Chapter 1
Emergence of Endothelial Cells
During Vascular Development

Anne Eichmann and Luc Pardanaud

Abstract Arteries, capillaries, and veins form the vascular system that supplies
oxygen and nutrients to all tissues and removes waste products. In the embryo the
vascular system is the first system to emerge during vasculogenesis, and the factors
that initiate the patterning of the endothelial network are, for the most part, involved
in the adult angiogenesis. Dysfunctions of the vascular system cause numerous
pathologies, including artherosclerosis, cancer, and ocular diseases. Understanding
how endothelial cells differentiate and deciphering the cellular, molecular, and
physical clues that drive blood vessel formation in the embryo may therefore pro-
vide means to develop therapies against vascular diseases in the adult. In this review,
we present recent findings that identify new candidates controlling vascular system
development.
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1.1 Introduction

The vertebrate vascular system forms a highly branched tubular network of arteries,
capillaries, and veins that supplies oxygen and nutrients to all tissues and removes
waste products. Blood, which carries oxygen, carbon dioxide, and metabolic prod-
ucts, is pumped from the heart through the arterial system into the tissue capillary
bed, where exchanges occur, and is channeled back into the heart through the venous
system. The capillary bed, which comprises the largest surface of the vascular sys-
tem, is composed solely of endothelial cells (EC), occasionally associated with
external pericytes. These simple capillary tubes are surrounded by a basement
membrane. Larger vessels have additional layers constituting the vessel wall, which
are composed of a muscular layer, the tunica media, and an outer connective tissue
layer called the tunica adventitia containing vasa vasorum and nerves (Wheater
et al. 1978). The size of the vessel wall is adapted to the vessel size and type. The
lymphatic system drains extravasated fluid, the lymph, from the extracellular space
and returns it into the venous circulation. The lymphatic vasculature is also essential
for the immune defense, as lymph and any foreign material present in it, such as
microbial antigens, are filtered through the chain of lymph nodes (Alitalo and
Detmar 2012 for review). Dysfunction of the vascular and lymphatic systems cause
numerous pathologies, including artherosclerosis, cancer, and ocular diseases
(Chung and Ferrara 2011; Libby et al. 2011; Potente et al. 2011; Weis and Cheresh
2011 for reviews). Understanding how blood vessels form may therefore provide
means to treat vascular disease.

Blood vessels form during embryogenesis in two successive processes, called
vasculogenesis and angiogenesis (Risau 1997; Coultas et al. 2005). The term vascu-
logenesis describes the de novo specification of endothelial precursor cells or angio-
blasts from the mesoderm. These newly formed cells coalesce into lumenized tubes
of the primary vascular plexus, which consists of the central axial vessels (i.e., the
dorsal aortae and the cardinal veins), as well as of a meshwork of homogenously
sized capillaries (Fig. 1.1). Lumenization of forming capillary tubes has been

Fig. 1.1 Vasculogenesis in a
36 h-old quail embryo stained
with QH1, an antibody
specific for quail EC and
hematopoietic cells. On this
ventral view, EC have
coalesced axially to form two
lumenized aortae (Ao), while
laterally, the vascular network
appears undifferentiated.
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studied almost 100 years ago by observations of living chick embryos cultured on
glass coverslips (Sabin 1920) and was thought to involve “liquefaction” of intracel-
lular compartments of individual endothelial cells. Intracellular vacuolization drives
lumen formation in cultured EC in 3D collagen gels (Davis et al. 2013) and in
zebrafish intersegmental vessels (Kamei et al. 2006). However, other mechanisms
contribute to lumen formation of multicellular vessels including the dorsal aorta and
following anastomosis of adjacent blood vessels (Lenard et al. 2013; Xu and Cleaver
2011 for review).

The primary vascular plexus is established before the onset of heartbeat and is
ready to receive the first circulatory output. This primitive tubular network subse-
quently expands via angiogenesis, i.e., sprouting and branching of preexisting ves-
sels. Angiogenesis leads to remodeling of the primary vascular plexus into a highly
branched hierarchical vascular tree, composed of arteries and veins. Intussusception,
a process of vessel splitting by insertion of transcapillary pillars, leads to rapid
expansion of the vascular surface and contributes to vascular remodeling in various
tissues (De Spiegelaere et al. 2012 for review). Recruitment of mural cells (peri-
cytes in medium-sized and smooth muscle cells in large vessels) around the endo-
thelial layer completes the formation of a functional network. Later in development
vascular networks acquire functional specializations depending on the tissue they
have to irrigate, for example, brain vessels form a blood brain barrier, while liver
vessels develop a fenestrated network.

