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Aortic remodelling during hemogenesis:
is the chicken paradigm unique?
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ABSTRACT Since the era of the ancient Egyptians and Greeks, the avian embryo has been a
subject of intense interest to visualize the first steps of development. It has served as a pioneer
model to scrutinize the question of hematopoietic development from the beginning of the 20th
century. It's large size and easy accessibility have permitted the development of techniques
dedicated to following the origins and fates of different cell populations. Here, we shall review
how the avian model has brought major contributions to our understanding of the development
of the hematopoietic system in the past four decades and how these discoveries have influenced
our knowledge of mammalian hematopoietic development. The discovery of an intra-embryonic
source of hematopoietic cells and the developmental link between endothelial cells and hemato-
poietic cells will be presented. We shall then point to the pivotal role of the somite in the
construction of the aorta and hematopoietic production and demonstrate how two somitic
compartments cooperate to construct the definitive aorta. We shall finish by showing how fate-
mapping experiments have allowed the identification of the tissue which gives rise to the sub-
aortic mesenchyme. Taken together, this review aims to give an overview of how and to what
extent the avian embryo has contributed to our knowledge of developmental hematopoiesis.
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Introduction

Since the first reports on blood cells more than a century ago,
a corpus of data has been collected on the spatio-temporal
emergence and molecular control of developmental hematopoie-
sis. Pioneering studies addressing the emergence of the hemato-
poietic system were performed in the avian embryo whose large
size, easy access and topology, flat on the yolk, make it highly
suitable for observation and manipulation. The work was then
extended to frogs and selected mammalian embryos i.e., mouse
and human. Recently the bony fish Dan/o reriohas been increas-
ingly used to decipher the molecular pathways involved in the
development of the hematopoietic system (see Paik and Zon and
Ciau-Uitz ef a/, this issue and references therein). In parallel to
these /n vivosystems, valuable insights have been obtained from
embryonic stem cell cultures (Kyba and Daley, 2003; Lacaud et
al., 2004; Lacaud efa/, 2001; Wang efa/., 2004). Taken together,

these data have revealed that the developmental programmes of
blood and endothelium are closely related and remarkably con-
served among species and have recently unravelled some of the
mechanisms giving rise to blood cells (Eilken efa/, 2009; Lancrin
etal., 2009). However, several questions are still pending regard-
ing the origin(s) of definitive Hematopoietic Stem Cells (HSCs)-
the cells at the origin of the adult hematopoietic system. For
example, the nature of the cell(s) giving rise to the definitive
Hematopoietic Cell (HC) types during development has not yet
been completely elucidated despite recent progress. Most of the
current data suggest that HSCs emerge from a specific subset of
Endothelial Cells (EC) that have the capacity to generate blood
i.e., the hemogenic endothelium. Other data propose that HSC

Abbreviations used in this paper: EC, endothelial cell; HC, hematopoietic cell;
HSC, hematopoietic stem cell.

*Address correspondence to: Thierry Jaffredo. CNRS UMR7622, Laboratoire de Biologie du Développement, Bat C, 6éme étage, Case 24, 75252 Paris Cedex

05, France. Fax: +33-1-4427-3497. e-mail: thierry.jaffredo@upmc.fr

#*Note: MRC Molecular Hematology Unit, Weatherall Institute of Molecular Medicine, University of Oxford, Oxford OX1 2JD, UK.

Final, author-corrected PDF published online: 16 July 2010.

ISSN: Online 1696-3547, Print 0214-6282
© 2010 UBC Press
Printed in Spain



1046 T. Jaffredo et al.

emerge de novo from mesenchymal cells. This review aims to
give an overview of the development of the hematopoietic system
in the avian model and to discuss data obtained in this species
regarding the origins of HSCs in relationship with the aorta.

