CTGF probe 
(described above) was labeled with [α32P]dCTP using a Rediprime kit (Amersham-
Pharmacia). Prehybridization and hybridization was carried out as described [22].  
 
Coronary artery ligation  

MI was experimentally induced by coronary artery ligation as described [23]. 
Male mice (Swiss) weighing 30-45 g (10-12 weeks old) were used for surgery. Sham-
operated mice were subjected to similar surgery, except that no ligature was placed. 
The hearts were dissected 1 week and 4 weeks post-MI and processed as above. 
 
Immunohistochemistry 

Immunohistochemistry using the primary antibodies rabbit anti-PSmad2 [24], 
anti-Troponin I (Chemicon), anti-PSmad1/5/8 (Cell Signalling Technology) and anti-
fibronectin (Sigma) was performed as described [25,26]. 
 
Results 
 
Expression pattern of CTGF mRNA during early mouse development (E7.5 – 
E10.5) 

Although well-studied biochemically and to some extent in disease, CTGF 
expression through early mouse development has not been fully documented. At 
E7.5, high levels of CTGF mRNA were detected by in situ hybridization in the parietal 
endoderm and deciduum, particularly in crypt cells (Fig. 1A,B). Later in development 
but before the embryo undergoes “turning” (E8.0-E8.5), transcripts were detected in 
the notochord, cephalic mesenchymal cells, first branchial pouch, foregut 
diverticulum and faintly in roof and floor plate of the neural tube (Fig. 1C,D). CTGF 
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was upregulated throughout the heart myocardium, but was not detected in the 
endocardium (Fig. 1C). At E8.5-E9.0, CTGF mRNA became more prominent, 
particularly in the heart myocardium, where CTGF-positive cells were clustered 
randomly in patches (Fig. 1E,F). 

At E9.5-E10.5, most cells of 
the common atrial chamber, the sinus 
venosus, the truncus arteriosus, the 
aortic sac and myocardial cells of the 
bulbus cordis and ventricle contained 
CTGF mRNA, again in a 
characteristic patched/punctated 
pattern (Fig. 1G, 2C,D). Furthermore, 
the common cardinal vein, branchial 
arch arteries and the dorsal aorta all 
contained CTGF mRNA, as well as 
the notochord, cephalic 
mesenchyme, the outer-lateral parts 
of both the first and second branchial 
arches, the foregut and some tissues 
in the nervous system (Fig.1G-I). 
 
Abnormal CTGF expression in the 

blasts, CTGF 
has b

F mRNA expression was 
then a

heart at E9.5 in the absence of 
TGFβ/BMP signaling 

In cardiac fibro
een described as an early 

TGFβ target gene [27]. To determine 
whether CTGF is also an early target 
gene of BMP, C2C12 cells were 
treated with BMP4 and analyzed by 
Northern blotting. CTGF mRNA was 
upregulated transiently 8 fold within 
one hour, decreasing after two hours, 
suggesting that in vitro, CTGF is 
indeed an early target gene of BMP4 
(Fig. 2A).    

CTG
nalyzed in Bmp4 deficient 

mouse embryos. On a mixed genetic 
background, Bmp4 deficient embryos 
die around E9.5, showing a reduced 
number of blood islands in the 
visceral yolk sac [28]. The most 
retarded Bmp4 embryo mutants 
analyzed at E9.5 were very 
disorganized and CTGF mRNA was 
absent from the heart (data not 
shown). In E9.5 Bmp4 deficient 
embryos that did not undergo 
“turning”, CTGF mRNA expression 
was similar to that in wildtype 
littermates, except that expression in 
the myocardium of the common atrial 
chamber was greatly increased (Fig. 
2E,F). By contrast, in E9.5 Bmp4 
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deficient embryos that developed further and “turned”, CTGF mRNA was highly 
upregulated in the aortic sac and bulbus cordis, while the rest of the heart, including 
the common atrial chamber showed normal levels of CTGF transcripts (Fig. 2G,H).  