1.2 Vasculogenesis

As the diffusion distance of oxygen is limited (100-200 pm), the vascular system
in any organ and tissue has to be established early during development. EC differ-
entiation is first observed during gastrulation, when cells invaginate through the
primitive streak to form the mesoderm. Newly formed mesodermal cells soon orga-
nize into axial mesoderm (notochord), paraxial mesoderm (somites), intermediate
mesoderm (kidney and gonads), and lateral plate mesoderm. The lateral plate
mesoderm will split into two layers after the formation of the coelom: a dorsal
sheet, the somatopleural mesoderm, and a ventral sheet, the splanchnopleural
mesoderm. The dorsal sheet is in contact with the ectoderm and will form the body
wall and limbs, while the ventral sheet is in contact with the endoderm and will
form the visceral organs. The posterior part of the mesoderm, which occupies about
half of the embryo during early gastrulation stages, will give rise to the extraembry-
onic mesoderm.

The first EC that form in the gastrulating embryo originate from lateral and pos-
terior mesoderm (Murray 1932). Their specification is induced by soluble signals,
as well as by specific transcription factors. Signaling proteins including fibroblast
growth factor FGF-2 and bone morphogenetic proteins BMP 2 and 4, as well as
Indian hedgehog (IHH), have been implicated in induction of endothelial differen-
tiation from mesoderm (Marcelo et al. 2013a for review). However, since these
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factors also regulate global mesodermal patterning, the precise nature of the soluble
signal(s) required to induce endothelial specification remains unclear.

In contrast, transcription factors inducing endothelial specification have been
identified (DeVal et al. 2008). Coexpression of the Forkhead protein FoxC2 and the
Ets protein Etv2 induces ectopic expression of vascular genes in Xenopus embryos,
and combinatorial knockdown of the orthologous genes in zebrafish embryos dis-
rupts vascular development. FoxC2 and Etv2 synergistically trans-activate endothe-
lial enhancers as Tie2, Tall, NOTCH4, VE-CADHERIN/CDHS, and the vascular
endothelial growth factor receptor 2 (VEGFR?2).

Vascular endothelial growth factor (VEGF) and its receptor VEGFR2 are the
most critical drivers of embryonic vessel formation (Olsson et al. 2006, for review).
VEGF is expressed in spatial and temporal association with almost all physiological
events of vascular formation in vivo. VEGFR2 expression is already observed at
very early stages of development and subsequently becomes mainly restricted to EC
of all types of blood vessels as well as lymphatic vessels (Chung and Ferrara 2011;
Simons and Eichmann 2013 for reviews). Mice deficient in VEGFR2 (VEGFR2-/-)
die in utero between 8.5 and 9.5 days post-coitum, as a result of an early defect in
the development of hematopoietic cells (HC) and EC. Yolk-sac blood islands were
absent at 7.5 days, organized blood vessels could not be observed in the embryo or
yolk sac at any stage, and hematopoietic progenitors were absent (Shalaby et al.
1995). VEGF-deficient mouse embryos also die at E8.5 to E9.5 and exhibit severe
phenotypes similar to that of the VEGFR2—-/— mice; this phenotype was also
observed in the VEGF+/— embryos (Carmeliet et al. 1996; Ferrara et al. 1996). The
lethality resulting from the loss of a single allele is indicative of a tight dose-
dependent regulation of embryonic vessel development by VEGF. Taken together,
the results described above confirm the major position of the VEGF/VEGFR?2 sys-
tem in vascular formation.

1.3 Hemangioblast

The simultaneous emergence of EC and HC in the blood islands led to the hypoth-
esis that they were derived from a common precursor, the hemangioblast (Sabin
1920). VEGFR?2 expression during successive stages of hemangioblast differentia-
tion shows that gastrulating precursors as well as hemangioblastic aggregates are
VEGFR?2 positive, while in the differentiated islands, only the EC express this gene
and no expression is detected in HC. These observations are compatible with the
hypothesis that VEGFR?2 labels a bipotent progenitor and that after lineage commit-
ment, only one of the two daughter cells maintains expression of this gene. In sup-
port of this idea, isolated VEGFR2+ cells from posterior territories of chick embryos
at the gastrulation stage cultured in semisolid medium in vitro differentiated to HC
of different lineages. In the presence of VEGF, EC differentiation of the VEGFR2+
precursors was induced (Eichmann et al. 1997). These experiments showed that
VEGFR2+ precursors could indeed give rise to EC as well as HC, consistent with
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the hypothesis that this receptor is expressed by a common precursor. However, at
the single-cell level, an individual VEGFR2+ cell would either differentiate to an
EC or an HC, but not both, precluding a direct demonstration of the existence of a
“hemangioblast.” A recent study shows that Xenopus precursor cell blood islands
do not normally differentiate into EC and provides evidence that commitment to the
erythroid lineage induced by BMP limits development of bipotential precursors
toward an endothelial fate (Myers and Krieg 2013).