The embryo harbours the source for definitive HSCs

Based on observations collected more than a century ago on
avian embryos, it was proposed that the yolk sac was pivotal in the
production of HCs. Early yolk sac-associated hematopoiesis
mainly gives rise to erythroid cells easily visible because of the
presence of hemoglobin. However during the same period, sev-
eral authors reported the presence of cells, interpreted as being
hematopoietic, associated with the ventral aspect of the embry-
onic aorta. Fifty years later, the role of the yolk sac in the
production of HCs was analyzed through a series of experiments
conducted by Moore, Owen and Metcalf (Moore and Owen, 1965;
Moore and Owen, 1967a). According to these authors, HSCs
were all produced in the yolk sac at an early stage and subse-
quently migrated to the hematopoietic organ rudiments, i.e., the
fetal liver, spleen, thymus and bone marrow. Thus, the hemato-
poietic organs were colonized by yolk sac-derived cells, the bone
marrow being the life-long reserve (Moore and Owen, 1967b).
Soon after this view was proposed and considered as reliable, F.
Dieterlen and co-workers initiated a series of experiments chal-
lenging the yolk sac origin. Based on the use of the quail/chick
system (Le Douarin, 1969), they grafted a quail embryo on a chick
yolk sac (Martin, 1972), an experimental scheme designated as
“yolk sac chimera” (Dieterlen-Lievre, 1975). Contrary to the cen-
tripetal flow of HCs postulated by Moore and Owen, hematopoi-
etic organs were seeded exclusively by quail cells that even
colonized the yolk sac by embryonic day (E)5 (Beaupain et a/,
1979; Martin efa/., 1978). On E13, as much as 70% of circulating
blood cells were of quail origin in some chimeras (Beaupain efa/,
1979). Similar associations between congenic strains of chickens
differing either by their sex chromosomes (Lassila et a/, 1978),
their immunoglobulin haplotypes (Lassila ef a/, 1979; Martin ef
al, 1979) or major histocompatibility antigens (Lassila et al,
1982) led to even more striking conclusions. HCs of yolk sac origin
decreased rapidly from E5 and disappeared by hatching. Thus,
yolk sac progenitors had proved incapable of long-term renewal
and the source of “definitive” HSCs colonizing the hematopoietic
organs was shown to originate from the embryo proper (for a
comprehensive view of avian yolk sac hematopoiesis see Cheng
et al, this issue).

Aiming to identify the intra-embryonic site(s) where adult-type
HCs were produced, Dieterlen-Liévre and co-workers focused on
cell clusters, tightly associated with the ventral aspect of the aorta
protruding into the aortic lumen described early on (see Dieterlen-
Lievre et al,, 2006 for a review). Their hematopoietic nature was
confirmed by means of the MB1/QH1 (Pardanaud ef a/,, 1987)
and anti-CD45 (Jeurissen and Janse, 1998) antibodies. The
aortic region, also designated in mammals as the Psp/AGM
(Para-aortic Splanchnopleura/ Aorta-Gonad-Mesonephros) i.e.,
the aorta and the surrounding tissues at two successive stages of
development, was shown to harbour cells giving rise to erythroid,
monocytic, myeloid or multipotential colonies (Cormier, 1993;
Cormier et al., 1986; Cormier and Dieterlen-Lievre, 1988) as well
as transplantable HSCs (Lassila ef a/, 1980).

Intra-aortic clusters

The demonstration of an intra-embryonic source of HSC by the
complementary chimeras has prompted investigators to seek
site(s) that may harbour HCs. As early as the beginning of the 20th
century, several investigators had reported the existence of small
clusters of cells firmly attached to the ventral wall of the aorta in
various embryo species (see Dieterlen-Lievre et a/., 2006 and
references therein). These intra-aortic clusters have a feature
common to all species investigated; they are restricted to the
ventral aspect of the aortic endothelium and they also extend to
the vitelline arteries where they display the same ventral polariza-
tion (de Bruijn ef a/, 2002; Garcia-Porrero et a/., 1995; Marshall
et al, 1999; Tavian et al, 1996; Wood et a/, 1997). As an
exception to this rule, the mouse embryo has been reported
recently to harbour a few small hematopoietic clusters on the
dorsal aspect of the aorta. Functional tests indicated that these
dorsal clusters are composed of multipotent hematopoietic pro-
genitors but did not contain HSCs (Taoudi and Medvinsky, 2007).
Inthe chick embryo, the intra-aortic clusters appear soon after the
two aortic anlagen fuse to form the dorsal aorta. They display
several interesting features that allow the identification of discrete
steps in the initiation and maturation of the clusters; i) clusters are
found all along the trunk region except in it's anterior- and
posterior-most aspects; ii) hematopoiesis extends over the whole
aortic floor and displays a latero-medial progression i.e. hemato-
poiesis begins in the lateral aspect of the vessel and progressively
reaches the medial part; iii) the cephalo-caudal development
combined with the relatively slow avian development makes
possible to identify several key cellular and molecular steps in
cluster formation. Three distinct steps can be recognized. First,
the hemogenic endothelium stage, is characterized by the pres-
ence of a, still flat, ventral endothelium, a low expression of CD45
in cells that have retained an endothelial phenotype (Fig. 1A) and
a prominent expression of runx7 (Fig. 1B). A thick endothelium
stage follows wherein the hemogenic ECs loose their flat pheno-
type, display a more cuboidal shape and a reinforced expression
of CD45 and runx7(Fig. 1 C,D). Finally, the hematopoietic cluster
stage is characterized by the budding of HCs and the prominent
expression of CD45 and runx7 (Fig. 1 E,F). The hematopoietic
nature of cells in the clusters is testified by the expression of the
pan-leukocytic antigen CD45 (Jaffredo ef a/, 1998); a feature
shared with mammalian species (Manaia e/ a/., 2000; Marshall ef
al, 1999; Tavian et a/, 1996). Furthermore, these cells express
the CD41 antigen or allb integrin subunit while ECs express CD51
or the oV integrin subunit. The CD41 integrin, was adopted as a
diagnostic tool for HSCs, on the basis of its striking expression by
the intra-aortic clusters in the chicken (Ody ef a/, 1999) and the
mouse (Corbel, 2002). Itis now used as a hallmark of HSCs in the
fetus (Emambokus and Frampton, 2003; Mikkola ef a/, 2003).
The endothelial-specific oV integrin subunit (CD51) and the
hematopoietic-specific CD41 display complementary patterns in
the dorsal aorta of the chick embryo.

