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PREFACE 

This book is devoted to vascular endothelial growth factor A (VEGF 
or VEGFA), a secreted signalling protein of great significance for 
development and disease in vertebrates. VEGFA controls the prolif-

eration, migration, specialisation and survival of vascular endothelial cells, 
and it is therefore essential for the establishment of a functional blood vessel 
circuit. In addition, VEGFA is emerging as a versatile patterning factor for 
several non-endothelial cell types in vertebrates. Thus, it plays a central role 
during organ development at multiple levels, including blood vessel growth, 
vessel-mediated organ induction and tissue differentiation. 

The discovery of non-endothelial roles for VEGFA initially came as a 
surprise. However, the recent indentification of a VEGF homolog in the 
fruit fly Drosophila^' ̂  advocated the idea of an ancestral VEGF function in a 
non-endothelial cell type, as this organism lacks a vascular network. Most 
likely, VEGF's original role was to serve as a chemoattractant for various cell 
types, as VEGFA guides migrating haemocytes and border cells in Droso-
phila, '̂̂  Because Drosophila VEGFA bears homology not only to VEGFA 
but also to the other VEGF superfamily members, including the 
platelet-derived growth factors (PDGFs) and placental growth factor (PGF), 
it was named VEGF/PDGF-related factor 1 (VPFl). It is now thought that 
the invertebrate VPFl gene gave rise to the four vertebrate VEGF and PDGF 
genes during two rounds of genome duplication that were accompanied by 
functional mutation of the different VEGF gene copies.^ These genome du-
plications also multiplied the gene for the VPFl receptor, a tyrosine kinase 
named VPRl.^ The VPRl copies then evolved into the different vertebrate 
VEGF and PDGF receptors as well as several other receptor tyrosine kinases 
in the blood cell lineage.^'^ In this fashion, several different ligand/receptor 
pairs became available to support the evolution of vertebrates with their 
increasingly complex and sophisticated organ systems. Most notably, the 
acquisition of a vascular circuit promoted intrauterine embryogenesis and 
provided the basis for increased organ and hence body size. 

Two members of the VEGF superfamily in particular were recruited to 
support blood vessel formation, VEGFA to promote the growth of the in-
ner, endothelial cell lining of blood vessels, and PDGFB to promote the 
acquisition of a supportive smooth muscle cell coat; in adults, PGF synergises 
with VEGF and PDGF to promote vascular repair.^ Other VEGF homologs 
evolved to allow the elaboration of a lymphatic circuit (VEGFC/D)^ or to 
guide the distribution of glial cell types in the ever-expanding central ner-
vous system (PDGFA).^ However, the boundaries that were initially drawn 
to help define the function of different VEGF superfamily members are 
becoming increasingly blurred; for example, VEGFC was recently reported 
to guide glial cells in the optic nerve,^ whilst VEGFA was found to guide the 
migration of facial branchiomotor neurons in the brainstem.^ 
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named VPRI. 1 The VPRI copies then evolved into the different vertebrate
VEGF and PDGF receptors as well as several other receptor tyrosine kinases
in the blood cell lineage.2,3 In this fashion, several different ligandlreceptor
pairs became available to support the evolution of vertebrates with their
increasingly complex and sophisticated organ systems. Most notably, the
acquisition of a vascular circuit promoted intrauterine embryogenesis and
provided the basis for increased organ and hence body size.

Two members ofthe VEGF superfamily in particular were recruited to
support blood vessel formation, VEGFA to promote the growth of the in
ner, endothelial cell lining of blood vessels, and PDGFB to promote the
acquisition ofa supportive smooth muscle cell coat; in adults, PGF synergises
with VEGF and PDGF to promote vascular repair.4 Other VEGF homologs
evolved to allow the elaboration of a lymphatic circuit (VEGFC/D)5 or to
guide the distribution of glial cell types in the ever-expanding central ner
vous system (PDGFA).6 However, the boundaries that were initially drawn
to help define the function of different VEGF superfamily members are
becoming increasingly blurred; for example, VEGFC was recently reported
to guide glial cells in the optic nerve,? whilst VEGFA was found to guide the
migration of facial branchiomotor neurons in the brainstem.8



In writing this book, scientists investigating different aspects of VEGF 
signalling have come together to highlight the central importance of this 
growth factor for vertebrate development. From their reviews of our present 
knowledge, it becomes clear that VEGF s versatility as a patterning molecule 
is linked to its expression as several splice forms that interact with a number 
of differentially expressed signalling receptors. Moreover, by 
highlighting the present gaps in our knowledge, the authors of this book set 
direction to future research. It is therefore hoped that this book will provide 
valuable insights to those already studying VEGF as well as to those 
members of the scientific and medical communities that seek to understand 
vertebrate development and the origins of disease without specific prior 
knowledge of the field. 

Christiana Ruhrbergy PhD 
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CHAPTER 1 

The Biology of Vascular Endothelial Cell 
Growth Factor Isoforms 
Yin-Shan Ng* 

Abstract 

The field of angiogenesis research was literally transformed overnight by the discovery of 
vascular endothelial growth factor (VEGF). Researchers quickly embraced VEGF in 
their different areas of vascular and angiogenesis research, and in the last two decades 

have discovered much about VEGF biology. It is now clear that VEGF is actually a collection 
of different isoforms. Through differential pre-mRNA splicing and protein processing, one 
VEGF gene gives rise to several different protein isoforms, which together orchestrate the com-
plex processes of angiogenesis, vessel growth and adult vascular functions. The VEGF isoforms 
differ biochemically, and genetic experiments in mice have proven that the isoforms have dif-
ferent functions. Furthermore, certain VEGF isoforms associate with and likely play differen-
tial roles in various pathologic states. With better understanding of VEGF isoform biology, 
new insights into the complex mechanisms of VEGF-mediated vessel growth can be gained. In 
addition, findings about the specific VEGF isoform functions have important implications for 
VEGF-mediated therapeutic angiogenesis as well as anti-angiogenic therapy targeting VEGF. 

Key Messages 
• VEGF is a collection of different isoforms 
• VEGF isoforms have different biochemical properties 
• VEGF isoforms have overlapping and distinct functions during development 
• VEGF is multifunctional for endothelial cells and also acts on other cell types 
• Expression of a specific VEGF isoform is associated with pathological conditions 

Introduction 
Angiogenesis plays a critical role in the progression of many pathologies, including cancer. 

The search for angiogenic factors in the last decade has been largely driven by the hope that 
identification of such factors will lead to new treatments for these pathologies. Anti-angiogenic 
therapy is particularly promising for the treatment of cancer; the strategy of blocking tumor 
angiogenesis seems to offer the best approach yet for treating tumors resistant to conventional 
therapies.^ The list of putative angiogenesis factors grows continuously, but VEGF, one of the 
first angiogenesis factors identified, is widely believed to be the most important regulator of 
both normal and pathological angiogenesis. 

VEGF was first purified from tumor cells by Harold Dvorak and coworkers at the Beth 
Israel Hospital in Boston, USA. This factor was isolated based on its ability to enhance vascular 

*Yin-Shan Ng, (OSI) Eyetech, 35 Hartwell Ave, Lexington, Massachusetts 02421, USA. 
Email: eric.ng@eyetech.com 

VEGF in Development^ edited by Christiana Ruhrberg. ©2008 Landes Bioscience 
and Springer Science+Business Media. 
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VEGF gene gives rise to several different protein isoforms, which together orchestrate the com
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VEGF-mediated therapeutic angiogenesis as well as anti-angiogenic therapy targeting VEGF.

Key Messages
• VEGF is a collection ofdifferent isoforms
• VEGF isoforms have different biochemical properties
• VEGF isoforms have overlapping and distinct functions during development
• VEGF is multifunctional for endothelial cells and also acts on other cell types
• Expression ofa specific VEGF isoform is associated with pathological conditions

Introduction
Angiogenesis plays a critical role in the progression of many pathologies, including cancer.

The search for angiogenic factors in the last decade has been largely driven by the hope that
identification ofsuch factors will lead to new treatments for these pathologies. Anti-angiogenic
therapy is particularly promising for the treatment of cancer; the strategy of blocking tumor
angiogenesis seems to offer the best approach yet for treating tumors resisrant to conventional
therapies.! The list of putative angiogenesis factors grows continuously, but VEGF, one of the
first angiogenesis factors identified, is widely believed to be the most important regulator of
both normal and pathological angiogenesis.

VEGF was first purified from tumor cells by Harold Dvorak and coworkers at the Beth
Israel Hospital in Boston, USA. This factor was isolated based on its ability to enhance vascular
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permeability, and was therefore named "vascular permeability factor" or VPF. Napoleon Ferrara 
at Genentech subsequendy purified, and later cloned, a factor from medium conditioned by 
bovine pituitary foUiculostellate cells that induced proliferation of vascular endothelial cells 
(EC). This substance was named VEGF. ̂  When cDNAs from both the Dvorak and the Ferrara 
studies were sequenced, VEGF and VPF were found to be the same molecule. 