The concept of an intraembryonic hemangioblast was postulated 30 years ago in
the avian model when the aortic hemogenic endothelium (Fig. 1.2) was identified as
the site of the definitive hematopoiesis (Le Douarin and Dieterlen-Li¢vre 2013 for
review). At this level, HC arise from the ventral endothelium and are released in the
aortic lumen. In mammals, the emergence of definitive HC from the aortic endothe-
lium was a subject of controversy, some findings showing that definitive HC can
also come from the mesenchyme underlining the aorta. Recently, new technologies,
as the use of conditional mutant mice carrying VE-cadherin-Cre gene with a
ROSA26R Cre reporter line, permit to follow the progeny of the hemogenic endo-
thelium (Zovein et al. 2008) and to demonstrate that, indeed in the mammalian
system, much like the avian, amphibian, and zebrafish models, definitive HC emerge
from the endothelium.

Concerning the molecular control of the hematopoietic emergence in the aorta,
the transcription factor Runx1 is found to be crucial. Runx1 is required in the endo-
thelium, and not in the hematopoietic compartment. When this transcription factor
is specifically deleted either in EC or HC using a VE-cadherin-Cre and VAV-Cre
tool, respectively, its activation is restricted to the endothelial compartment, thus
showing evidence to the hypothesis of endothelial-derived hematopoiesis (Chen
et al. 2009). Runx1 expression in ventral aortic EC is induced by the subaortic mes-
enchyme that collaborates with Notch dynamics to control aortic hematopoiesis
(Richard et al. 2013). The hemogenic EC specification also requires retinoic acid
(RA) as well as cell-cycle control of endothelium during embryogenesis; indeed,
RA regulation requires c-Kit, Notch signaling, and p27-mediated cell-cycle control
(Marcelo et al. 2013b).
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Two different models are postulated to explain the aortic hematopoietic
emergence. Observations in zebrafish suggest that the endothelium enters a hemato-
poietic transition, where an EC will round off the vessel wall and become an EC in
the circulation, while in the mouse, HC appear to be in direct contact, and possible
continuance, with the underlying endothelium, which postulates a possible asym-
metric divisional process (Zape and Zovein 2011 for review).

In cultures derived from mouse ES cells, single-cell-derived colonies were found
to be able to give rise to both EC and HC (Choi et al. 1998; Nishikawa et al. 1998;
Schuh et al. 1999; Fehling et al. 2003; Huber et al. 2004; D’Souza et al. 2005). In
these conditions, an endothelial-like phenotype stage is observed, then endothelial-
specific markers disappear and hematopoietic antigens or factors are acquired as
Runx1 and Scl transcription factors (Lancrin et al. 2009; Eilken et al. 2009). These
results again support to the existence of a common precursor for both lineages.
However, additional studies have shown that ES cell-derived VEGFR2+ cells could
also give rise to smooth muscle cells in the presence of platelet-derived growth fac-
tor (PDGF) (Yamashita et al. 2000), indicating that rather than being strictly com-
mitted to only the EC and the HC lineages, these cells may be pluri- or multipotent
progenitors. Cell-tracking experiments in zebrafish embryos have revealed bipoten-
tial hemangioblastic precursors present in the ventral mesoderm of gastrulation-
stage embryos. Interestingly, the data suggest that hemangioblasts represent a
distinct subpopulation of endothelial and hematopoietic precursors and that not all
EC and HC are derived from common precursors in zebrafish (Vogeli et al. 2006) or
mouse embryos (Ueno and Weissman 2006).

To conclude, while defined in vitro, the hemangioblast cannot be detected in vivo
and remains an unsolved mystery (Nishikawa 2012 for review). Recently, the
hemangioblast paradigm was discussed and its identity rethought: this entity may be
a state of competence rather than a bipotential progenitor state that exists in vivo
(Myers and Krieg 2013).

1.4 Remodeling of the Primary Capillary Plexus
into Arteries and Veins

Vasculogenesis events described above lead to the formation of the primary vascular
plexus, which is completed before the onset of heartbeat. Inside the embryo proper,
one major vessel, the dorsal aorta, and numerous capillaries have differentiated,
while a meshwork of homogenously sized capillaries is present in the yolk sac.
After the onset of heartbeat and of blood flow, the primary plexus is rapidly remod-
eled into arteries and veins and a circulatory loop is established. Arteriovenous dif-
ferentiation and flow-induced remodeling are critical for the embryo’s survival, and
indeed, many mouse mutants for genes involved in vascular development die during
this remodeling phase (Coultas et al. 2005, for review).