On the whole, cluster cells in the avian embryo share many
surface proteins with ECs and express many common transcrip-
tion factors although several molecular features other than CD41
make it possible to distinguish the clusters from the endothelium.
The hematopoietic clusters are sharply demarcated from EC by
the expression of transcription factors c-myband runx7(a marker



of hemogenic endothelium and embryonic HSC), the pan-leuko-
cyte CD45 antigen and by the disappearance of VEGF-R2 (Bollerot
etal., 2005; Jaffredo etfa/, 1998) and ve-cadherin (Jaffredo efal/,
2005).

In order to elucidate the origin of the peculiar cell disposition of
the clusters, it appeared necessary to trace the fate of the ventral
endothelium and to establish the developmental history of the
aorta.

Dynamic tracing of the hemogenic endothelium in
birds

As early as 1916, Jordan proposed that the intra-aortic
clusters originated from the aortic ECs (Jordan, 1916). We
have investigated the fate of aortic ECs by tagging the aortic
endothelium with two vital tracers, either Acetylated Low Den-
sity Lipoprotein (AcLDL) coupled to a fluorescent lipophilic
marker (Dil) or a non-replicative retroviral vector carrying a
reporter gene. AcLDL-Dil has three major advantages: i) it is
specifically endocytosed by EC and macrophages (the latter
still absent at the stage of inoculation) by a specific receptor;
ii) it labels all ECs; iii) it has a short half-life meaning it
disappears from circulation if not immediately endocytosed.
The use of retroviral vectors allows stable expression of the
reporter gene for extended periods of time. While it permits to
identify the entire progeny of labelled EC, it also allows the
identification of clones because integration occurs only in
sparse cells. Both tracers were inoculated into the heart,
ensuring direct contact with the endothelium lining the vessels,
at early E2, one day before the emergence of the aorta-
associated HCs. Aorta-associated cells were identified with
the anti-VEGF-R2 (Eichmann ef a/, 1997) and anti-CD45
antibodies (Jeurissen and Janse, 1998) as EC and HC probes,
respectively.

As early as 2 hours after AcLDL-Dil inoculation, the whole
vascular tree was labelled. The aortae, still paired at that time,
were entirely lined by AcLDL-Dil* ECs, while no CD45* cells
were present in or around the aorta or in the circulation. One
day after inoculation, when hematopoietic clusters emerged,
all cells therein were AcLDL-Dil*/CD45*. Interestingly AcLDL-
Dil*/CD45* double-positive cells were also found in the mesen-
chyme ventral to the aorta, suggesting that a subset of HCs had
ingressed into this region from the ventral endothelium (Jaffredo
et al., 1998). Moreover, after retroviral labelling, the hemato-