It is now clear that VEGF elicits an array of EC responses in vitro, including stimulation of 
proliferation and migration, and induction of proinflammatory gene expression. VEGF has 
been shown to guide blood cell and EC precursor migration in Drosophila? Xenopus, and 
likely in Danio rerio, it is possible that in mammals the ancestral role of VEGF is to direct EC 
precursor, or angioblast, migration.^ The findings in the Drosophilia and in the lower verte-
brates suggest that at least the chemotaxic function of VEGF signaling is conserved during 
evolution, and the EC mitogenic and vascular permeability functions ofVEGF may have evolved 
in more complex animals to modulate their vascular system. 

Certain in vivo characteristics of VEGF further illustrate its role as the primary angiogenic 
factor. VEGF is a secreted angiogenic factor, and thus can act in a paracrine fashion. Expres-
sion patterns of VEGF and its endothelial-selective receptors correlate both temporally and 
spatially with areas of vascular growth in developing embryos and during the female reproduc-
tive cycle. '̂ '̂ ^ Most importandy, embryos lacking either VEGF or its receptors fail to develop 
functional vessels.^ ' Interestingly, heterozygous VEGF gene inactivation also results in se-
vere disruption of vessel development and embryonic lethality, suggesting that correct dosage 
of VEGF is critical for normal vascular development. Indeed, further genetic experiments us-
ing a hypermorphic VEGF allele confirmed the tight dosage requirement of VEGF in cardio-
vascular development.^^ Lasdy, antagonists of VEGF or its receptors can effectively block both 
normal and pathological angiogenesis in animals. "̂ ^ 

In addition to its role in developmental angiogenesis, VEGF also modulates adult physi-
ological angiogenesis and vessel function in numerous pathologies. In the adult, VEGF partici-
pates in regulation of the female reproductive cycle, wound healing, inflammation, vascular 
permeability, vascular tone, and hematopoiesis.^^ VEGF function also contributes to patho-
logical angiogenesis in disorders such as cancer, rheumatoid arthritis, diabetic retinopathy and 
the neovascular form of macular degeneration. '̂ '̂'̂ ^ 

VEGF, also called VEGFA, belongs to the cystine-knot superfamily of growth factors that are 
characterized by the presence of eight conserved cysteine residues. '̂̂ ' ^ In addition to VEGFA, this 
superfamily of hormones and growth factors includes VEGFB, VEGFC, VEGFD, VEGFE en-
coded by the various o^/Viruses, and placental growth factor (PlGFl and P1GF2 isoforms).̂ *^ The 
VEGF family members are active as secreted, glycosylated homodimers.^^ They are closely related to 
and likely have a common ancestor with the platelet derived growth factor (PDGF) family of growth 
factors, which includes PDGFB, PDGFC, and PDGFD.^^ VEGF exerts its effects on EC dirough 
binding to the EC-selective high affinity receptors FLTl (VEGFRl), BCDR (VEGFR2) and 
neuropilins (NRPl and NRP2).^'^^ VEGF is highly conserved across different vertebrate species, 
from mammals to fish, at both the polypeptide and genomic structure levels. VEGF protein from 
one species is therefore often functional toward EC from another species. 

VEGF Isoform Structure 
The VEGF gene is comprised of several exons separated by introns in all species character-

ized—from human to mouse, fish and frog.'̂ '̂'̂ ^ As a result of differential pre-mRNA splicing, 
a single VEGF gene gives rise to many different VEGF isoforms.'^^ Because the roles of the 
different VEGF isoforms in nonmammalian species have not been well characterized, and 
most studies using specific VEGF isoforms have utilized either mouse or human models, this 
chapter will focus on the human and murine VEGF isoforms. 

The gene encoding VEGF is located on the short arm of chromosome 6 (6p21.1) in hu-
mans and on chromosome 17 (24.20 cM) in the mouse.^^ Both the human and the murine 
VEGF genes are comprised of eight exons, separated by seven introns (Fig. 1). Although in 
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permeability, and was therefore named "vascular permeability factor" or VPE2Napoleon Ferrara
at Genentech subsequently purified, and later cloned, a factor from medium conditioned by
bovine pituitary folliculostellate cells that induced proliferation of vascular endothelial cells
(EC). This substance was named VEGE3When cDNAs from both the Dvorak and the Ferrara
studies were sequenced, VEGF and VPF were found to be the same molecule.

It is now clear that VEGF elicits an array ofEC responses in vitro, including stimulation of
proliferation and migration, and induction of proinflammatory gene expression.4 VEGF has
been shown to guide blood cell and EC precursor migration in Drosophild,5 Xenopus,6 and
likely in Danio reno;? it is possible that in mammals the ancestral role ofVEGF is to direct EC
precursor, or angioblast, migration.8The findings in the Drosophilia and in the lower vene
brates suggest that at least the chemoraxic function ofVEGF signaling is conserved during
evolution, and the EC mitogenic and vascular permeability funerions ofVEGF may have evolved
in more complex animals to modulate their vascular system.

Cenain in vivo characteristics ofVEGF further illustrate its role as the primary anf,iogenic
factor. VEGF is a secreted angiogenic faeror, and thus can aer in a paracrine fashion. Expres
sion patterns of VEGF and its endothelial-selective receptors correlate both temporally and
spatially with areas ofvascular growth in developing embryos and during the female reproduc
tive cycle.4,9,10 Most imponantly, embryos lacking either VEGF or its receptors fail to develop
functional vesseisY-14 Interestingly, heterozygous VEGF gene inaerivation also results in se
vere disruption of vessel development and embryonic lethality, suggesting that correct dosage
ofVEGF is critical for normal vascular development. Indeed, further genetic experiments us
ing a hypermorphic VEGF allele confirmed the tight dosage requirement ofVEGF in cardio
vascular deveiopment. 15 Lastly, antagonists ofVEGF or its receptors can effectively block both
normal and pathological angiogenesis in animals. 16-18

In addition to its role in developmental angiogenesis, VEGF also modulates adult physi
ological angiogenesis and vessel function in numerous pathologies. In the adult, VEGF partici
pates in regulation of the female reproduerive cycle, wound healing, inflammation, vascular
permeability, vascular tone, and hematopoiesis. 19 VEGF function also contributes to patho
logical angiogenesis in disorders such as cancer, rheumatoid arthritis, diabetic retinopathy and
the neovascular form of macular degeneration.4,2o,21

VEGF, also called VEGFA, belongs to the cystine-knot superfumily of growth faerors that are
charaererized by the presence ofeight conserved cysteine residues.22,23 In addition to VEGFA, thj,$
superfamily of hormones and growth factors includes VEGFB, VEGFC, VEGFD, VEGFE en
coded by the various or/viruses, and placental growth factor (PlGF1 and PIGF2 isoforrns).22 The
VEGF family members are active as secreted, glycosylated homodirners.23 They are closely related to
and likelyhave a common ancestor with the platelet derived growth faeror (PDGF) family ofgrowth
factors, which includes PDGFB, PDGFC, and PDGFD.22 VEGF exerts its effects on EC through
binding to the EC-selective h~h affinity receptors FLT1 (VEGFR1), KDR (VEGFR2) and
neuropilins (NRP1 and NRP2). ,24 VEGF is highly conserved across different venebrate species,
from mammals to fish, at both the polypeptide and genomic structure levels. VEGF protein from
one species is therefore often functional toward EC from another species.

VEGF Isoform Structure
The VEGF gene is comprised of several exons separated by introns in all species charaerer

ized-from human to mouse, fish and frog.22,25 As a result ofdifferential pre-mRNA splicing,
a single VEGF gene gives rise to many different VEGF isoforms.23 Because the roles of the
different VEGF isoforms in nonmammalian species have not been well characterized, and
most studies using specific VEGF isoforms have utilized either mouse or human models, this
chapter will focus on the human and murine VEGF isoforms.

The gene encoding VEGF is located on the shon arm of chromosome 6 (6p21.1) in hu
mans and on chromosome 17 (24.20 eM) in the mouse.22 Both the human and the murine
VEGF genes are comprised of eight exons, separated by seven introns (Fig. 1). Although in
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theory any combination of the eight exons is possible, all differentially spliced variants of VEGF 
isoforms discovered to date contain the first 5 exons (1 to 5) plus different combinations of 
exons 6 to 8. As a result, all VEGF isoforms contain signal peptides (first 28 residues) and are 
thus secreted polypeptides, and they can all potentially form homodimers, because the dimer-
ization domain is located in exons 2 to 5 (residues Cys51 and Cys61). Because three residues 
tially spliced region of the VEGF pre-mRNA is Umited to exons 6 to 8, the number of poten-
tial possible combinations of these exons is further increased by the fact that exons 6 and 7 have 
alternative internal splice donor and acceptor sites that further divide them into two different 
portions, referred to as 6a and 6b, 7a and 7b, respectively.̂ '̂ ''̂ ^ 