To identify tissues where 
CTGF 

 heart 
ecomes atrium restricted in 

e remains essentially 
unchan

the characteristic patched pattern observed at e

might be regulated by the 
TGFβ signaling in vivo, we 
analyzed E9.5 embryos lacking 
Alk5 (or TgfbrI-/-), a TGFβ type I 
receptor that does not bind BMPs. 
Alk5 deficient embryos die around 
E10.5 with pronounced defects in 
vascularization of the visceral yolk 
sac [18]. Curiously, CTGF 
expression in Alk5 deficient 
embryos resembled that in Bmp4 
deficient embryos: in E9.5 Alk5 
mutant embryos that did not “turn”, 
CTGF mRNA was also upregulated 
in the common atrial chamber (Fig. 
2I,J), while in morphologically 
normal E9.5 Alk5 mutants, CTGF 
mRNA was upregulated in the 
aortic sac and bulbus cordis (Fig. 
2K,L). CTGF mRNA expression 
throughout the rest of the embryo, 
including the other chambers of the 
heart was similar to wildtype 
littermates. Together, these data 
suggest that neither BMP4 nor 
TGFβ signaling pathways regulate 
CTGF expression (differentially or 
directly) during early mouse 
development, but the altered CTGF 
expression observed in the heart 
may indirectly result from the 
abnormal development of the 
mutants visceral yolk sac.  
 
CTGF expression in the
b
adult mice  

After septation (E12.5), the 
heart structur

ged, although it undergoes 
a substantial increase in size and 
the valves acquire their final shape 
and position. CTGF mRNA was 
highly expressed in the heart at 
E12.5-E13.0 (Fig. 3A,B) and E14.5 
(Fig. 3C,D), particularly in the 
myocardial trabeculation and 
cushion tissue, where it showed 
arlier stages. Furthermore, it was 

detected in the aorta, pulmonary artery and in particular in the ductus arteriosus and 
pulmonary trunk (Fig. 3A-D), as well as in all large blood vessels. The leaflets of both 
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the pulmonary and aortic valves showed no/low CTGF mRNA, but the non-
trabeculated region of the ventricles underneath the leaflets contained particularly 
high levels of transcripts (Fig. 3A,C). By E16.5, the domains of CTGF expression 
were unchanged (results not shown), but in addition CTGF mRNA was observed in 
the leaflets of both the aortic and pulmonary valve (insert in Fig. 4C).  

 
 Interestingly, analysis postnatally revealed that although expression in 
newborn hearts was similar to that in embryos, i.e. patchy but ubiquitous (Fig. 3E), in 
adult hearts CTGF mRNA was restricted to the atria and had been entirely excluded 
from both myocytes and fibroblasts in the ventricles (Fig. 3F). However, CTGF 
expression remained in the large blood vessels of the ventricles. 
 
No effect of Ctgf deficiency on BMP/TGFβ signaling in the embryonic heart   
 BMP/TGFβ signaling is known to regulate CTGF expression in vitro but the 
converse has also been reported: CTGF modulates both BMP(4) and TGFβ(1) 
signaling [4]. BMP and TGFβ signaling play important roles in heart development 
after septation, in particular in the development of the heart valves [29,30,31,32]. We 
observed strikingly high levels of CTGF mRNA in all heart valves at E16.5 (insert in 
Fig. 4C and results not shown), and therefore  investigated whether CTGF regulates 
BMP/TGFβ signaling there after septation. Hearts of E16.5 Ctgf deficient embryos 
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were analyzed for the expression of the activated form (C-terminal phosphorylated) 
of BMP and TGFβ R-Smads, using anti-PSmad1/5/8 (Fig. 4A,B) and anti-PSmad2 
(Fig. 4C,D), respectively. We detected neither morphological defects nor alterations 
in (nuclear) PSmad staining compared with wildtype littermates. Moderate BMP 
signaling and TGFβ signaling were detected throughout the heart both in the 

ndocardium and myocardium. As expected, there were many PSmad1/5/8-positive 
g was 

1 mRNA were still observed in the scar, whereas 
TGF 

e
and PSmad2-positive cells in all heart valves. Furthermore, PSmad2 stainin
prominent in the aortic smooth muscle and endothelial cells and in the blood vessels 
embedded in the myocardium.  