Fig. 1. Three steps of hematopoietic cell differentiation in the aorta
(cross sections). (A,B) Hemogenic endothelium stage. (C,D) Thick
endothelium stage. (E,F) Hematopoietic cluster stage. Level of the 15th
somite. Left column CD45 immunostaining, right column runx1 in situ
hybridization. (A,B) HH17. The paired aortae have fused recently. CD45
(A) is expressed in cells that retain a flat phenotype (white arrowhead) or
have already acquired a round phenotype (white arrow). Runx1 is ex-
pressed by all cells of the aortic floor. Most of them retain a flat,
endothelial phenotype. (C,D) HH19. Hematopoiesis is now prominent.
Hemogenic ECs have lost their flat phenotype to a more cubic aspect.
Note that therunx1 pattern extends more laterally than the CD45 pattern.
(E,F) HH21. Hematopoietic clusters have formed. They are typically
arranged as two, symmetric rows of cells. The burgeoning aspect is now
prominent. A, aorta; C, coelom; CV, cardinal vein;, N, notochord; NT,
neural tube.
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poietic foci that develop in the mesenchyme ventral to the aorta
contained numerous lacZ* cells. These foci, characteristic of
the chicken are a site of diffuse hematopoiesis. They develop
between E5 and E9 forming large aggregates of cells immedi-
ately underneath the aorta. Thus a developmental relationship
exists between intra-aortic clusters and para-aortic foci, the
latter being seeded by progenitors derived from the E3 aortic
floor (Jaffredo et a/, 2000).

We conclude that, in the avian embryo, during the first week
of development, intra-embryonic progenitors derive from the
aortic floor through a unique process that switches the pheno-
type of cells previously contributing to the endothelial lining of
the aorta. Of note, the endothelial origin of hematopoietic
clusters in the mouse embryo has been recently investigated
using the VE-Cadherin CRE mouse wherein the CRE
recombinase is specifically expressed by ECs (Zovein ef a/.,
2008; see also Oberlin and Souyri, this issue). A large number
of HCs including HSCs were shown to derive from an endothe-
lial intermediate. At the level of the aorta, the comparison
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between VE-Cadherin CRE and Myocardin CRE, the latter
labelling cells around the aorta with the exception of the
endothelium, clearly demonstrated that the hematopoietic clus-
ters originated from the endothelium (Chen efa/., 2009; Zovein
et al., 2008), thus confirming the data obtained on the chick
embryo.

The somite, a major actor in the construction of the
aorta

The embryonic mesoderm, i.e., the germ layer which gives rise
- among other derivatives - to the blood system, arises during
gastrulation as a single sheet; it then divides rostro-caudaly into
several medio-lateral components that are the somite, the inter-
mediate mesoderm and the lateral plate which is itself divided into
two layers, a dorsal one designated as the somatopleural meso-
derm and the ventral one designated as the splanchnopleural
mesoderm. The respective contributions of these components to
the blood/vascular system were established through a series of
experiments implementing quail/chicken graftings of organ rudi-
ments. To summarize, limb buds (somatopleural derivatives)
were shown to become vascularized by exogenous angioblasts
(Pardanaud ef a/., 1989), by a process known as
angiogenesis (Risau and Lemmon, 1988), while
viscera (splanchopleural derivatives) form their
vascular network from their own mesoderm, a
process designated as vasculogenesis (Pardanaud
et al, 1989). This dual mode of blood vessel
development has recently been confirmed in the
mouse model (Pudliszewski and Pardanaud,
2005).

It is now admitted that somites give rise to
angioblasts, highly motile cells able to migrate in
every direction. This production, first shown in the
chick (Noden, 1989; Pardanaud and Dieterlen-

Fig. 2. Contribution of the somite to the formation of
the aorta. QH7 immunofluorescence (A-C) overlaid
with Nomarsky's interferential contrast. (D) QH1/QCPN
immunohistochemistry. (A) 24 hours after right somite
grafting. The roof of the right aortic rudiment is colonized
by QH1+ ECs (arrowhead). QH1+ cells around the neural
tube organize into the perineural plexus. A few QH1+
cells contribute to the cardinal vein whereas some others
have migrated in the limb bud rudiment. (B) 30 hours
after grafting. The roof and side of the aorta are entirely
of quail origin on the grafted side. Some quail EC and
angioblasts are scattered lateral to the aorta. (C) 48 hours
after grafting. Somite-derived ECs have now invaded the
floor of the aorta. Some Quail ECs have integrated the
endothelial layer whereas some others are found scat-
tered underneath the clusters thatare of chick origin. The
bottom right insert is a higher magnification of the frame
in C. ECs of somitic origin are positioned immediately
underneath the hematopoietic clusters which are of
chick origin. (D) 4 days after grafting. The QH1+ cells
have formed a conspicuous plexus around the neural
tube. Vascularization of the dermis is also clearly visible.
The roofand side on the grafted region as well as the floor
are now entirely of quail origin (arrowheads). L, limb bud;
M, mesonephros.