Figure 1. Genomic organization of the human VEGF gene and its alternative splice variants. By 
differential pre-mRNA splicing of exons 6 and 7, the human veg/gene gives rise to various isoforms 
(the most common 5 isoforms are shown). The different exons (ex) and domain sizes (a.a., amino 
acid residue) are shown below the gene. The 5'- and 3'-untranslated regions (UTR) are indicated 
by hatched boxes. Protease cleavage sites (arrowheads) and receptor binding sites (arrows) are 
indicated on the VEGF206 isoform. 
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thus secreted polypeptides, and they can all potentially form homodimers, because the dimer
ization domain is located in exons 2 to 5 (residues Cys51 and Cys61).23 Because three residues
tially spliced region of the VEGF pre-mRNA is limited to exons 6 to 8, the number of poten
tial possible combinations ofthese exons is further increased by the fact that exons 6 and 7 have
alternative internal splice donor and acceptor sites that further divide them into two different
portions, referred to as 6a and 6b, 7a and 7b, respectively.22,25
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Figure 1. Genomic organization of the human VEGF gene and its alternative splice variants. By
differential pre-mRNA splicing ofexons 6 and 7, the human vegfgene gives rise to various isoforms
(the most common 5 isoforms are shown). The different exons (ex) and domain sizes (a.a., amino
acid residue) are shown below the gene. The 5'- and 3'-untranslated regions (UTR) are indicated
by hatched boxes. Protease cleavage sites (arrowheads) and receptor binding sites (arrows) are
indicated on the VEGF206 isoform.
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Despite this variety of potential diflPerential splicing combinations, it appears that there are 
only three major VEGF isoforms produced in all vertebrates, and these differ by the presence 
or absence of peptides encoded by exons 6 (24 amino acids) and 7 (44 amino acids). The major 
human VEGF isoforms are VEGF 121, VEGF 165 and VEGF 189, with the numbers indicat-
ing the number of amino acids in the mature polypeptides (Fig. 1). The major murine VEGF 
isoforms are VEGF 120, VEGF 164 and VEGF 188,^^each containing one less amino acid than 
die human ordiologue. Invivo, VEGF 121(120), VEGF 165(164) and VEGF 189(188) isoforms 
are produced by certain cells in a tissue-specific pattern with the clear exception of most vascu-
lar endothelial cells,*̂ ^ and many of the less-abundant VEGF isoforms are associated with spe-
cialized cell types or tumor cells (see below). 

Biochemistry of the Major VEGF Isoforms 
The different VEGF isoforms have distinct biochemical properties (Fig. 2). As 

VEGF 120(121) does not bind heparan sulfate, it is readily diffusible. VEGF 164(165) has 
moderate affinity for heparan sulfate; it is partially sequestered on the cell surface and in the 
extracellular matrix (ECM),̂ ® likely due to heparan sulfate proteoglycans (HSPGs) binding. 
The HSPGs-binding aaivity of VEGF 164(165) is conferred by the 15 basic residues within 
the peptide encoded by exon 7, which is defined as the heparin-binding domain of VEGF.^^ 
VEGF 188(189) has high affinity for heparan sulfate due to the presence of the additional basic 
residues and a strongly heparin-binding domain encoded by exon 6. As a result, VEGF 188 (189) 
is mosdy associated with the cell-surface and ECM.^^ (In this chapter, the nomenclature for 
the human and murine VEGF isoforms will be used interchangeably). 

The VEGF isoforms localized or sequestered at the cell surface or ECM constitute a reser-
voir of angiogenic growth factors that can be mobilized by various enzymes. For example, 
heparinase and matrix metalloproteinases (MMPs) can release matrix-bound VEGF isoforms 
from HSPGs,^^'^^ whereas plasmin can cleave the heparin-binding domain of the matrix-bound 

Figure 2. Distinct biochemistry of the different VEGF isoforms. Schematic representation of the 
differential extracellular localization of the three murine VEGF isoforms based on their different 
affinities for heparin sulfate. 
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Despite this variety ofpotential differential splicing combinations, it appears that there are
only three major VEGF isoforms produced in all vertebrates, and these differ by the presence
or absence ofpeptides encoded by exons 6 (24 amino acids) and 7 (44 amino acids). The major
human VEGF isoforms are VEGFI21, VEGF165 and VEGFI89, with the numbers indicat
ing the number of amino acids in the mature polYf>~tides (Fig. 1). The major murine VEGF
isoforms are VEGFI20, VEGFI64 and VEGFI88,2 each containing one less amino acid than
the human orthologue. In vivo, VEGF121(120), VEGFI65(164) andVEGFI89(188) isoforms
are produced by certain cells in a tissue-specific pattern with the clear exception of most vascu
lar endothelial cells,27 and many of the less-abundant VEGF isoforms are associated with spe
cialized cell types or tumor cells (see below).

Biochemistry of the Major VEGF Isoforms
The different VEGF isoforms have distinct biochemical properties (Fig. 2). As

VEGFI20(12l) does not bind heparan sulfate, it is readily diffusible. VEGF164(165) has
moderate affinity for heparan sulfate; it is partially sequestered on the cell surface and in the
extracellular matrix (ECM),28 likely due to heparan sulfate proteoglycans (HSPGs) binding.
The HSPGs-binding activity ofVEGFI64(165) is conferred by the 15 basic residues within
the peptide encoded by exon 7, which is defined as the heparin-binding domain ofVEGF.23

VEGF188(189) has high affinity for heparan sulfate due to the presence ofthe additional basic
residues and a strongly heparin-binding domain encoded by exon 6. As a result, VEGFI88(189)
is mostly associated with the cell-surface and ECM.28 (In this chapter, the nomenclature for
the human and murine VEGF isoforms will be used interchangeably).

The VEGF isoforms localized or sequestered at the cell surface or ECM constitute a reser
voir of angiogenic growth factors that can be mobilized by various enzymes. For example,
heparinase and matrix metalloproteinases (MMPs) can release matrix-bound VEGF isoforms
from HSPGs,23,28 whereas plasmin can cleave the heparin-binding domain ofthe matrix-bound
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Figure 2. Distinct biochemistry of the different VEGF isoforms. Schematic representation of the
differential extracellular localization of the three murine VEGF isoforms based on their different
affinities for heparin sulfate.
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VEGF isoforms, producing a truncated, but biologically active, VEGFl 10 (VEGF109 in the 
mouse).^^ This enzyme-mediated VEGF release represents a fast and effective way to mobilize 
VEGF and increase its effective concentration in different local environments. Therefore one 
of the functions for the different VEGF isoforms is to modulate the availability of VEGF by 
being sequestering on the cell surface or in the ECM. Although the details of this 
protease-mediated VEGF release pathway have not been elucidated in vivo, MMP9 plays a 
major role in VEGF-mediated tumor angiogenesis in the RipTag pancreatic tumor modeP 
and dturing bone development,^ suggesting that protease-mediated VEGF release does indeed 
play a prominent role in the VEGF pathway. In addition to releasing matrix-sequestered VEGF, 
it has been reported that a nMMP with anti-angiogenic properties, ADAMTSl, directly binds 
to VEGF and dampens downstream VEGF signaling. More recently, it has been reported 
that many different MMPs can cleave the matrix-bound VEGF isoforms intramolecularly, 
creating two fragments: a soluble and biologically active N-terminal fragment that can bind to 
the VEGF receptors, and a shorter matrix-binding C-terminal fragment that has no apparent 
biological activity. ̂ ^ Interestingly, the authors also reported distinct angiogenic outcomes pro-
duced by the matrix-bound VEGF and the MMP-processed soluble N-terminal VEGF frag-
ment, providing further proof that matrix association can modulate the function of the differ-
ent VEGF isoforms. These findings clearly suggest that interactions of various MMPs and 
possibly other proteases with VEGF occur in vivo, and that these interactions can direcdy 
modulate both the availability and the activity of VEGF. 

Not only do the VEGF isoforms display differences in localization and availability, they also 
have different affinities for their high affinity receptors, FLTl and KDR, expressed on the EC 
surface. Binding of FLTl by both VEGF121 and VEGF 165 is inhibited by heparin. Binding 
of KDR by VEGF 165 is enhanced by low concentrations of heparin, but is inhibited by high 
concentrations of heparin.^^ Binding of KDR by VEGF 121 is not affected by heparin. Besides 
differential binding affinities for FLTl and KDR, the neuropilin family of cell-surface recep-
tors exhibits differential specificity for VEGF isoforms. Because NRPl binds to the peptide 
encoded by exon 7, VEGF165 and probably VEGF189 bind to NRPl, but VEGF121 does 
not. Although binding by VEGF 165 may not induce NRPl signal transduction direcdy, due 
to the lack of a conventional signaling cytoplasmic domain, it was reported that cell surface 
NRPl can increase die binding affinity of VEGF165 for KDR,^^'^^ but not for VEGF121. 
This suggests that NRPl functions as a coreceptor in EC cells. Interestingly, it has been re-
ported that VEGF 165, but not VEGF 121, can promote survival of breast carcinoma cells in 
vitro in a neuropilin-dependent manner, suggesting that NRPl may function as a signaling 
VEGF 165-specific receptor in nonendothelial cells. Indeed, a chimeric receptor containing 
the transmembrane and intracellular domain of NRPl and the extracellular domain of epider-
mal growth factor (EGF) was reported to mediate human umbilical vein EC (HUVEC) migra-
tion upon EGF stimulation.^^ These results suggest that the NRPl receptor is capable of trans-
ducing signals in certain cell types and in certain contexts. Considering the important role of 
the NRPl receptor reported for vascular development^^'^ and for guidance of EC tip cells and 
vessels,̂ '̂  more studies into the exact signaling role of the NRPl will provide further insights 
into the biology of VEGF isoforms and their roles in modulating angiogenesis. Another 
neuropilin family member, NRP2, has also been shown to bind VEGF 165 but not VEGF 121.^ 
Interestingly, NRP2 was reported to function as a receptor for the less-abundant VEGF 145 
isoform,^ suggesting that both exon 6 and exon 7 of VEGF can facilitate the binding to NRP2 
by VEGF 145 and VEGF 165, respectively. However, the functional role of this selective inter-
action between VEGF isoforms and NRP2 in angiogenesis remains to be determined. 