 
CTGF and TGFβ are upregulated in the scar tissue post-MI in adult mice 
 Both CTGF and TGFβ1 are associated with fibrosis in several pathological 
conditions. However, the relationship between CTGF and TGFβ1 during the onset 
and progression of fibrosis in the heart post-MI is still unclear. To clarify this, we 
examined their mRNA expression 1 week and 4 weeks post-MI. Both CTGF and 
TGFβ1 mRNA were absent or expressed at low levels in the ventricles of sham-
operated hearts after 1 and 4 weeks of recovery (Fig. 5A,C,E,G), but were strikingly 
upregulated 1 week post-MI in the scar tissue (Fig. 5B,F). Furthermore, whereas 
TGFβ1 mRNA was only detected in the fibroblasts of the scar tissue, CTGF mRNA 
was present both in fibroblasts and in the thin layer of surviving myocytes that 
contacted the lumen of the left ventricle. Cells of the myocardial septum close to the 
lumen of the left ventricle also contained low levels of both transcripts. 4 weeks post-
MI, high levels of CTGF and TGFβ
C mRNA only was detected in fibroblasts in the border of the scar tissue (Fig. 
5D,H). Together, these data indicate that CTGF mRNA is slightly more widespread 
than TGFβ1 mRNA and more importantly that both transcripts are produced by the 
scar post-MI largely by fibroblasts. 
 We tested whether TGFβ signaled to fibroblasts or myocytes using an anti-
PSmad2 antibody and observed that 1 week post-MI TGFβ signaling took place in 
the majority of the fibroblasts of the scar (fibronectin positive, Troponin I negative), 
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but not in the few remaining myocytes (fibronectin negative, Troponin I positive) that 
directly contacted the lumen of the left ventricle (Fig. 6). PSmad2-positive cells were 
also observed at moderate levels scattered throughout the viable myocardium (Fig. 
6) even in sham-operated hearts (data not shown), indicating that low levels of TGFβ 
signaling are present continuously in the myocardium, but 1 week after infarction 
robust increases in both production of TGFβ(1) and TGFβ signaling are observed 
exclusi

eling following MI.  

vely in the fibroblasts of the scar tissue. Analysis of TGFβ Smad-dependent 
signaling 4 weeks post-MI surprisingly showed that PSmad2-staining was no longer 
in the fibroblasts of the scar tissue (Fig. 6). This suggests a dynamic and transient 
role for TGFβ Smad-dependent signaling during heart remod

We also studied BMP signaling by means of PSmad1/5/8 expression 1 and 4 
weeks post-MI (Fig 6), but only low numbers of PSmad1/5/8-positive cells were 
detected both in the scar tissue and viable myocardium, suggesting that BMP 
signaling does not play a role remodeling the heart after MI. 

 
Discussion 
 
CTGF during heart development and adulthood  
 In agreement with high CTGF expression in developing bone and blood 
vessels, analysis of Ctgf mutant embryos revealed that CTGF is indeed important 
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during skeletogenesis and angiogenesis [8]. CTGF is also highly expressed in the 
developing heart, however we were not able to detect morphological defects in the 
hearts of Ctgf deficient embryos, probably due to functional redundancy there with 
other C

w/absent 
roughout the adult heart (data not shown) and therefore basal CTGF levels in the 

 in developing 
blood v

ventual death under hypoxic conditions 

earts. Therefore, this study provides no evidence for direct interaction 
etween CTGF, on the one hand, and TGFβ or BMP Smad-dependent signaling on 

i-BMP phenotypes when injected in Xenopus 

nimal 

CN family members. Although expression during heart valve development is 
dynamic and may be related to matrix deposition, cell migration or proliferation, 
CTGF expression seems not to be necessary for normal valvulogenesis in contrast to 
TGFβ and BMP signaling.  

Postnatally, CTGF mRNA expression in the heart becomes restricted to the 
atria and large epicardial blood vessels. This adds CTGF to the list of chamber-
specific genes [reviewed by 33] and implies a tight regulation of expression in the 
heart immediately after birth. Interestingly, levels of PSmad2 were lo
th
atria are TGFβ Smad2-independent. CTGF mRNA was expressed

essels and also in large blood vessels of the adult heart, suggesting that it 
may be involved in maintenance of blood vessel integrity during adulthood.  
 