Lievre, 1993; Wilting ef a/, 1994), was recently demonstrated to
take place in the mouse embryo (Ambler ef a/., 2001; Ema et al,
2006). To demonstrate that somites might be the source of
angioblasts colonizing the somatopleural mesoderm, the last-
formed one or two somites were transplanted orthotopically from
the quail into the chicken. Endothelial precursors from the somite
migrated in the body wall, kidney and limbs (Pardanaud et a/,
1996). Somite-derived angioblasts also integrated into the roof
and sides of the aortic endothelium forming a mosaic vascular
network with the EC of the host but never penetrated into visceral
organs nor integrated into the aortic floor up to E3, the latest stage
examined whereas angioblasts derived from quail
splanchnopleural mesoderm, grafted on top of the host
splanchnopleura, also migrated out but invaded all embryonic
territories, i.e, the limb bud and body wall, visceral organs but also
the floor of the aorta wherein they gave rise to intra-aortic clusters.
Thus the somite-derived angioblasts and splanchnopleura-de-
rived angioblasts have distinct homing potentials and the homing
site is a second requirement for the emergence of clusters. To
summarize, the body wall (somatopleural mesoderm), unable by
itself to make blood vessels, becomes vascularized by angioblasts
emigrating from the somites, while the splanchnopleural meso-




derm gives rise to angioblasts that are able to convert into HCs.

Using a revised version of the somitic grafts, we have recently
obtained a dynamic view of aortic evolution (Pouget e/ a/., 2006);
In this approach, the grafted material involved the whole segmen-
tal plate (approximately the 10 future somites) plus the last
segmented somite and the host embryos were examined at
different time points. Quail somitic cells invaded the roof of the
chicken aorta around 15 hours after grafting at the time the aortic
anlagen were still paired (Fig. 2A). At 24 hours, only the aortic floor
and the clusters were chicken (host), i.e., splanchnopleural, in
origin (Fig. 2B). After the clusters formed and disappeared, the
floor became progressively quail, i.e., derived from the grafted
somitic material (Fig. 2 C,D). As a result, the endothelium of the
definitive aorta at E4-4.5 was entirely composed of somite-
derived cells (Fig. 2D). Since somite-derived angioblasts were not
endowed with the capacity to give rise to blood, the hematopoietic
production ceased. The inability of somitic angioblasts to pen-
etrate into the viscera was confirmed in this model, despite the
replacement of long strips of somitic material.

These experiments shed an interesting light on the problem of
the developmental relationships between endothelium and HCs,
showing that the aortic floor endothelium is a temporary structure
which becomes spent and replaced as hematopoiesis ceases. In
addition, they provide an explanation for the briefness of the intra-
aortic cluster production, a feature observed in all the species
studied so far; hematopoietic production depends on a limited,
non-renewable, pool of hemogenic EC.

How is this dorsal vs ventral EC homing established? Experi-
ments involving treatment of somites or splanchnopleural meso-