It is likely that the difference in biochemical properties described above translates into dis-
tinct biological activities for the various VEGF isoforms. For example, it has been reported that 
the VEGF isoforms can have different mitogenic activity for EC in vitro and in vivo. How-
ever, others have found that VEGF 120 and VEGF 164 do not differ in their ability to support 
EC proliferation, but that vessel networks differ in tissues developing in the absence of specific 
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VEGF isoforms, producing a truncated, but biologically active, VEGF110 (VEGF109 in the
mouse).28 This enzyme-mediated VEGF release represents a fast and effective way to mobilize
VEGF and increase its effective concentration in different local environments. Therefore one
of the functions for the different VEGF isoforms is to modulate the availability ofVEGF by
being sequestering on the cell surface or in the ECM. Although the details of this
protease-mediated VEGF release pathway have not been elucidated in vivo, MMP9 plays a
major role in VEGF-mediated tumor angiogenesis in the RipTag pancreatic tumor model29

and during bone development,30 suggesting that protease-mediated VEGF release does indeed
playa prominent role in the VEGF pathway. In addition to releasing matrix-sequestered VEGF,
it has been reported that a nMMP with anti-angiogenic froperties, ADAMTS 1, directly binds
to VEGF and dampens downstream VEGF signaling.3 More recently, it has been reported
that many different MMPs can cleave the matrix-bound VEGF isoforms intramolecularly,
creating two fragments: a soluble and biologically active N-terminal fragment that can bind to
the VEGF receptors, and a shorter matrix-binding C-terminal fragment that has no apparent
biological activity.32 Interestingly, the authors also reported distinct angiogenic outcomes pro
duced by the matrix-bound VEGF and the MMP-processed soluble N-terminal VEGF frag
ment, providing further proof that matrix association can modulate the function of the differ
ent VEGF isoforms. These findings clearly suggest that interactions of various MMPs and
possibly other proteases with VEGF occur in vivo, and that these interactions can directly
modulate both the availability and the activity ofVEGF.

Not only do the VEGF isoforms display differences in localization and availability, they also
have different affinities for their high affinity receptors, FLT1 and KDR, expressed on the EC
surface. Binding ofFLT1 by both VEGF121 and VEGF165 is inhibited by heparin. Binding
ofKDR by VEGF165 is enhanced by low concentrations of heparin, but is inhibited by high
concentrations ofheparin.23 Binding ofKDR by VEGF121 is not affected by heparin. Besides
differential binding affinities for FLT1 and KDR, the neuropilin family of cell-surface recep
tors exhibits differential specificity for VEGF isoforms. Because NRP1 binds to the peptide
encoded by exon 7, VEGF165 and probably VEGF189 bind to NRP1, but VEGFl2l does
not.24 Although binding by VEGF165 may not induce NRP1 signal transduction directly, due
to the lack of a conventional signaling cytoplasmic domain, it was reported that cell surface
NRP1 can increase the binding affinity ofVEGF165 for KDR,24,33 but not for VEGF121.
This suggests that NRP1 functions as a coreceptor in EC cells. Interestingly, it has been re
ported that VEGF165, but not VEGF121, can promote survival of breast carcinoma cells in
vitro in a neuropilin-dependent manner, suggesti~ that NRP1 may function as a signaling
VEGF165-specific receptor in nonendothelial cells. 4 Indeed, a chimeric receptor containing
the transmembrane and intracellular domain ofNRP1 and the extracellular domain ofepider
mal growth factor (EGF) was reported to mediate human umbilical vein EC (HUVEC) migra
tion upon EGF stimulation.35 These results suggest that the NRP1 receptor is capable oftrans
ducing signals in certain cell types and in certain contexts. Considering the important role of
the NRP1 receptor reported for vascular development23,36 and for guidance ofEC tip cells and
vessels,37 more studies into the exact signaling role of the NRP1 will provide further insights
into the biology of VEGF isoforms and their roles in modulating angiogenesis. Another
neuropilin family member, NRP2, has also been shown to bindVEGF165 but not VEGF121.38

Interestinfly, NRP2 was reported to function as a receptor for the less-abundant VEGF145
isoform,3 suggesting that both exon 6 and exon 7 ofVEGF can facilitate the binding to NRP2
by VEGF145 and VEGF165, respectively. However, the functional role of this selective inter
action between VEGF isoforms and NRP2 in angiogenesis remains to be determined.

It is likely that the difference in biochemical properties described above translates into dis
tinct biological activities for the various VEGF isoforms. For example, it has been reported that
the VEGF isoforms can have different mitogenic activity for EC in vitro and in vivo.23 How
ever, others have found that VEGF120 and VEGF164 do not differ in their ability to support
EC proliferation, but that vessel networks differ in tissues developing in the absence ofspecific
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isoforms and in tumors overexpressing the various VEGF isoforms in vivo. '̂ '̂ The differ-
ences in localization, availability, receptor-binding affinity and bioactivity likely contribute to 
distinct roles for the individual VEGF isoforms during vascular development, and imply that 
the presence of the different VEGF isoforms is critical for normal vasctdar development. There-
fore, knowledge of the differential functions of the different isoforms will be crucial for design-
ing an effective VEGF-mediated angiogenesis therapy to promote normal vessels growth in 
patients suffering from ischemic vascular diseases. 

VEGF Isoforms in Vascular Development 
VEGF mediates angiogenesis both during development and in the adult. While the roles of 

specific VEGF isoforms in normal adult angiogenesis remain largely unexplored, contributions of 
VEGF isoforms to developmental angiogenesis have been identified using transgenic mouse models. 

Experiments that direcdy measured the VEGF isoform mRNA levels in the mouse revealed 
that the relative levels of the three major VEGF isoforms vary among different adult organs. 
Differential mRNA levels of the three major VEGF isoforms during murine embryonic develop-
ment also suggest that expression of the different isoforms is developmentally regulated. Whereas 
the three major VEGF isoforms are expressed in all embryonic organs examined, the relative 
levels of each isoform varied from organ to organ, and the isoform composition changed over 
developmental time in the same organ. For example, adult lung, heart and liver express rela-
tively high levels of VEGF 188 mRNA (52% of the total VEGF message in the lung and 36% in 
the heart and liver), whereas brain, eye, spleen and kidney express relatively low levels ofVEGF 188 
mRNA (6%, 5%, 11% and 17% of the total VEGF mRNA, respectively). During development, 
in the embryonic day 13.5 lung, VEGF 188 makes up only about 10% of total VEGF mRNA, 
but at embryonic day 17.5, just before birth, about 50% of the total VEGF mRNA produced in 
the lung is the VEGF 188 isoform. The levels of VEGF 188 remain high at about 50% of total 
VEGF mRNA in the adult lung. These findings are consistent with the concept that the VEGF 
isoforms serve different fimctions during vascular development and angiogenesis in the adult. 

To directly assess the different functions of the three major VEGF isoforms during develop-
ment and in the adult, and in an attempt to avoid the early embryonic lethality from the total 
gene inactivation,^^' VEGF isoform-specific gene targeting approaches were used. Using 
exon-specific deletion and cDNA replacement (knock-in) strategies, VEGF alleles were created 
that permitted expression of only one of the three VEGF isoforms: VEGF 120, VEGF 164 or 
VEGF 188.^^'^^ Mice were then generated in which the normal VEGF gene was replaced with 
one or two isoform-specific alleles. The isoform-specific mouse models yielded two immediate 
and significant findings. First, heterozygous mice in which one of the two VEGF alleles could 
produce only a single VEGF isoform were viable and developed normally (Table 1). Given that 
single-allele VEGF inactivation, as well as the slight increase in VEGF levels resulting from a 
hypermorphic mutation, both lead to embryonic lethality, ̂ ^ these observations suggest that the 
isoform-specific allele likely produced similar levels of VEGF transcript compared to the 
wild-type allele. Indeed, RNase protection assays confirmed that the total levels of VEGF tran-
script in the heterozygous and the homozygous VEGF isoform-specific mice were comparable 
to that of wild-type mice.^^ A second important finding was that although not all VEGF 
isoform-specific homozygous embryos were viable (Table 1), their phenotypes were much less 
severe than those of VEGF-null mice. This result is consistent with the concept that the differ-
ent VEGF isoforms all support EC growth, but have subde differences in fimction, such that 
one isoform can only partially replace the fixnction of the others during embryonic develop-
ment and in the adult (Table I). 