Based on classic studies, it was believed that EC of the primary capillary plexus
constitute a homogenous group of cells and that differentiation into arteries and
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Fig. 1.3 Complementary expression of NRP-1 (a) and NRP-2 (b) mRNAs in arteries and veins
respectively. On these two consecutive longitudinal sections of a 13-day-old mouse embryo,
NRP-1 is only transcribed along the aorta (Ao) and is absent in the cardinal vein (CV), while
NRP-2 messengers surround the cardinal vein but not the aorta

veins occurred due to the influence of hemodynamic forces (Thoma 1893). Over the
last decade, however, several signaling molecules were discovered, which labeled
arterial or venous EC from early developmental stages onward, prior to the onset of
blood flow and the assembly of a vascular wall. Arterial EC in chick, mouse, and
zebrafish selectively express members of the Notch pathway, including Notch
receptors, ligands and downstream effectors, as well as ephrin-B2 and neuropilin-1
(NRP-1, Fig. 1.3a), which are thought to be induced downstream of Notch (Klein
2012; Swift and Weinstein 2009 for reviews). Other molecules are specifically
expressed in the venous system, including the transcription factor COUPTFII and
EphB4, the receptor for arterial ephrin-B2 (Swift and Weinstein 2009 for review).
The neuropilin-2 (NRP-2, Fig. 1.3b) receptor is expressed by veins and, at later
developmental stages, becomes restricted to lymphatic vessels in chick and mice
(Herzog et al. 2001; Yuan et al. 2002). In chick embryos, NRP-1 and NRP-2 recep-
tors are expressed on separate but mixed populations of cells in the yolk-sac blood
islands. They become segregated prior to the onset of flow to arterial (NRP-1, pos-
terior) and venous (NRP-2, anterior) poles of the embryo (Herzog et al. 2005).
Based on these specific expression patterns and on lineage studies in the zebrafish
embryo (Zhong et al. 2001), it was proposed that arterial and venous fates are genet-
ically predetermined. A possible role for these signaling molecules in arteriovenous
differentiation was suggested by the phenotypes of mouse and zebrafish mutants:
ephrin-B2 and EphB4 knockout mouse embryos displayed arrested remodeling of
the primary vascular plexus into arteries and veins during early development, lead-
ing to death around E9.5 (Wang et al. 1998; Adams et al. 1999; Gerety et al. 1999).
Endothelial-specific NRP-1 mouse mutants failed to express arterial markers in the
arteries of the embryonic dermis, although these vessels were positioned properly
(Gu et al. 2003; Mukouyama et al. 2005).
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Zebrafish mutant studies have shown a requirement for Notch signaling to induce
arterial fate: inhibition of the Notch signaling pathway using a dominant negative
form of suppressor of hairless (SuH), a downstream effector of Notch, leads to
decreased expression of arterial markers and ectopic expression of venous markers
in arteries (Lawson et al. 2001). Disruption of the Notch signaling pathway in mice
also leads to significant vascular defects, ascribed to defective arteriovenous differ-
entiation. Recently we showed that the ALK1 receptor cooperates with the Notch
pathway to inhibit angiogenesis. Mechanistically, ALK1-dependent SMAD signal-
ing synergizes with activated Notch in stalk cells to induce expression of the Notch
targets HEY1 and HEY?2, thereby repressing VEGF signaling and endothelial
sprouting. Blocking Alk1 signaling during postnatal development in mice leads to
retinal hypervascularization and the appearance of arteriovenous malformations;
this direct link between ALK1 and Notch signaling during vascular morphogenesis
may be relevant to the pathogenesis of hereditary hemorrhagic telangiectasia vascu-
lar lesions characterized by arteriovenous shunts (Larrivée et al. 2012).

Mutation of dll4, a Notch ligand selectively expressed in arteries, but not in
veins, leads to defective development of the dorsal aorta and cardinal veins, with
formation of arteriovenous shunts (Duarte et al. 2004; Gale et al. 2004; Krebs et al.
2004). Interestingly, these defects are already apparent when a single dll4 allele is
lost. Arterial markers such as ephrin-B2 are downregulated, and venous markers are
ectopically expressed in the dorsal aorta of dl/4 mutants and of several other mutants
of genes in the Notch pathway, including double mutants of Notchl and Notch4,
endothelial knockout of RBP, the SuH orthologue, and double mutants of the down-
stream targets Hes and Hey (Fischer et al. 2004; Krebs et al. 2004). Recently, we
showed that DI114-Notch signaling modulates embryonic arteriogenesis formation
(collateral formation between arteries) and affects tissue perfusion by acting on
arterial function and structure. Loss of D114 stimulates arteriogenesis and angiogen-
esis, but not in the context of ischemic diseases (Cristofaro et al. 2013). Among the
upstream regulators of D114, nuclear factor kB is a key regulator of adult and devel-
opmental arteriogenesis and collateral formation (Tirziu et al. 2012).