CTGF and TGFβ/BMP do not interact during (heart) development 

Although Ctgf deficiency in mice is not embryonic lethal [8], it is interesting to 
note that this gene is highly expressed at very restricted sites, for example at E9.5 in 
the lamina terminalis, the olfactory placode or the outer layers of both branchial 
arches, suggesting that there is a tight gene regulation during development. 

To address whether TGFβ/BMP signaling modulated CTGF expression in 
vivo, we examined CTGF mRNA expression in embryos lacking TGFβ signaling via 
ALK5 or BMP4 signaling, both embryonic lethal around E10, half way through 
gestation. CTGF mRNA expression in the heart was altered in both mutants but in a 
surprisingly similar manner that appeared to depend only on their degree of 
retardation. This suggested that it was a feature of the phenotype rather than the 
particular signaling pathway affected. In vitro, hypoxia is known to stimulate CTGF 
production [34,35] and, indeed, yolk sac defects result in impaired development, 
including characteristic heart defects and e
[18,28]. This would seem the most likely explanation of the effects observed. 
However, we cannot exclude that TGFβ/BMP signaling may modulate CTGF 
expression later during development (after E9.5), but this could not be addressed 
using Alk5 or Bmp4 conventional knockout. 
 CTGF mRNA expression was prominent throughout the heart at E16.5, 
however we were not able to detect differences in TGFβ or BMP signaling in E16.5 
Ctgf deficient h
b
the other during development, in contrast to reports in vitro and a single study in vivo 
showing that CTGF induced ant
embryos [3,4]. 
 
Possible interaction between CTGF and TGFβ, but not BMP, in scar fibroblasts 
after experimentally induced MI  
 Heart remodeling post-MI is a complex process involving multiple factors and 
pathways; but although extensively studied, particularly using the rat as an a
model, it is still incompletely understood [36,37]. In rats, CTGF and TGFβ have both 
been detected in the scar tissue, 1 and 4 weeks post-MI respectively but only in 
independent studies [38,39]. Furthermore, treating either fibroblasts or myocytes 
isolated from newborn rat hearts with TGFβ increased CTGF expression [27].  
 We examined for the first time co-expression of CTGF and TGFβ1 mRNA and 
activation of downstream Smads in mice 1 and 4 weeks post-MI and observed 
simultaneous upregulation and Smad2 phosphorylation in the scar tissue. There, the 
two ligands co-localized with fibronectin and are therefore clearly related to the 
development of fibrosis post-MI in mice. Interestingly, at least in rats, a short TGFβ1 
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mRNA transcript of 1.9kb rather than the usual 2.4kb transcript is selectively 
upregulated post-MI, although it encodes the same protein [40]. This shorter 
transcript is also detected in undifferentiated mouse embryonic stem cells, but is 
rapidly downregulated after d ifferentiation [41], and is generally regarded as an 
embryo

iven that it is known that CTGF expression may be regulated by TGFβ 
Smad-i

t fibrosis post-MI 
ay be required. We report upregulation of CTGF under hypoxic conditions either 

elopment (defects in yolk sac development) or post-MI (left 

e thank P. Roestenberg, M. Palmen and H. Begthel for technical assistance. SCSL 
by Fundação para a Ciência e Tecnologia (SFRH/BD/827/2000), CLM 

and
 

 vascular endothelial cells is related to the SRC-

2. ctive tissue growth factor. Friend or foe? Arterioscler 

3.  Mol 

4. 
 Nat Cell Biol. 2002;4:599-604. 

nic isoform. It is thus one of several examples of so-called “embryonic genes” 
that are upregulated post-MI [42,43]. The combined studies described here on the 
expression of CTGF in development, adulthood and post-MI indicates that CTGF 
also falls into this category.  

The restriction of PSmad2 staining to the fibroblasts of the scar suggests that 
CTGF mRNA in surviving myocytes contacting the lumen of the left ventricle (and in 
the atria of normal adult hearts) is not regulated by TGFβ Smad2-dependent 
signaling, but that CTGF expressed in the scar fibroblasts probably is. This is not 
unexpected g

ndependent pathways and that there may be cell type specific factors that 
determine the cellular response [13,14,44]. On the other hand, CTGF could bind 
TGFβ1, positively modulating TGFβ Smad-dependent signaling in the scar 
fibroblasts.  