Analysis of die VEGF^^^^^^^ and VEGF ̂ ^̂ ^̂ ^̂  homozygous mice, in which bodi VEGF alleles 
produce only a single VEGF isoform (VEGF 120 and VEGF 188, respectively), has yielded fixr-
ther insight into the roles of the VEGF isoforms in vascular development. Homozygous VEGF ̂ ^̂ ^ 

mice are not viable and exhibit very distinct vascular defects. Most of the VEGF^^^ '̂̂ ^ em-
bryos die in utero, or soon after birth. All VEGF '̂̂ ^̂ '̂̂ ^ embryos exhibit decreased angiogenesis, 
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isoforms and in tumors overexpressing the various VEGF isoforms in vivo.32,39-43 The differ
ences in localization, availability, receptor-binding affinity and bioactivity likely contribute to
distinct roles for the individual VEGF isoforms during vascular development, and imply that
the presence ofthe different VEGF isoforms is critical for normal vascular development. There
fore, knowledge of the differential functions of the different isoforms will be crucial for design
ing an effective VEGF-mediated angiogenesis therapy to promote normal vessels growth in
patients suffering from ischemic vascular diseases.44

VEGF Isoforms in Vascular Development
VEGF mediates angiogenesis both during development and in the adult. While the roles of

specificVEGF isoforms in normal adult angiogenesis remain largely unexplored, contributions of
VEGF isoforrns to developmental angiogenesis have been identified using transgenic mouse models.

Experiments that directly measured the VEGF isoform mRNA levels in the mouse revealed
that the relative levels of the three major VEGF isoforrns vary among different adult organs.
Differential mRNA levels ofthe three major VEGF isoforms during murine embryonic develop
ment also suggest that expression ofthe different isoforrns is developmentally regulated. Whereas
the three major VEGF isoforms are expressed in all embryonic organs examined, the relative
levels of each isoform varied from org.I!1 to organ, and the isoform composition changed over
developmental time in the same organ.26 For example, adult lung, heart and liver express rela
tively high levels ofVEGF188 mRNA (52% of the total VEGF message in the lung and 36% in
the heart and liver), whereas brain, eye, spleen and kidney express relatively low levels ofVEGF188
mRNA (6%, 5%, 11% and 17% ofthe total VEGF mRNA, respectively). During development,
in the embryonic day 13.5 lung, VEGF188 makes up only about 10% of total VEGF mRNA,
but at embryonic day 17.5, just before birth, about 50% of the total VEGF mRNA produced in
the lung is the VEGF188 isoform. The levels ofVEGF188 remain high at about 50% of total
VEGF mRNA in the adult lung. These findings are consistent with the concept that the VEGF
isoforrns serve different functions during vascular development and angiogenesis in the adult.26

To directly assess the different functions ofthe three major VEGF isoforms during develop
ment and in the adult, and in an attempt to avoid the early embryonic lethality from the total
gene inactivation,13,14 VEGF isoform-specific gene targeting approaches were used. Using
exon-specific deletion and cDNA replacement (knock-in) strategies, VEGF alleles were created
that permitted expression of only one of the three VEGF isoforms: VEGFI20, VEGF164 or
VEGFI88.39,40 Mice were then generated in which the normal VEGF gene was replaced with
one or two isoform-specific alleles. The isoform-specific mouse models yielded two immediate
and significant findings. First, heterozygous mice in which one of the two VEGF alleles could
produce only a single VEGF isoform were viable and developed normally (Table 1). Given that
single-allele VEGF inactivation, as well as the slight increase in VEGF levels resulting from a
hypermorphic mutation, both lead to embryonic lethality,15 these observations suggest that the
isoform-specific allele likely produced similar levels of VEGF transcript compared to the
wild-type allele. Indeed, RNase protection assays confirmed that the total levels ofVEGF tran
script in the heterozygous and the homozygous VEGF isoform-specific mice were comparable
to that of wild-type mice.39 A second impottant finding was that although not all VEGF
isoform-specific homozygous embryos were viable (Table 1), their phenotypes were much less
severe than those ofVEGF-null mice. This result is consistent with the concept that the differ
ent VEGF isoforms all suppott EC growth, but have subtle differences in function, such that
one isoform can only partially replace the function of the others during embryonic develop
ment and in the adult (Table I).

Analysis ofthe VEGFI201120 and VEGF188/188 homozygous mice, in which both VEGF alleles
produce only a single VEGF isoform (VEGF120 and VEGFI88, respectively), has yielded fur
ther insight into the roles ofthe VEGF isoforms in vascular development. HomozygousVEGF120/
120 mice are not viable and exhibit very distinct vascular defects. Most of the VEGF120/120 em
bryos die in utero, or soon mer birth. All VEGFI201120 embryos exhibit decreased angiogenesis,
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Table 1. The phenotypes of VEGF isoform-specific mice 

Homozygous vegf120/120 Perinatal 
(90%) or early postnatal 
(10%) lethality. Extensive 
vascular hemorrhages in 
most organs. Decreased 
vascular branching and 
impaired postnatal 
angiogenesis^ '̂̂ '̂"*^ 
(Fig. 3). 

Heterozygous vegf120/+ Viable, normal 
appearance, but decreased 
vascular branching in 
several embryonic 
organs26'̂ 9'̂ 3 (pjg 3) 

Compound 
heterozygous 

vegfl 64/120 V\ab\e, 
normal (P. D'Amore and 
Y. S. Ng, unpublished data). 
Viability suggests that the 
combination of VEGF164 
and VEGF120 isoforms 
is sufficient for normal 
vascular development. 

vegfl64/164 Viable, normal 
appearance'*^ (P. D'Amore 
and Y. S. Ng, unpublished 
data). No obvious vascular 
phenotypes in the embryo 
(C. Ruhrberg and D.T. 
Shima, unpublished data). 
Yolk sac vesselsare 
patterned normally (Fig. 3). 

vegf164/+ Viable, normal 
appearance, normal vessel 
patterning in all organs 
examined"*^ (P. D'Amore 
and Y. S. Ng, unpublished 
data; C. Ruhrberg and 
D. T. Shima, unpublished 
data). 
vegfl88/120 V\ab\e, normal 
(P. D'Amore and Y. S. Ng, 
unpublished data). Normal 
vascular development in 
several organs."*̂ '"*̂  
These observations 
suggest that the 
combination of VEGF188 
and VEGF120 isoforms is 
sufficient for normal 
vascular development. 

vegf188/188 Embryonic 
lethality from embryonic 
day 10 (90%); 10% 
reach adulthood, though 
with decreased body 
size/weight and subtle 
vascular defects in 
the retina'*^ (P. D'Amore 
and Y. S. Ng, 
unpublished data). 
Excessive branching and 
small caliber of vessels 
in several embryonic 
organs."*^ Hyper-fused 
vessel networks 
in the yolk sac (Fig. 3). 
vegfl88/+ Viable, normal 
appearance'*^ (P. D'Amore 
and Y. S. Ng, 
unpublished data). 
Vascular phenotype not 
examined. 

vegf188/164 Viable, 
normal (P. D'Amore and 
Y. S. Ng, unpublished 
data). The vascular 
phenotype has not been 
examined. Viability 
suggests that the 
combination of VEGF188 
and VEGF164 isoforms is 
sufficient for normal 
vascular development. 

Mice expressing different combinations of VEGF isoforms were produced by crossing heterozygous 
mice carrying one wild-type and one isoform-specific vegfa\\e\e. 

decreased vascular branching and vascular hemorrhage, ̂ ^ suggesting that the vessels in these mice 
are leaky and lack the normal vascular morphologv found in wild-type mice. Close examination 
of the vascular beds in organs from the VEGF^^ ^̂ ^ mice of different developmental stages re-
vealed extensive vascular remodeling defects and decreased vascular branching and density (Fig. 
3).^ '̂̂ ^ These results sures t that the freely diffusible VEGF 120 isoform alone can support the 
initial stages of vascular development, but that VEGF 120 cannot replace the functions of the 
heparin-binding VEGF isoforms such as VEGF 164 in the fine patterning of the vasculature. 
There is also a strong correlation between the severity of vascular phenotypes observed in the 
VEGF embryos and the organ expression patterns of the various isoforms; that is, the 
organs that express relatively high levels of the heparin-binding VEGF isoforms (VEGF 164 and 
VEGF 188) exhibited the most severe, abnormal vascular phenotypes. For example, high levels of 
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Table 1. The phenotypes of VEGF isoform-specific mice

Heterozygous vegfI20/+ Viable, normal
appearance, but decreased
vascular branching in
several embryonic
organs26,39,43 (Fig. 3).

Homozygous vegf120/120 Perinatal
(90%) or early postnatal
(10%) lethality. Extensive
vascular hemorrhages in
most organs. Decreased
vascular branching and
impaired postnatal
angiogenesis26,39,43

(Fig. 3).

vegfI64/164 Viable, normal vegf188/188 Embryonic
appearance40 (p. D'Amore lethality from embryonic
and Y. S. Ng, unpublished day 10 (90%); 10%
data). No obvious vascular reach adulthood, though
phenotypes in the embryo with decreased body
(c. Ruhrberg and D.T. size/weight and subtle
Shima, unpublished data). vascular defects in
Yolk sac vesselsare the retina40 (P. D'Amore
patterned normally (Fig. 3). and Y. S. Ng,

unpublished data).
Excessive branching and
small cal iber of vessels
in several embryonic
organs.43 Hyper-fused
vessel networks
in the yolk sac (Fig. 3).
vegfI88/+ Viable, normal
appearance40 (p. D'Amore
and Y. S. Ng,
unpublished data).
Vascular phenotype not
examined.

vegfI64/+ Viable, normal
appearance, normal vessel
patterning in all organs
examined40 (P. D'Amore
and Y. S. Ng, unpublished
data; C. Ruhrberg and
D. T. Shima, unpublished
data).
vegfI88/120Viable, normal vegf188/164 Viable,
(P. D'Amore and Y. S. Ng, normal (p. D'Amore and
unpublished data). Normal Y. S. Ng, unpublished
vascular development in data). The vascular
severalorgans.43,46 phenotype has not been
These observations examined. Viability
suggest that the suggests that the
combination of VEGF188 combination of VEGF188
and VEGF120 isoforms is and VEGF164 isoforms is
sufficient for normal sufficient for normal
vascular development. vascular development.

vegf164/120 Viable,
normal (p. D'Amore and
Y. S. Ng, unpublished data).
Viability suggests that the
combination of VEGF164
and VEGF120 isoforms
is sufficient for normal
vascular development.