Conversely, endothelial-specific mutation of the nuclear receptor COUPTFII,
expressed in veins, leads to ectopic activation of arterial markers in veins (You et al.
2005). Taken together, these studies suggest that the specification of angioblasts
into arterial or venous lineages is genetically determined and occurs already before
the onset of blood circulation. Failure in the specification of arterial and venous
identities or in the establishment of the arteriovenous boundaries leads to vascular
fusions and dysplasia.

1.5 Role of Hemodynamic Forces in Remodeling

The presence of blood flow is known to be essential for remodeling of the primary
vascular plexus into arteries and veins to occur. Nearly 100 years ago, Chapman
showed by surgically removing the heart of chick embryos before the onset of
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circulation that the peripheral vasculature formed, but failed to remodel without
blood flow and pressure (Chapman 1918). Remodeling of the vasculature also did
not occur after surgical removal of the heart of young chicken embryos and incuba-
tion of the embryos in high levels of oxygen to remove the effects of hypoxia
(Manner et al. 1995).

Using in vivo time-lapse imaging of developing chick embryos, we showed that
small arterial capillary side branches disconnected from the main arterial network to
reconnect to the venous plexus. These capillaries lose their arterial identity and start
to express venous markers (Le Noble et al. 2004). The relatively high pressure in the
arteries repels the expanding disconnected segments, which avoid the arteries and
can only reconnect to lower pressure veins. Such avoidance of the arterial segments
is also observed in the zebrafish parachordal vessel, which sprouts from the poste-
rior cardinal vein and crosses the intersegmental artery without fusing to it (Isogai
et al. 2003). Rerouting flow by artificially obstructing arteries results in perfusion of
the arterial tree with blood of venous origin, which transforms the arteries into
veins, both morphologically and genetically. Veins perfused with arterial blood can
likewise transform them into arteries (le Noble et al. 2004).

Mechanical cues are also essential for vascular remodeling in the mouse. An
experimental creation of low shear stress in the young embryo induces the inhibi-
tion of vascular remodeling and shows that the viscosity of the fluid, but not the
erythroblasts themselves, is important for normal vascular remodeling (Lucitti
et al. 2007).

Depending on the type of flow to which EC are exposed, EC behavior varies.
Arteries are exposed to pulsatile blood flow and not constant velocity laminar flow.
The pulsatile nature of blood flow progressively diminishes throughout the vascula-
ture and disappears in the veins. By exposing human umbilical arterial EC to pulsa-
tile but not to flow of constant velocity, the expression of arterial genes is induced.
In contrast, human umbilical vein EC submitted to a pulsatile flow continue to
express venous genes, but when exposed to a constant velocity flow, the expression
of venous markers is increased (Buschmann et al. 2010).

While it is clear that there must be blood flow in an embryo for remodeling and
arteriovenous differentiation to occur, the essential signals induced by flow begin to
be identified. During the hematopoietic development, blood flow mediates the
emergence of definitive stem cells by activating the nitric oxide pathway, a molecule
that plays an important role in the cardiovascular system (Adamo et al. 2009; North
et al. 2009, Fig. 1.4). In vitro, fluid shear stress, such as exerted by flowing blood,
attenuates EC sprouting in a nitric oxide-dependent manner (Song and Munn 2011).
The klf2a expression during the formation of cardiac valves depends on intracardiac
hemodynamic forces (Vermot et al. 2009). Mechanical forces are also involved in
the lymphatic system development and in diseases (Planas-Paz and Lammert 2013,
for review).