Fig. 3. Contribution of dermomyotome and sclerotome to the
fortmation of the aorta. (A-D) Grafts of single dermomyotome analysed
at 24h (A,B) and 48h (C,D) post-grafting. (E-H) Grafts of single sclerotome
(E,H) analysed at 24h (E,F) and 48h (G,H) post-grafting. (A,C,E,F) QCPN
immunodetection. (B,D) Triple QH1 (red), aSMA (green) and DAPI (blue)
staining. (G,H) Double QCPN (red) and aSMA (green) staining. (A) At 24h
post-graft, the quail dermomyotome is organized including the epaxial and
hypaxial lips. (B) Quail ECs are found around the neural tube organizing into
the perineural plexus. A single EC is found in the roof of the aorta. At this
stage the vascular wall has already begun to assemble around the aorta
except in the dorsal-most aspect of the vessel (no aSMA signal). Note that
the myotome also expresses aSMA, an early marker of skeletal myogenic
cells (Sassoon et al.,, 1988). (C) The dermomyotome has elongated
ventrally. No QCPN+ cell is found around the aorta. (D) The vascular wall
is now complete and shows robust aSMA expression. The grafted
dermomyotome has provided ECs that have organised into a vascular
plexus around the neural tube on the grafted side. ECs being endowed with
extensive migratory capacities, when only one somite is grafted, or as
here, only the dermomyotome from one somite, they disperse along a
large segment of aorta so that EC from graft origin are very sparse and
eventually do not integrate in the aortic roof. (E) 24 hours after sclerotome
graft. The grafted QCPN+ compartment is restricted to the medial-most
sclerotome on the grafted side. (F) Higher magnification of the frame in (E).
QCPN+ cells are in close apposition to ECs which are from host origin. Note
that a few pioneer quail cells have migrated along the aorta on the grafted
side. (G) Double immunohistochemistry with QCPN and aSMA antibodies
on the same section respectively revealed in red and green. Two days after
the graft. The grafted QCPN compartment has extended ventrally. The wall
of the aorta is made of aSMA+ cells. The dermomyotome is also positive
for aSMA. (H) Higher magnification of the frame in G shows QCPN+/
aSMA+ cells forming the aortic wall.
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derm from quail with growth factors followed by transplantation
into a chick host have revealed the existence of molecules and
tissues triggering the angioblasts contribution to the somatopleural
or splanchnopleural mesoderm. When the quail somites were
cultured for 12 hours in association with endoderm, or in the
presence of VEGF (Vascular Endothelial Growth Factor), bFGF
(basic Fibroblast Growth Factor) or TGFf (Transforming Growth
Factor (), somite-derived angioblasts acquired the ability to
integrate into the aortic floor and to adopt the hematopoietic
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Fig. 4. Mapping of the sub-aortic mesenchyme using Dil labelling and quail-chick grafting. (A)
Schematic representation of the Dil labelling. Embryos staged between 10 and 14 somite pairs are
placed ventral side up on a Petri dish covered with a 50-50 mix of thin albumen and PBS. A small hole
is made in the endoderm (green) and the Dil crystal (arrow) is deposited onto the splanchnopleural
mesoderm (sp). The embryo is incubated for an additional period of one to two days. (B) 10 to 12somite
embryo with a bilateral deposition of Dil (arrows). The crystals are placed at the level of the last formed
somites. (C) Cross section of an embryo submitted to a bilateral deposition of Dil 250 um to the midline
one day before. The red stain is found immediately underneath the aorta (white arrowheads). (D) Chick
embryo grafted with quail splanchnopleural mesoderm on the left side. Quail cells are revealed with the
QCPN monoclonal antibody. Grafted quail cells have migrated towards the midline and settled

underneath the aorta.

phenotype. Thus the potential to home to this location was
conferred by the pre-treatment, and the existence of a second
requirement to give rise to hematopoiesis was confirmed despite
this second signal was yet to be identified. The BMP family of
growth factors is well established as ventralizing factors and was
recently demonstrated to be major signalling pathway during the
production of HSCs (Durand et a/, 2007; Robin and Durand,
2010), yet, pre-treatment of somitic mesoderm with BMP 4 did not
confer the ability to home to the aortic floor (Pardanaud and
Dieterlen-Lievre, 1999). The paradoxical inefficiency of BMP in
this particular set up might be due to a mistimed treatment.
Conversely, pre-treatment of splanchnopleural mesoderm with
ectoderm, EGF (Ectodermal Growth Factor) or TGFo. (Transform-
ing Growth Factor alpha) precluded the homing of derived cells to
the aortic floor (Pardanaud and Dieterlen-Lievre, 1999). Itis clear
from the experiments mentioned above that ectoderm, endoderm
or growth factors mimicking the effect of the germ layers are able
to instruct ECs to trigger either a ventral (hemogenic) or a dorsal
(non-hemogenic) fate. The precise signals that implement these
potentials should be worked out in the future. Two different and
complementary requirements for ECs to reach the aorta were
recently demonstrated using the chicken embryo. EphrinB2 was

shown to be sufficient to drive somite
ECs to the aorta but Notch activation
appeared necessary for ECs to re-
spond to EphrinB2 signalling (Sato ef
al., 2008). It remains to be determined
if such a mechanism exists inthe mam-
malian embryo.

Dermomyotome and sclerotome
contributions

The quail-chick grafting experiments
also revealed that the somite contrib-
utes to another aortic lineage, that is,
the smooth muscle. Vascular Smooth
Muscle Cells (vSMC), as revealed by
the expression of the o« Smooth Muscle
Actin (aSMA) protein, begin to differ-
entiate around the aorta at the time of
hematopoietic cluster production and
continue after hematopoiesis has
ceased. At the time we published this
study (Pouget ef a/, 2006), another
paper reported that the
dermomyotome, which later on pro-
vides dermis and striated muscles, may
harbours a common Pax3* progenitor
for smooth muscle and EC inthe mouse
embryo (Esner ef a/., 2006).