Compound
heterozygous

Mice expressing different combinations of VEGF isoforms were produced by crossing heterozygous
mice carryi ng one wi Id-type and one isoform-specific vegfallele.

decreased vascular branching and vascular hemorrhage,39 suggesting that the vessels in these mice
are leaky and lack the normal vascular morpholoffh found in wild-type mice. Close examination
of the vascular beds in organs from the VEGF12 120 mice of different developmental stages re
vealed extensive vascular remodeling defects and decreased vascular branching and density (Fig.
3).26,43 These results suggest that the freely diffusible VEGF120 isoform alone can support the
initial stages of vascular development, but that VEGF120 cannot replace the functions of the
heparin-binding VEGF isoforms such as VEGF164 in the fine patterning of the vasculature.
There is also a strong correlation between the severity of vascular phenotypes observed in the
VEGFl20/120 embryos and the organ expression patterns of the various isoforms; that is, the
organs that express relatively high levels ofthe heparin-bindingVEGF isoforms (VEGFl64 and
VEGF188) exhibited the most severe, abnormal vascular phenotypes. For example, high levels of
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Figure 3. Vascular patterning of the VEGF isoform-specific mice. Embryonic day 10.5 yolk sacs 
showing the different vascular patterns formed in the VEGF120, VEGF164, and VEGF188 
isoform-specific mice. In the heterozygous (HET) and homozygous (HOM) VEGF120 yolk sacs, 
the lack of vessel sprouting results in sparser vascular networks as compared to wildtype (WT), 
whereas the HOM VEGF188 yolk sac displayed enlarged and sheet-like vessels likely resulting 
from fusion of vessels due to excessive vascular sprouting and/or branching. Vessels in the 
VEGF164 yolk sacs are indistinguishable from the WT. 

VEGF 188 expression are temporally and spatially associated with the maturation of the lung, and 
analysis of the lungs from VEGF^^^^^^^ mice revealed extensive microvascular defects and re-
tarded alveolarization. Thus, although the VEGF 120 isoform alone appears to support initial 
vessel growth in the lung, remodeling or maturation/maintenance of the final vascular bed, in-
cluding further angiogenesis, is defective in the absence of the heparin-binding VEGF isoforms. 

Because the VEGF "̂̂ ^̂ ^̂ ^ mice produce only freely soluble VEGF, defects in these mice 
provide information about potential roles of heparin-binding isoforms such as VEGF 164. 
Analysis of organs in VEGF ^̂ ^̂ ^̂  mice that are vascularized by angiogenic sprouting, such as 
the hindbrain suggested that matrix-bound VEGF 164 is required to establish a normal con-
centration gradient of VEGF. This concentration gradient, formed when VEGF 164 binds to 
the cell surface and ECM, can effectively direct the chemotactic activity of the EC by modulat-
ing the behavior of filopodia on endothelial vessel tips during vessel sprouting (see Chapter 6 
by H. Gerhardt). As the VEGF 120 isoform is freely diffusible, these gradients cannot form 
properly in VEGF ̂ ^^^^^ mice. These observations establish the importance of localized VEGF 
in establishing a concentration gradient, and help to explain the unique role of the 
heparin-binding function of VEGF isoforms in vascular development. 

Y£Qpi88/i88 jjjj^^ |.QQ̂  display abnormal vascular development. About half of the homozy-
gous VEGF^^^ embryos die around embryonic day 10.5, exhibiting developmental delay 
and extensive vascular defects (D'Amore and Ng unpublished data), and the remaining half 
develop to term with subtle vascular defects in most organs examined."^^ Because the VEGF 188 
isoform is highly localized to ECM and cell surface HSPGs, proteolytic cleavage is required to 
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Figure 3. Vascular patterning of the VEGF isoform-specific mice. Embryonic day 10.5 yolk sacs
showing the different vascular patterns formed in the VEGF120, VEGF164, and VEGF188
isoform-specific mice. In the heterozygous (HET) and homozygous (HOM) VEGF120 yolk sacs,
the lack of vessel sprouting results in sparser vascular networks as compared to wildtype (WT),
whereas the HOM VEGF188 yolk sac displayed enlarged and sheet-like vessels likely resulting
from fusion of vessels due to excessive vascular sprouting and/or branching. Vessels in the
VEGF164 yolk sacs are indistinguishable from the WT.

VEGF188 expression are temporally and spatially associated with the maturation ofthe lung, and
analysis of the lungs from VEGF120/120 mice revealed extensive microvascular defects and re
tarded alveolarization. Thus, although the VEGF120 isoform alone appears to support initial
vessel growth in the lung, remodeling or maturation/maintenance of the fmal vascular bed, in
cluding further angiogenesis, is defective in the absence ofthe heparin-bindingVEGF isoforms.26

Because the VEGF1201120 mice produce only freely soluble VEGF, defects in these mice
provide information about gotential roles of heparin-binding isoforms such as VEGF164.
Analysis of organs in VEGF 01120 mice that are vascularized by angiogenic sprouting, such as
the hindbrain suggested that matrix-bound VEGF164 is required to establish a normal con
centration gradient ofVEGF. This concentration gradient, formed when VEGF164 binds to
the cell surface and ECM, can effectively direct the chemotactic activity ofthe EC by modulat
ing the behavior offilopodia on endothelial vessel tips during vessel sprouting43 (see Chapter 6
by H. Gerhardt). As the VEGF120 isoform is freely diffusible, these gradients cannot form
properly in VEGF120/120 mice. These observations establish the importance oflocalized VEGF
in establishing a concentration gradient, and help to explain the unique role of the
heparin-bindin~function ofVEGF isoforms in vascular development.

VEGF188/18 mice, too, display abnormal vascular development. About halfof the homozy
gous VEGF188/188 embryos die around embryonic day 10.5, exhibiting developmental delay
and extensive vascular defects (D'Amore and Ng unpublished data), and the temaining half
develop to term with subtle vascular defects in most organs examined.4O Because the VEGF188
isoform is highly localized to ECM and cell surface HSPGs, proteolytic cleavage is required to
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release the biologically active form of soluble N-terminal VEGF fragment from the cell surface 
and ECM in tissue culture experiments.^^'^^'^^ The fact that some VEGF ̂ ^̂ ^̂ ^̂  mice are viable 
suggests that the VEGF 188 isoform is processed into soluble receptor-binding N-terminal 
fragment and in ECM-binding C-terminal fragments by proteases in vivo. The VEGF^^^ 
mouse model supports the idea that post-translational proteolytic processing of VEGF isoforms 
in vivo could potentially create additional isoform proteins beyond those formed by differen-
tial pre-mRNA splicing. However, the functional significance of post-translational modifica-
tion/processing of VEGF isoforms remains unclear, and more studies will be required to eluci-
date the biology of this pathway in vascular development and neoangiogenesis. 

VEGF Isoforms in Diseases 
A theory is emerging that particular VEGF isoforms might associate with certain disease 

states; ^ in this case, specific VEGF isoforms might be considered pathological. Although the 
mechanism of the disease/pathological VEGF isoform association is unclear, understanding of 
isoform specificities for diseases might permit development of better and more specific 
anti-VEGF therapies to treat these conditions. 

Amongst the better-defined VEGF-mediated pathologies are the proliferative intraocular 
neovascular syndromes in diseases such as diabetic retinopathy, retinopathy of prematurity 
(ROP), and the wet form of macular degeneration. In all of these disease states, VEGF not only 
causes uncontrolled neovascular growth that damages the retina, but also promotes vascular 
leakage and vitreous hemorrhages that eventually lead to blindness.^^ Recently, VEGF 164 has 
been identified as the major pathological VEGF isoform in the eye. '̂ In experimental mu-
rine models of diabetes and ROP, VEGF 164 was more potent than VEGF 120 in inducing 
both endothelial intercellular adhesion molecule 1 (ICAM-1) expression and chemotaxis of 
leukocytes, which together lead to increased inflammation of the retinal vessels. Furthermore, 
VEGF 164 was more potent than VEGF 120 in inducing vascular leakage and blood-retinal 
barrier breakdown. Interestingly, the vascular inflammation and leakage caused by VEGF in 
these models were significandy reduced following administration of a pan-VEGF isoform an-
tagonist or a VEGF164-specific, RNA-based aptamer antagonist.^^ These observations suggest 
that VEGF 164 is the major disease-causing isoform in models of neovascular eye disease, and 
highlight the importance of understanding the different contributions of specific VEGF isoforms 
in vascular pathologies. Therefore, anti-angiogenic therapy targeted to individual VEGF isoforms 
might increase the specificity and potentially the efficacy of the therapy. 