Thus, blood flow carries nutrients, oxygen, and signaling molecules to the ves-
sels and creates physical forces acting on the EC and cells of the forming vessel
wall. Therefore, the initiation of blood flow brings many different signals to the
embryo.
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Fig. 1.4 Blood flow promotes development of HC. HC and the aortic endothelium sense blood-
flow-induced shear stress. HC only bud from the ventral aortic endothelium (arrowheads), although
shear stress is sensed throughout the aortic endothelium — ventrally (red arrows), laterally (black
arrows), and dorsally (not shown). Nitric oxide (NO) producing-EC cooperates with shear stress
to induce HC emergence. M mesonephros

1.6 Guidance of Capillaries by Endothelial Tip Cells

Despite the crucial role of hemodynamic forces in shaping vascular pattern, the
gross vascular anatomy of developing mouse, chick, or zebrafish embryos is char-
acterized by highly reproducible branching patterns, suggesting the existence of
additional patterning mechanisms. Indeed, during development, blood vessels navi-
gate along stereotyped paths toward their targets — similar to axonal growth cones
(Eichmann and Thomas 2013 for review, Fig. 1.5). The mechanisms regulating ves-
sel navigation remain incompletely understood. It was only recently discovered that
specialized EC termed “tip cells” are located at the leading front of growing vessels.
These tip cells respond to chemoattractant and repellent guidance cues that act over
short or long range, similar to axonal growth cones. The existence of such endothe-
lial “growth cones” highlights the anatomical similarities between the nervous and
vascular systems (Eichmann and Thomas 2013 for review). Several receptors for
axon guidance cues are expressing on growing vessels and were shown to regulate
vessel pathfinding, including PlexinD1, Robo4, and the Netrin receptor UNC5B
(Adams and Eichmann 2010 for review).
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Fig. 1.5 Morphological
similarities between an
axonal growth cone (a) and a
tip cell (b), especially at the
level of filopodia (arrows)
that permit the navigation of
neural and endothelial cells

Endothelial tip cells extend numerous thin filopodia that explore their environment
and regulate extension of capillary sprouts. Using multiphoton time-lapse imaging
of transgenic Tg(flil:EGFP)"!' zebrafish, specifically expressing enhanced green
fluorescent protein in EC, Isogai et al. (2003) documented the dynamic assembly of
the intersegmental vessels (ISVs) in embryos. ISV formation is initiated by angio-
blast migration from the dorsal aorta into the intersomitic space (Swift and Weinstein
2009 for review). These angioblasts form sprouts that grow dorsally between the
somites and the neural tube, tracking along vertical myotomal boundaries. The
sprouts grow in a saltatory fashion with numerous active filopodia extending and
retracting, particularly in the dorsal-most leading extension. ISVs are formed before
perfusion, and filopodial movement of tip cells ceases as perfusion of these vessels
is initiated. Endothelial tip cells are also seen at the front of the growing postnatal
retinal vasculature in mice and in the early chick embryo yolk sac prior to the onset
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of flow. Similar to zebrafish, tip cells are far less numerous in perfused vascular
beds suggesting a correlation between flow and filopodial extension that remains to
be fully explored. However, it is clear that tip cell guidance of growing blood ves-
sels is a general phenomenon in vascular development that is currently being
intensely studied in pathological angiogenesis as well.

Tip cells exhibit a characteristic gene expression profile that includes high levels
of PDGFB, the Netrin receptor UNC5B, and the Notch ligand DLL4. Using tran-
scriptome analysis of retinal EC or laser capture microdissected retina tip cells iso-
lated from DLL4—/— and wild-type mice, clusters of tip cell-enriched genes were
identified (Table 1.1), encoding extracellular matrix degrading enzymes, basement
membrane components, secreted molecules, and receptors. Secreted molecules
endothelial-specific molecule 1, angiopoietin 2, and apelin bind to cognate recep-
tors on endothelial stalk cells. Knockout mice and zebrafish morpholino knockdown
of apelin showed delayed angiogenesis and reduced proliferation of stalk cells
expressing the apelin receptor APJ. Thus, tip cells may regulate angiogenesis via
matrix remodeling, production of basement membrane, and release of secreted mol-
ecules, some of which also regulating stalk cell behavior (Del Toro et al. 2010).
CXCR4, a receptor for the chemokine stromal-cell derived factor-1 (SDF-1), was
also identified as a tip cell-enriched gene; in the developing arteries, apparent coex-
pression of SDF-1 and CXCR4 suggests an autocrine and/or paracrine signaling
mechanism (Strasser et al. 2010). Conversely, the synaptojanin-2 binding protein
preferentially expressed in stalk cells, known to enhance DLL1 and DLL4 protein
stability and to promote Notch signaling in EC, was recently identified as an inhibi-
tor of tip cell formation, executing its functions predominately by promoting Delta-
Notch signaling (Adam et al. 2013).