Subcutaneous injection of both CTGF and TGFβ into newborn mice resulted 
in persistent fibrosis, while the effect of TGFβ alone was transient [45]. Moreover, 
mice overexpressing TGFβ1 specifically in cardiomyocytes developed atrial but not 
ventricular fibrosis, suggesting that TGFβ1 activity by itself is not sufficient to induce 
persistent ventricular fibrosis [46] and that co-expression of CTGF, upregulated by a 
TGFβ independent mechanism is also required. Such a mechanism could be 
activated by MI and as we show here, CTGF expression and the fibrotic response in 
fibroblasts are persistent whilst TGFβ-mediated signaling via Smads is only transient, 
returning to background levels 4 weeks post-MI. Whilst the molecular basis for this 
remains to be elucidated, it seems from the data in the mutant embryos, that a simple 
mechanism whereby CTGF is downstream of TGFβ (or BMP) is unlikely. 
Furthermore, co-expression of CTGF and TGFβ to induce persisten
m
during abnormal dev
coronary artery ligation) and suggest that intervening at the level of CTGF may be 
sufficient to control situations of persistent but undesirable fibrosis. 
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The purpose of this thesis was to analyse several aspects of cell lineage allocation, 
differentiation, growth and migration during early mouse development in particular 
the roles of TGFβ/BMP signalling pathway in these processes. The primary focus 
was on the behaviour of primordial germ cells. However, as is inevitable when 
approaching the study of development from the point of view of a specific molecular 
signalling pathway, rather than a specific process, we also observed novel roles for 
TGFβ/BMP signalling and the target genes, CTGF and β1 integrin in skeletal and 
cardiac muscle development as well as during placental development. 
 
BMP signalling and the formation of PGCs 

The BMP signalling pathway has been associated with the formation of 
PGCs, since Lawson and colleagues (1999) observed that Bmp4 deficient embryos 
formed no PGCs. To date, other members of the BMP ligand family have been 
shown to be involved in this process and this remains the only pathway associated 
with the instruction of epiblast cells to a PGC fate. In the model originally proposed, it 
was though that the BMPs signalled directly from the extraembryonic ectoderm, 
where both BMP4 and BMP8b are produced, to the most proximal cells of the 
epiblast. These cells would later, during gastrulation, give rise to both extraembryonic 
mesoderm and PGCs. We demonstrated not only that ALK2, a BMP type I receptor is 
necessary for the formation of PGCs, but that it functions in the visceral endoderm. 
Therefore, in addition to a possible direct BMP signal to the proximal epiblast, there 
is clearly an indirect BMP signal via de visceral endoderm (and ALK2) to instruct the 
proximal layer of epiblast cells to a PGC (and possibly extraembryonic mesodermal) 
fate. Although, BMP2 is produced in the visceral endoderm, this tissue was until now 
not regarded as being required for PGC formation. This resulted mainly from the fact 
that most groups investigating PGC development cultured embryonic explants on a 
layer of feeder cells, such as STO cells. Under this experimental condition, E6.5 
proximal epiblast cells are able to generate PGCs in culture in the absence of both 
extraembryonic ectoderm and visceral endoderm. However, STO cells produce 
survival (Dolci et al., 1991; Godin et al., 1991) and inducing factors and are therefore 
in co-culture not a good system to investigate signals important for the development 
of PGCs. 

In a feeder-free system, it is clear that the presence of the visceral endoderm 
is necessary, in addition to the extraembryonic ectoderm, to instruct epiblast cells to 
a PGC fate. Moreover, we were able to demonstrate that only the proximal visceral 
endoderm adjacent to the extraembryonic ectoderm and proximal epiblast (and not 
the distal visceral endoderm) has the ability to induce epiblast cells to a PGC fate, if 
provided with an external source of BMP4 (exogenous or produced by the 
extraembryonic ectoderm). These results strongly suggest that BMP8b is in fact not 
necessary for the formation of PGCs, in contrast to reports suggesting that BMP4 
and BMP8b, both segregated by the extraembryonic ectoderm were needed to 
induce PGC formation in distal epiblast cultured on feeder cells (Ying et al., 2001). 
Although we were able to demonstrate that signalling via ALK2 is necessary for the 
formation of PGCs in the visceral endoderm, we cannot exclude that ALK2 may 
function in parallel in the proximal epiblast cells. To test this possibility, the 
development of PGCs should be analysed in chimeric embryos generated from Alk2 
deficient recipient blastocysts and wildtype embryonic stem cells. The resulting 
(100% chimeric) embryos would be formed by Alk2 deficient visceral endoderm and 
extraembryonic ectoderm, but wildtype epiblast. Absence of PGCs in those chimeric 
embryos would indicate that ALK2 acted exclusively on the visceral endoderm. 
 