Another disease that is dependent on angiogenesis is cancer, as solid tumors incorporate 
new vessels to support and promote tumor growth and metastatic spread. Although not all 
tumor angiogenesis is VEGF dependent, most tumor types studied to date display upregulation 
of VEGF mRNA and protein."^ It is therefore likely that VEGF is at least partly responsible for 
tumor angiogenesis in most cancer types. Interestingly, tumor vessels are mostly unstable, leaky 
and immature; these characteristics result from the high levels ofVEGF in the tumor. VEGF 164 
and VEGF 120 appear to be the most widely expressed VEGF isoforms in tumors. One early 
study in which murine brain tumors over-expressed one of the three major VEGF isoforms, 
showed that both VEGF 120 and VEGF 164 promoted rapid growth of vessels that were highly 
unstable and leaky. In contrast, the VEGF 188 over-expressing brain tumor supported vessels 
that were slower growing, nonhemorrhagic vessels that were relatively normal in appearance. 
These results demonstrated that all three VEGF isoforms can stimulate angiogenesis, but that 
the characteristics of the resulting vessels depend on the specific isoform(s) expressed. 

Because this tumor study was complicated by the fact that VEGF was also endogenously 
expressed by the tumor cells, a more refined study was conducted in which tumor cells derived 
from VEGF-deficient fibroblasts were used to create VEGF isoform-specific tumor 

cells.^2 jj^ 
the mouse, these VEGF isoform-specific cells all supported vessel growth in the fibrosarcomas, 
but the new tumor vessels displayed different vascular characteristics depending on the ex-
pressed isoform. The VEGF 164-expressing cells induced tumor growth and vessel density similar 
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release the biologically active form ofsoluble N-terminal VEGF fragment from the cell surface
and ECM in tissue culture experiments.23,28.32 The fact that some VEGF 188/188 mice are viable
suggests that the VEGF188 isoform is processed into soluble receptor-binding N-terminal
fragment and in ECM-binding C-terminal fragments by proteases in vivo. The VEGF188/188
mouse model supports the idea thar post-translational proteolytic processing ofVEGF isoforms
in vivo could potentially create additional isoform proteins beyond those formed by differen
tial pre-mRNA splicing. However, the functional significance of post-translational modifica
tion/processing ofVEGF isoforms remains unclear, and more studies will be required to eluci
date the biology of this pathway in vascular development and neoangiogenesis.

VEGF Isoforms in Diseases
A theory is emerging that particular VEGF isoforms might associate with certain disease

states;45 in this case, specific VEGF isoforms might be considered pathological. Although the
mechanism of the disease/pathological VEGF isoform association is unclear, understanding of
isoform specificities for diseases might permit development of better and more specific
anti-VEGF therapies to treat these conditions.

Amongst the better-defined VEGF-mediated pathologies are the proliferative intraocular
neovascular syndromes in diseases such as diabetic retinopathy, retinopathy of prematuriry
(RaP), and the wet form ofmacular degeneration. In all ofthese disease states, VEGF not only
causes uncontrolled neovascular growth that damages the retina, but also promotes vascular
leakage and vitreous hemorrhages that eventually lead to blindness.21 Recently, VEGF164 has
been identified as the major pathological VEGF isoform in the eye.21

,46 In experimental mu
rine models of diabetes and Rap, VEGF164 was more potent than VEGF120 in inducing
both endothelial intercellular adhesion molecule 1 (ICAM-I) expression and chemotaxis of
leukocytes, which together lead to increased inflammation of the retinal vessels. Furthermore,
VEGF164 was more potent than VEGF120 in inducing vascular leakage and blood-retinal
barrier breakdown. Interestingly, the vascular inflammation and leakage caused by VEGF in
these models were significantly reduced following administration of a pan-VEGF isoform an
tagonist or a VEGF164-specific, RNA-based aptamer antagonist.21 These observations suggest
that VEGF164 is the major disease-causing isoform in models of neovascular eye disease, and
highlight the importance ofunderstanding the different contributions ofspecificVEGF isoforms
in vascular pathologies. Therefore, anti-angiogenic therapy targeted to individual VEGF isoforms
might increase the specificity and potentially the efficacy of the therapy.

Another disease that is dependent on angiogenesis is cancer, as solid tumors incorporate
new vessels to support and promote tumor growth and metastatic spread.1Although not all
tumor angiogenesis is VEGF dependent, most tumor types studied to date display upregulation
ofVEGF mRNA and protein.4 It is therefore likely that VEGF is at least partly responsible for
tumor angiogenesis in most cancer types. Interestingly, tumor vessels are mostly unstable, leaky
and immature; these characteristics result from the high levels ofVEGF in the tumor.47 VEGF164
and VEGF120 appear to be the most widely expressed VEGF isoforms in tumors. One early
study in which murine brain tumors over-expressed one of the three major VEGF isoforms,
showed that both VEGF120 and VEGFI64 promoted rapid growth ofvessels that were highly
unstable and leaky. In contrast, the VEGF188 over-expressing brain tumor supported vessels
that were slower growing, nonhemorrhagic vessels that were relatively normal in appearance.41

These results demonstrated that all three VEGF isoforms can stimulate angiogenesis, but that
the characteristics of the resulting vessels depend on the specific isoform(s) expressed.

Because this tumor study was complicated by the fact that VEGF was also endogenously
expressed by the tumor cells, a more refined study was conducted in which tumor cells derived
from VEGF-deficient fibroblasts were used to create VEGF isoform-specific tumor cells.42 In
the mouse, these VEGF isoform-specific cells all supported vessel growth in the fibrosarcomas,
but the new tumor vessels displayed different vascular characteristics depending on the ex
pressed isoform. The VEGF164-expressingcells induced tumor growth and vessel density similar



10 VEGF in Developmen t 

to those observed for wild-type tumor cells. The VEGF120-speci£ic cells only partially rescued 
tumor growth, and vascular density in these tumors was reduced. Although the 
VEGF188-specific cells formed smaller tumors than wild type cells, the vessels in these tumors 
were present at a higher density and displayed a more highly branched phenotype than ob-
served for the wild type tumor. Furthermore, by mixing the VEGF 120- and VEGF188-specific 
cells, both the vascular density and tumor growth were comparable to those in the wild type 
tumor. Taken together, these results suggest that different VEGF isoforms play distinct but 
cooperative roles during tumor angiogenesis. Although VEGF 164 and VEGF 120 were more 
potent than VEGF 188 in inducing both tumor growth and angiogenesis, the isoform-specific 
fibrosarcomas also demonstrated that the VEGF isoforms could act cooperatively to make 
normal-appearing and functional vessels during tumor vascularization. ^ 

Specific VEGF isoform expression has also been associated with the progression of a par-
ticular tumor type in humans, and may be an indicator for the prognosis of the disease. For 
example, high levels of VEGF 189 expression were associated with nonsmall-cell lung cancer 
(NSCLC) and were an indicator of poor prognosis in patients, compared to NSCLC express-
ing low levels of VEGF 189. High levels of VEGF 165 expression were associated with poor 
prognosis in osteosarcoma. ^ Although it is not clear whether the predominance of a particular 
VEGF isoform in a tumor is the cause or a consequence of the disease, such associations might 
be used as disease markers with potential diagnostic or therapeutic value. ^ 

Novel VEGF Isoforms 
With the improved sensitivity of RT-PCR detection techniques and better design of PCR 

primers based on the VEGF genomic DNA sequence, many novel and low-expression VEGF 
isoforms have been discovered in diverse tissue types. Relatively low levels of VEGF206 (exons 
1-5, 6a, 6b, 7 and 8) and VEGF 145 (exons 1-5, 6a, 8) transcripts have been detected in normal 
human placental tissues, and VEGF 145 was the major isoform expressed in several carcinoma cell 
lines derived from the female reproductive system. ^ VEGF 183 (exons 1-5, truncated 6a, 7 and 
8) is similar to VEGF 189 but with a shorter exon 6a, and has been reported to have wide tissue 
distribution.^^ A new heparin-binding VEGF 162 (exon 1-5, 6a, 6b, 8) has recendy been discov-
ered in human ovarian carcinoma cells, and has been reported to have angiogenic activity. 
VEGF 165b (exon 1-5, 7, distal splice site of exon 8) is very similar to VEGF 165 in protein 
sequence and size, but inhibits VEGF 165 by competing for KDR binding,^^ and thus may func-
tion as an endogenous, competitive inhibitor of all VEGF isoforms for receptor binding. 

Pre-mRNA splicing is very important in normal development, as it creates protein diversity 
in complex organisms. This mechanism is also a natural target for various disease processes, 
including carcinogenesis. Since mice expressing only VEGF 164 are viable, the novel isoforms 
may be unnecessary for the normal development and survival of adults (Table 1). These novel 
isoforms may, however, play important roles in disease states. Because upregulation of novel 
VEGF isoforms has been observed predominately with abnormal tissues, it will be important 
to determine if these isoforms play a role in disease progression. In vivo animal models will be 
needed to correlate and confirm expression of novel VEGF isoforms, to exclude potential tissue 
culture artifacts. Further studies of these isoforms, with their different combinations of 
C-terminal exons, might help to better elucidate the functions of VEGF in vivo. 