Aiming to investigate this question,
we analyzed the sub-somitic origin of
the vSMCs and ECs in the avian em-
bryo. Quail-chick orthotopic transplan-
tations of the dorsal or ventral half from
a single somite were performed. The
dorsal half corresponds to the future
dermomyotome whereas the ventral
half corresponds to the future sclerotome. Grafts have been
analysed with QCPN, an antibody recognizing all quail cells, QH1
quail HC- and EC-specific (Pardanaud e a/, 1987) and 1A4, a
monoclonal antibody recognizing the alpha smooth muscle actin
protein. In some cases, /7 s/fu hybridization with Pax3 or Pax1
probes respectively specific for the dermomyotome and the
sclerotome was combined with these antibodies. Replacing the
dorsal half results in the production of quail striated muscles and
ECs. However, no or very rare quail cells were found in the vicinity
of the aorta (Fig. 3A,B,C,D). The fact that very few quail cells were
observed following dermomyotome grafting is attributed to the
high dispersion of grafted ECs and the low number of ECs carried
by the structure. Replacing the ventral half of the somite results in
the production of cells migrating in close apposition to aortic ECs
(Fig. 3 E,F). The sclerotomal compartment contributes to the
dorsal wall of the aorta but some single cells were rapidly found
in the ventral part of the aorta suggesting that cells are able to
leave the sclerotome early during somite formation (Fig. 3E). No
EC were generated from the sclerotome. The sclerotome is the
somite compartment that gives rise to vSMCs. Pax7, a molecular
marker of the sclerotomal compartment, is expressed by vSMCs
during the earliest phases of vascular wall formation (Pouget ef



al, 2008). Double positive QCPN (a pan-quail marker)-aSMA
cells were clearly visible following sclerotome graft (Fig. 3 G,H).
In contrast, the dermomyotome gives rise to angioblasts but never
to cells of the vascular wall (Pouget ef a/, 2008). Interestingly,
another paper using similar quail-chick grafts approaches reached
the same conclusions (Wiegreffe ef a/, 2007). Taken together,
these data point out to the critical role of the somite in vessel
formation and demonstrate that vSMCs and ECs originate from
two independent somitic compartments. A striking question in the
formation of the aortic vSMCs is that the very first tSMA-positive
cells appear in the ventral aspect of the aorta. This is in contradic-
tion with the prominent role of the sclerotome, a dorsal structure,
in giving rise to vSMCs of the aorta. Using lineage-tracing ap-
proaches, (Wasteson ef a/., 2008) have revisited aortic vSMCs
formation in the mouse embryo. The ROSA26 reporter mouse
was crossed to either Hoxb6-CRE or Meox-CRE mice, so that
lateral plate mesoderm cells or somitic cells were labelled respec-
tively. The authors showed that, at the earliest stages of aorta
formation, a first generation of ventral vYSMC was issued from the

A =k D
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lateral plate mesoderm, however these cells were rapidly chased
ventrally by a new generation of vSMCs originating from the
somite, then when aortic vSMCs formation was completed, the
whole tunica of vSMCs originated from the somite. Similar conclu-
sions were recently drawn using the quail-chick system (Wiegreffe
et al, 2009).

Origin and fate of the sub-aortic mesenchyme

Based on the expression of several members of the TGFf
family in the mesenchyme ventral to the aorta, it has long been
hypothesized that this tissue may play a critical role in the
induction and maintenance of aorta-associated hematopoiesis.
This notion is substantiated by the isolation, from the AGM, of
several cell lines able to support the growth of HSCs (Oostendorp
etal., 2002a; Oostendorp efal., 2002b; Oostendorp e a/., 2005).
Despite intense interest, the origin of the sub-aortic mesenchyme
remains elusive, probably because this tissue is not amenable to
manipulation in mammalian embryos. Given the ventral position
of this tissue, we hypothesized that it originated from the