TGFβ signalling, β1 integrin and the migration of PGCs 

Two mechanisms have been proposed to regulate PGC migration to the 
gonadal ridges: chemotaxis and an ECM gradient. From in vitro studies, it has been 
suggested that TGFβ signalling regulates the migration of PGCs towards the gonadal 
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ridges and that TGFβ1 produced by the gonadal ridges would function as a 
chemoattractent (Godin and Wylie, 1991). However, we found no evidence that 
TGFβ signalling regulates the migration of PGCs to the genital ridges or proliferation 
of PGCs during this period in vivo, although on the basis of morphology, PGCs (as 
well as surrounding somatic cells) did exhibit active TGFβ Smad-dependent 
signalling. To show direct evidence that these cells were indeed PGCs, CAGA:gfp 
reporter embryos were analyzed. However, the levels of the reporter were probably 
below detection limit and therefore either there is no TGFβ signal present in the 
embryo (and visceral yolk sac) during the first half of gestation or the reporter is not 
reflecting TGFβ signalling faithfully. Ablation of TGFβ1, TβRII and ALK5 clearly 
indicate a function before E10.5, at least in the vascularization of the visceral yolk 
sac (Dickson et al., 1995; Oshima et al., 1999; Larsson et al., 2001) and nuclear 
PSmad2 was detected by us in many tissues at E10.5, including the visceral yolk 
sac, confirming the lack of sensitivity of the CAGA:gfp transgenic mice in early 
development. New CAGA reporter transgenic lines have been generated in our 
group, this time using the more sensitive β-galactosidase as a read-out (Bouwman et 
al., unpublished results). We also analysed embryos with a conditional deletion of 
TβRII which should have been exclusively in the PGCs. However, the promoter of 
the tissue non-specific alkaline phosphatase (TNAP) used for the Cre-recombinase 
was not as specific as described (Lomelí et al., 2000) and Cre expression was rather 
mosaic and ubiquitous. Although we found no evidence that TGFβ Smad-
independent signalling controls cell shape changes occurring as the PGCs arrive to 
the gonadal ridges, the putative role of TGFβ Smad-dependent signalling controlling 
mitotic arrest of the PGCs in the gonadal ridges is worth investigating further,  

β1 integrin has two isoforms in the mouse, β1A and β1D. PGCs express β1A, 
but not β1D. Therefore, the failure of β1 integrin deficient PGCs to colonize the 
gonadal ridges of chimeric wildtype/β1 integrin embryos efficiently (Anderson et al., 
1999) is probably exclusively due to the lack of the β1A isoform. Replacement of β1A 
by β1D resulted in neural crest migration abnormalities on a mixed Ola/FVB genetic 
background (Baudoin et al., 1998). We tested whether replacement of β1A by β1D 
would have an effect on the migration of PGCs. However, unfortunately the β1D 
knock-in mice with a mixed Ola/FVB genetic background were no longer available 
and the β1D knock-in mice analysed had a mainly FVB genetic background. These 
mice showed a less penetrant abnormal phenotype with normal neural crest and 
PGC migration and some mice in fact survived to birth. This illustrates the importance 
of the genetic background for the characterization of an abnormal phenotype 
associated with the ablation of a specific gene. However, the reduced penetration of 
the phenotype on the FVB background revealed a novel role of the β1D isoform in 
skeletal muscle and placental development (see below). 

TGFβ signalling and β1 integrin can interact at several levels. Although we 
did not investigate a direct relationship between them, we can speculate that TGFβ, 
in addition to direct signalling to the migrating PGCs (with still unclear function), may 
also control ECM deposition in the somatic cells surrounding the developing gonadal 
ridges contributing to the formation of an ECM gradient, which would facilitate β1 
integrin mediated homing to the gonadal ridges.  
 