Tip and stalk cell positioning is coordinated by the interplay between VEGF and
Notch signaling. VEGF promotes tip cell selection, while Notch inhibits tip cell
formation and promotes the stalk cell phenotype. Notch activation decreases
VEGFR2 and 3 levels but increases VEGFR1 (Eichmann and Simons 2012 for
review). The VEGF-C receptor VEGFR3, which is critical for lymphangiogenesis,
also contributes to coordinate tip cell sprouting and its activation occurs both in a
ligand-dependent and ligand-independent manner (Tammela et al. 2011).
Mechanistically, VEGFR-3 induces the expression of Notch target genes and
restricts the formation of new tip cells (Tammela et al. 2011). In mouse retinas, at
vessel branch points, macrophages produce VEGF-C (Tammela et al. 2011) and
promote anastomosis of newly formed vessel branches (Fantin et al. 2010). In
zebrafish EC, the VEGF-C/VEGFR3 pathway is activated by the Wnt signaling
regulator R-spondinl and promotes intersegmental vessel sprouting (Gore et al.
2011). In the mouse embryo, but not at postnatal stages, Wnt/Bcatenin signaling can
also influence angiogenic sprouting by upregulating DII4-Notch pathway (Corada
et al. 2010).

Vascular guidance receptors contribute to angiogenic sprouting by regulating the
VEGF-Notch balance. PlexinD1 signaling is linked to VEGF signaling to modulate
Notch activation and to regulate tip cell formation (Zygmunt et al. 2011). However,
its effect depends on the cellular context. The Netrin receptor UNC5B also
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Table 1.1 Examples of genes upregulated in retinal tip cells/stalk cells and verified by ISH or

immunohistochemistry
Gene name Protein name Fold change Method
ESM1 Endothelial-specific molecule 1 11.07 IHC/ISH
Genlll GCNI1 general control of amino-acid 5.50
synthesis 1-like 1 (yeast)
LAMBI Laminin f 1 5.44
PLAUR uPAR 5.23 ISH
- MYST histone acetyltransferase (monocytic 4.68
leukemia) 3
ANGPT2 Angiopoietin-2 4.64 ISH
NIDI Nidogen-1 4.26 IHC/ISH
ITGB1 Integrin 1 4.02 IHC
Trp53ill Trp53 inducible protein 11 3.96
MGI:1930803 Tescalcin 3.87
APLN Apelin 3.72 ISH
- Sidekick cell adhesion molecule 1 3.65
Marchl Membrane-associated ring finger (C3HC4) 1 3.54
- Adrenomedullin 3.45
Syt16 Synaptotagmin XVI 3.12
Sema3a Semaphorin 3A 3.00
Cxcrd Chemokine (C-X-C motif) receptor 4 2.81
Igfl Insulin-like growth factor 1 2.77
Vidlr Very low density lipoprotein receptor 2.63
Vegfa Vascular endothelial growth factor A 2.52
11b Interleukinl b 242
Igf1 Insulin-like growth factor 1 2.37
- Integrin oV 2.36
- DCC 2.33
KIfs5 Kruppel-like factor 5 2.32
- Integrin 3 2.27
Bmp7 Bone morphogenetic protein 7 2.21
Gls2 Glutaminase 2 (liver, mitochondrial) 2.19
Ccnd?2 Cyclin D2 2.13
Tuba3 Tubulin alpha 3 2.13
Igfbp3 Insulin-like growth factor-binding protein 3 2.11
Igfbp4 Insulin-like growth factor-binding protein 4 2.09
Sema3f Semaphorin 3F 2.04
Hck Hemopoietic cell kinase 2.02

Adapted from Del Toro et al. (2010) and Strasser et al. (2010)

modulates VEGF-induced neovascularization. UNC5B interacts with a number of
binding partners in addition to Netrin, including the vascular guidance receptor
Robo4. Robo4-UNCS5B signaling counteracts VEGF-driven angiogenesis and vas-
cular permeability, a mechanism driven at least in part by competition for down-

stream activating targets including Src family kinases (Koch et al. 2011).
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1.7 Circulating Endothelial Cells in the Embryo

In the adult, once the definitive vascular network is established, EC remain
essentially quiescent with neovascularization only occurring during physiological
or pathological events. However, the existence of adult circulating EC (CEC) is now
well established (Urbich and Dimmeler 2004, for review). These cells could have
important potential therapeutic applications, as their administration could stimulate
blood vessel growth in conditions of hypovascularization (hind limb ischemia, myo-
cardial infarction, stroke, wound healing). Genetic manipulation of CEC could also
allow to inhibit blood vessel growth in conditions of hypervascularization (diabetic
retinopathy and tumorigenesis).