Fig. 5. Developmental history of the aorta in relation to
endothelial remodelling and smooth muscle formation.
(A) Before fusion of the aortic anlagen. Aortic EC (red) derive
from the splanchnopleural mesoderm. As the embryo devel-
ops, the splanchnopleural mesoderm (pink) is folding and
comes in close contact with the lateral part of the aortic
rudiment. (B) Before fusion of the aortae. Folding of the
splanchnopeural mesoderm around the aorta proceeds.
Splanchnopleure-derived cells insinuate between the ventral
aspect of the aorta and the endoderm, separating the two
tissues. The dorso-lateral quadrant of the somite displays a
population of EC (yellow). (C) Immediately before fusion.
Cells of the splanchnopleural mesoderm keep on separating
the ventral aspect of the aorta from the endoderm. EC of the
initial roof of splanchnopleural origin (red) has been replaced
by EC from the somite (yellow). At the same time, the ventral
sclerotome comes in close contact with the roof of the aorta.
(D) After fusion. The aortic roof is now of somite origin, the
sides and floor remain of splanchnopleural origin.
Splanchnopleural mesoderm-derived cells have now formed
a new tissue immediately underneath the aorta (pink) that
expresses smooth muscle actin. Some cells of the ventral
sclerotome (brown) come in close contact with the EC of the
aortic roof (Pouget et al., 2008; Wiegrieffe et al., 2007). (E)
Early hematopoiesis. EC of the aortic floor begin to loose
endothelial markers and acquire hematopoietic traits (from
Jaffredo et al., 1998). The mesenchyme underneath the
aorta now forms a continuous layer of cells expressing
smooth muscle actin (Pouget et al., 2008; Wiegrieffe et al.,
2007; 2009). Sclerotomal cells directly contacting the roof
and sides of the aorta begin to express the smooth muscle
actin protein (green) whereas more distant cells do not
(brown). (F) Hematopoietic clusters stage. Clusters are bud-
ding into the lumen. At the same time, somitic EC begin to
replace the initial floor. Numerous somitic EC are found in the
floor underneath the clusters. Sclerotome-derived smooth
muscle cells migrate more ventrally (green). (G) Completion
of hematopoiesis. The initial aortic floor has disappeared and
is replaced by somitic EC. Aortic EC are entirely of somite
origin. Sclerotome-derived smooth muscle cells now form a
continuous layer around the aorta. The initial ventral tissue

originating from the splanchnopleural mesoderm has been displaced ventrally (Wasteson et al., 2008; Wiegreffe et al., 2009)). Ao, aorta; C, coelom;
Dm, dermomyotome; Ec, ectoderm, En, endoderm, No, notochord; NT, Neural tube; Sc, sclerotome; So, somite.
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splanchnopleural mesoderm. Using deposits of Dil crystals on the
splanchnopleural mesoderm at different distances along the
medio-lateral axis, we were able to analyze the contribution of the
labelled cells to the formation of the sub-aortic mesenchyme (our
unpublished results). Labelling was performed in embryos cul-
tured according to (Chapman et a/, 2001). In this technique the
embryo is placed ventral side up so that the splanchnopleural
mesoderm is readily amenable to manipulation (Fig. 4 A,B). After
Dil labelling, the embryos were placed back to the incubator for
24h and analyzed on section for the presence of Dil+ cells. Dil
crystals were deposited on 10 to 13-somite stage embryos at the
level of the last-formed somite (Fig. 4B). At this stage, the aortae
are paired and Dil crystals were deposited lateral to the vessel on
both sides. When the crystals were placed 250um from the
midline or around that distance, tagged cells were found immedi-
ately underneath the aorta 24h later (Fig. 4C). Deposition further
than 300um from the axis resulted in staining of the digestive tract.
Similar results were obtained with grafts of quail splanchnopleural
mesoderm into a chick host (Fig. 4D). These studies reveal the
origin of the sub-aortic mesenchyme and unravel a precise
medio-lateral allocation of the splanchnopleural mesoderm to the
formation of the ventral structures in particular to the digestive
tract. A comprehensive scheme recapitulating the different steps
in the formation of the aorta is shown in Fig. 5.

Conclusion

During the last four decades, the avian embryo has become a
major actor in the understanding of embryonic hematopoiesis.
The contribution of the avian embryo model was pivotal in reveal-
ing the critical role of the embryonic compartment and the aorta
in the generation of adult type HSCs, thereafter demonstrated in
the mouse and human embryo (Godin e/ a/, 1993; Medvinsky ef
al., 1998; Tavian ef al, 1996). It has also pointed to the allantois
as a new hematopoietic organ (Caprioli efa/.,, 1998; Caprioli efal/.,
2001) a finding confirmed in the mouse embryo (Alvarez-Silva ef
al,, 2003; Corbel et al., 2007; Gekas et al., 2005; Ottersbach and
Dzierzak, 2005; Zeigler et a/, 2006) and very recently in the
human embryo (Barcena ef a/,, 2009; Robin ef a/,, 2009). Finally
it has allowed demonstrating the role of the somite in shaping the
aorta and controlling hematopoiesis. We feel confident that it will
continue to yield significant insights in the future into the question
of hematopoietic development.
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