TGFβ/BMP signalling, β1 integrin, CTGF and development of the heart 

BMP/TGFβ signalling is thought to be important in valve formation during 
heart development (Kim et al., 2001; Bartram et al., 2001; Gaussin et al., 2002; Jiao 
et al., 2003), while BMP signalling also plays a role during the induction of the heart 
fields during gastrulation (Chuva de Sousa Lopes et al., unpublished results). CTGF 
is strongly expressed in the developing heart, in particular underneath the heart 
aortic and pulmonary valve leaflets. Moreover, in vitro CTGF has been demonstrated 
to regulate the BMP/TGFβ signalling (Abreu et al., 2002). We analysed the activation 
of the BMP/TGFβ (Smad dependent) signalling pathway during valvulogenesis in 
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Ctgf deficient embryos, but found no alteration in signalling activation compared to 
that in wildtype littermates. Therefore, if CTGF functions as an accessory receptor in 
vivo, positively mediating TGFβ signalling and negatively regulating BMP signalling, it 
seems not to interact significantly with either pathway during heart development. 
Although CTGF may promote the production of ECM in the heart, its function there is 
still unclear. On the other hand, we and others have shown that CTGF is an early 
target of both BMPs and TGFβs at least in vitro (Moussad and Brigstock, 2000; 
Nakanishi et al., 1997). Interestingly, in the absence Alk5, a TGFβ type I receptor, we 
observed a specific alteration of the CTGF expression in the heart, suggesting 
initially that CTGF is a direct target of TGFβ in vivo. However, deficiency in Bmp4 
induced similar alterations in the CTGF expression pattern, although TGFβ (via 
ALK5) and BMP(4) use completely different signalling pathways. Both, Alk5 and 
Bmp4 deficient embryos exhibit prominent but clearly different defects in visceral yolk 
sac formation. We propose that the abnormal CTGF expression pattern observed in 
the mutant hearts is not the result of direct regulation by the TGFβ signalling pathway 
as initially thought, but the indirect result of hypoxia in the mutant embryos. At E8.5, 
the embryo does not produce its own “embryonic” blood, but is entirely dependent on 
“extraembryonic” blood (with primitive nucleated red blood cells) generated by the 
blood islands of the visceral yolk sac. The chorio-allantoic placenta has not yet been 
formed and therefore there is no close contact between the circulation of the mother 
and of the embryo self. The embryo depends on the so-called yolk sac placenta for 
nutrient and waste exchange which occurs by diffusion. It is therefore the 
development of a cardiovascular system around E8.5 that allows the embryo to 
growth in size and complexity. Abnormalities in the “extraembryonic” blood supply 
are usually related to abnormal heart development, one of the first organs to be 
functional during development, followed by embryonic lethality a couple of days later. 
In addition, we were surprised by the different patterns of CTGF expression observed 
in more retarded and less retarded mutants hearts and still have no explanation for it. 
We examined if the CTGF expression in the mutants was related to differences in cell 
proliferation, but observed no correlation (data not shown).  

In adult mice, CTGF upregulation was observed independently of BMP/TGFβ 
(Smad dependent) signalling in the scar tissue of the left ventricle 4 weeks after 
experimentally induced myocardial infarction. This clearly suggests that although 
TGFβ/BMP signalling is able to induce CTGF, this is not the only mechanism that 
regulates CTGF transcription. We suggest that hypoxia, both during heart 
development and disease, also contributes to the regulation of CTGF transcription. 
Moreover, from our work and that of others it is becoming clear that TGFβ expression 
is not sufficient to cause persistent fibrosis in the heart, but that TGFβ-independent 
CTGF expression may also be required (Nakajima et al., 2000). Although, Ctgf 
deficient mice die perinatally from breathing problems caused by skeletal 
abnormalities (Ivkovic et al., 2003), it would be interesting to analyse heart 
remodelling and fibrosis development after experimentally induced myocardial 
infarction in Ctgf heterozygous adult mice. 