The origin of CEC was recently investigated in the avian embryo, using the
quail-chick parabiosis model in which a quail embryo is added into a chick egg dur-
ing the second day of development (Pardanaud and Eichmann 2006). From the
eighth day, the chorioallantoic membranes (CAM) of the two embryos fused, vas-
cular anastomoses were established, and cells could travel from one species to the
other. CEC colonizing the chick embryos could be recognized using the QH1 mono-
clonal antibody specific for quail cells (Pardanaud et al. 1987). The emergence of
CEC was observed early in ontogeny, at day 2 of development, long before the
formation of the bone marrow. CEC could colonize all tissues of the chick, but their
number always remained low. However, CEC could efficiently be mobilized by
wounding or grafting of an organ on the chick CAM, resulting in a significant par-
ticipation of QH1* CEC to the endothelial network of the grafted organs. However,
only a minority of CEC (+5 %) were integrated in chick endothelia, while the major-
ity were located interstitially as isolated cells or integrated into chick endothelial
cords. It is possible that these cells serve as a structural bridging role or alternatively
that they secrete paracrine growth factors. Interestingly, when a chick CAM from a
parabiosis was stimulated with VEGF during 2 days, while the vascular density was
upgraded by comparison with PBS-treated CAM, the mobilization of QH1* CEC
did not occur. Indeed, VEGF-stimulated CEC seemed to act indirectly on angiogen-
esis via the recruitment of bone marrow-derived circulating cells (Grunewald et al.
2006; Zentilin et al. 2006). In our model, CEC appeared to participate preferentially
to angiogenic responses related to ischemia rather than to sprouting angiogenesis.

To define the territory generating CEC in the embryo, we constructed yolk-sac
chimera model in which the embryonic territory of quail/chick species is replaced
by its equivalent of the other species directly in the egg. Using QH1 and specific
endothelial markers, we identify the yolk sac as the source of CEC. These cells
integrate vessels but remained scarce. In older developmental stages, CEC are iden-
tified in the bone marrow, but their number does not dramatically increase (Pardanaud
and Eichmann 2011, Fig. 1.6). In our model, the embryonic territory does not pro-
duce CEC, while another study using time-lapse videomicroscopy on transgenic
quail expressing GFP in EC nuclei detected a few (Cui et al. 2013). We also showed
that the allantois, an extraembryonic appendage rich in vessels and known to pro-
duce hematopoietic stem cells, is also able to produce CEC (Pardanaud and
Eichmann 2011).
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Fig. 1.6 Transverse section
at the level of the intestine (I)
in a yolk-sac chimera in
which a quail territory
developed on a chick yolk
sac. In this condition, CEC
coming from the chick yolk
sac colonizes the quail organs
and can integrate vessels. On
the picture, quail vessels are
stained by both QH1 and a
lectin (white arrow), while
chick vessel-forming CEC
are only identified with the
lectin (red arrow)

If the existence of CEC is demonstrated, the high hopes placed in their therapeu-
tic use few years ago are being questioned by recent clinical studies, which have
shown at best modestly encouraging results (Pearson 2009; Pasquier and Dias 2010,
for reviews).

1.8 Perspectives

Research carried out over 15 years has provided major insights into the mecha-
nisms regulating the emergence of endothelial progenitors from the mesoderm,
their coalescence into the primary vascular system, and the remodeling of this
system into arteries and veins. The molecules implicated in these different devel-
opmental processes are also essential for the maintenance of the adult vascular
system. Elucidation of the precise function and interaction of the different molecu-
lar players will thus certainly lead to the development of novel treatments for vas-
cular disorders.

The observation that arteriovenous differentiation is a flow-driven highly
dynamic process that exhibits a high degree of EC plasticity is an important finding,
and understanding the regulation of EC plasticity with respect to vessel identity has
obvious important implications for the use of veins in coronary bypass surgery,
restenoses, and therapeutic arteriogenesis.

A particularly interesting aspect of recent research carried out on the vascular
system is the identification of neural guidance receptors on blood vessels, in par-
ticular on endothelial tip cells. Identification of factors able to “guide” developing
blood vessels has obvious implications for pro- and antiangiogenic therapies that
remain to be fully explored in the future. The close relation between the nervous and
the vascular system is moreover highlighted by the finding that the patterning of
developing arteries in the limb skin of mouse embryos has been shown to depend on
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interactions with nerves (Mukouyama et al. 2002) that produce CXCL12 and
VEGF-A (Li et al. 2013). In the avian embryos, neurovascular congruence is also
observed in limbs (Bates et al. 2002, 2003; Bentley and Poole 2009). Future studies
will be directed at exploring the precise interactions between blood vessels and
nerves during development as well as in pathologies; indeed, a recent study reports
that autonomic nerve development contributes to prostate cancer progression
(Magnon et al. 2013).
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