β1 integrin is expressed during development in the heart: β1A is detected 
during early embryogenesis, but at E11 both β1D and β1A are colocalized in the 
heart (Brancaccio et al., 1998; van der Flier et al., 1997). Thereafter, expression of 
β1A, declines while β1D increases to become the predominant β1 isoform expressed 
in adult cardiac myocytes. Analysis of chimeric wildtype/β1 integrin embryos, showed 
that β1 integrin deficient cardiac cells exhibit abnormal sarcomeres, and 
progressively deteriorate and die during adult life as the heart has contracted for a 
extensive period of time (Fässler et al., 1996). Surprisingly, deletion of the β1D 
isoform resulted only in mild heart defects during adulthood (Baudoin et al., 1998). In 
addition, the replacement of β1A for β1D caused no gross morphological 
abnormalities in the heart throughout development, suggesting that the precocious 
and exclusive expression of β1D in fact supported normal heart development. 
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Nevertheless, the upregulation of the β1D isoform is associated with mitotic arrest 
and differentiation of myoblasts (Belkin and Retta, 1998), therefore it would have 
been interesting to look in more detail at the expression of functional and 
morphological molecular markers to confirm that indeed β1D knock-in embryos 
developed normal hearts. 
 
β1 integrin and development of skeletal muscle and placenta 
 The replacement of β1A for β1D resulted in the formation of fewer, thinner 
and shorter primary myofibres. In addition, the number of secondary myofibres was 
also reduced, but proportionally reduced to the number of primary myofibres, 
suggesting that this is not the direct effect from the exclusive expression of β1D in 
the muscle cells, but results from the fact that there are less primary myofibres to use 
as a scaffold during secondary myogenesis. In chimeric wildtype/β1 integrin 
embryos, β1D integrin deficient myoblasts were able to withdraw from the cell cycle, 
differentiate and fuse with wildtype myoblasts (Fässler and Meyer, 1995) and more 
importantly β1D integrin deficient myoblasts differentiated normally (Baudoin et al., 
1998), suggesting that β1D integrin is not required for myogenesis. However, our 
data indicates that myogenesis occurs less efficiently in the exclusive presence of the 
β1D isoform. 
 Defective myogenesis was the cause of death of about one third of the β1D 
knock-in embryos late during gestation, however two thirds of the mutants died 
during mid-gestation due to defects in the development of the placenta, in particular 
the vascularization of the labyrinth layer. The observed abnormalities could result 
from a direct defect in blood vessel formation or the differentiation of chorionic 
trophoblasts. Interestingly, the chorionic trophoblasts differentiate into the 
multinucleated syncytiotrophoblasts that function as blood circulation network for the 
maternal blood in the labyrinth layer of the placenta. We hypothesise that there may 
be a common developmental defect in both the development of myotubes and 
syncytiotrophoblasts in particular involving fusion, resulting from the replacement of 
β1A by β1D. During peri-implantation, β1A is the only isoform expressed in the 
tissues that will give rise to the placenta (Klaffky et al., 2001), however expression of 
the β1 isoforms was not analysed later during labyrinth development. It would be 
interesting to investigate whether β1D is upregulated and involved in the maturation 
(fusion) phase of syncytiotrophoblasts, similarly to its function during primary 
myogenesis. 
 
Final remarks 
  Although we focused mainly on the role of TGFβ/BMP signalling, β1 integrin 
and CTGF during the development of the PGCs, heart, skeletal muscle and placenta 
in the mouse embryo, these are by no means the only pathways or the most 
important factors regulating the development of these organs/tissues. For a 
comprehensive analysis of the molecular components involved during embryonic 
development of each specific organ/tissue, we refer to the reviews mentioned in 
Chapter 1. Secondly, we would like to emphasise that not only does TGFβ interact 
with CTGF and β1 integrin, but CTGF and β1 integrin are also known to interact with 
each other (Brigstock, 2003 and references therein; Weston et al., 2003) and 
although beyond the scope of this thesis to cover the relevant literature, all three 
factors are angiogenic modulators, clearly involved in the development of fibrotic 
disorders and tumorigenesis (Moussad and Brigstock, 2000; Derynck et al., 2001; 
Wakefield and Roberts, 2002; Wayne and Noble, 1994; Planque and Perbal; 2003; 
Brigstock, 2003; Brakebusch et al., 1997). Further research on their interactions and 
the analysis of conditional mouse mutants, revealing tissue specific functions during 
development and disease may lead to new perspectives approaching several human 
diseases, including fibrotic disorders and cancer. 
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