Conclusions 
The central role of VEGF in both normal and pathological angiogenesis has been estab-

lished, and the complex biology of VEGF, including roles of the different isoforms and recep-
tors, is starting to be elucidated. From the vascular biology point of view, however, much 
remains unclear regarding the differential fiinctions of the VEGF isoforms. For example, do 
specific pairings of isoforms with VEGF receptors contribute to the different functions of the 
VEGF isoforms? Do the isoforms have differential effects on vascular permeability, which is a 
major problem associated with many vascular pathologies? VEGF was once considered an 

10 VEGF in Development

to those observed for wild-type tumor cells. The VEGFl20-specific cells only partially rescued
tumor growth, and vascular density in these tumors was reduced. Although the
VEGF188-specific cells formed smaller tumors than wild type cells, the vessels in these tumors
were present at a higher density and displayed a more highly branched phenotype than ob
served for the wild type tumor. Furthermore, by mixing the VEGFI20- and VEGFl88-specific
cells, both the vascular density and tumor growth were comparable to those in the wild type
tumor. Taken together, these results suggest that different VEGF isoforms play distinct but
cooperative roles during tumor angiogenesis. Although VEGF164 and VEGF120 were more
potent than VEGF188 in inducing both tumor growth and angiogenesis, the isoform-specific
fibrosarcomas also demonstrated that the VEGF isoforms could act cooperatively to make
normal-appearing and functional vessels during tumor vascularization.42

Specific VEGF isoform expression has also been associated with the progression of a par
ticular 'tumor type in humans,48 and may be an indicator for the prognosis of the disease. For
example, high levels ofVEGF189 expression were associated with nonsmall-cell lung cancer
(NSCLC) and were an indicator of poor prognosis in patients, compared to NSCLC express
ing low levels ofVEGFI89. High levels ofVEGF165 expression were associated with poor
prognosis in osteosarcoma.48 Although it is not clear whether the predominance ofa particular
VEGF isoform in a tumor is the cause or a consequence of the disease, such associations might
be used as disease markers with potential diagnostic or therapeutic value.45

Novel VEGF Isoforms
With the improved sensitivity of RT-PCR detection techniques and better design of PCR

primers based on the VEGF genomic DNA sequence, many novel and low-expression VEGF
isoforms have been discovered in diverse tissue types. Relatively low levels ofVEGF206 (exons
1-5, 6a, 6b, 7 and 8) and VEGF145 (exons 1-5, 6a, 8) transcripts have been detected in normal
human placental tissues, andVEGF145 was the maJor isoform expressed in several carcinoma cell
lines derived from the female reproductive system. 3VEGF183 (exons 1-5, truncated 6a, 7 and
8) is similar to VEGF189 but with a shorter exon 6a, and has been reported to have wide tissue
distribution.23 A new heparin-binding VEGF162 (exon 1-5, 6a, 6b, 8) has recently been discov
ered in human ovarian carcinoma cells, and has been reported to have angiogenic activity.49
VEGF165b (exon 1-5, 7, distal splice site of exon 8) is very similar to VEGF165 in protein
sequence and size, but inhibits VEGF165 by competing for KDR binding,50 and thus may func
tion as an endogenous, competitive inhibitor of all VEGF isoforms for receptor binding.

Pre-mRNA splicing is very important in normal development, as it creates protein diversity
in complex organisms. This mechanism is also a natural target for various disease processes,
including carcinogenesis. Since mice expressing onlyVEGF164 are viable,40 the novel isoforms
may be unnecessary for the normal development and survival ofadults (Table 1). These novel
isoforms may, however, play important roles in disease states. Because upregulation of novel
VEGF isoforms has been observed predominately with abnormal tissues, it will be important
to determine if these isoforms playa role in disease progression. In vivo animal models will be
needed to correlate and confirm expression ofnovel VEGF isoforms, to exclude potential tissue
culture artifacts. Further studies of these isoforms, with their different combinations of
C-terminal exons, might help to better elucidate the functions ofVEGF in vivo.

Conclusions
The central role ofVEGF in both normal and pathological angiogenesis has been estab

lished, and the complex biology ofVEGF, including roles of the different isoforms and recep
tors, is starting to be elucidated. From the vascular biology point of view, however, much
remains unclear regarding the differential functions of the VEGF isoforms. For example, do
specific pairings of isoforms with VEGF receptors contribute to the different functions of the
VEGF isoforms? Do the isoforms have differential effects on vascular permeability, which is a
major problem associated with many vascular pathologies? VEGF was once considered an
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endothelial-specific growth factor that mediating angiogenesis and permeabiUty, but it is now 
clear that VEGF has additional functions beyond the vasculature that affect cell types includ-
ing, for example, neural cells, bone-forming cells and immune cells (see Chapters 8 by J. Haigh, 
J.M. Krum and C. Ruhrberg; Chapter 7 by C. Maes and G. Carmeliet; and Chapter 3 by J.J. 
Haigh). The roles of the VEGF isoforms in mediating inflammation are poorly understood. 
Furthermore, the differential effects of the VEGF isoforms on the nervous system, likely via the 
NRPl/2 receptors, in development and in diseases remain largely unexplored. With the in-
creasing interest in the use of anti-VEGF therapy to treat various diseases that are associated 
with abnormal angiogenesis, inflammation, and vessel hyperpermeability, more attention must 
be paid to understanding the exact roles of VEGF isoforms in normal physiology and vascular 
pathologies. A better understanding of the isoform functions in building and maintaining 
normal vessels during development will also allow the design of better pro-angiogenic thera-
pies; specific VEGF isoforms might be particularly beneficial for patients suffering from is-
chemic diseases. 
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endothelial-specific growth factor that mediating angiogenesis and permeability, but it is now
clear that VEGF has additional functions beyond the vasculature that affect cell types includ
ing, for example, neural cells, bone-forming cells and immune cells (see Chapters 8 by]. Haigh,
].M. Krum and C. Ruhrberg; Chapter 7 by C. Maes and G. Carmeliet; and Chapter 3 by].].
Haigh). The roles of the VEGF isoforms in mediating inflammation are poorly understood.
Furthermore, the differential effects ofthe VEGF isoforms on the nervous system, likely via the
NRP1I2 receptors, in development and in diseases remain largely unexplored. With the in
creasing interest in the use of anti-VEGF therapy to treat various diseases that are associated
with abnormal angiogenesis, inflammation, and vessel hyperpermeability, more attention must
be paid to understanding the exact roles ofVEGF isoforms in normal physiology and vascular
pathologies. A better understanding of the isoform functions in building and maintaining
normal vessels during development will also allow the design of better pro-angiogenic thera
pies; specific VEGF isoforms might be particularly beneficial for patients suffering from is
chemic diseases.
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CHAPTER 2 

VEGF Receptor Signalling in Vertebrate 
Development 
Joaquim Miguel Vieira, Christiana Ruhrberg and Quenten Schwarz* 

Abstract 

The secreted glycoprotein vascular endothelial growth factor A (VEGF or VEGFA) af-
fects many different cell types and modifies a wide spectrum of cellular behaviours in 
tissue culture models, including proliferation, migration, differentiation and survival. 

The versatility of VEGF signalling is reflected in the complex composition of its cell surface 
receptors and their ability to activate a variety of different downstream signalling molecules. A 
major challenge for VEGF research is to determine which of the specific signalling pathways 
identified in vitro control development and homeostasis of tissues containing VEGF-responsive 
cell types in vivo. 

Key Messages 
• VEGF is expressed in different isoforms 
• VEGF isoforms bind different subsets of cell surface receptors 
• VEGF receptors activate a plethora of downstream signalling pathways 
• VEGF receptors mediate different cellular effects 

Introduction 
Vascular Endothelial Growth Factor A (VEGF or VEGFA) is a critical organiser of vascular 

development due to its ability to regulate proliferation, migration, specialisation and survival 
of endothelial cells (reviewed in ref. 1). VEGF also affects many other cell types in tissue cul-
ture models. For example, it is mitogenic for lymphocytes, retinal pigment epithelium and 
Schwann cells. It also stimulates the migration of haematopoietic precursors, monocytes/ 
macrophages, neurons and vascular smooth muscle cells, and it promotes the survival of 
developing and mature neurons^^ as well as chondrocytes. ̂ '̂̂  

Differential splicing of the eight exons comprising the VEGF gene iye^d) gives rise to three 
main isoforms, termed VEGF 121, VEGF 165 and VEGF189 in humans and VEGF120, VEGF164 
and VEGF 188 in mice (see Chapter 1 by Y.-S. Ng). All VEGF isoforms bind to two type III 
receptor tyrosine kinases, FLTl (/7?w-related tyrosine kinase 1, also denominated VEGFRl) and 
KDR (kinase insert domain containing receptor, also known as FLKl or VEGFR2) (Fig. lA). In 
contrast, heparan sulphate proteoglycans (HSPGs) and the nontyrosine kinase receptors neuropilin 
1 (NRPl) and neuropilin 2 (NRP2) preferentially bind the VEGF isoforms containing the 
heparin-binding domains, encoded by exons 6 and 7 (Fig. IB). In addition to the versatility 
provided by the existence of several different VEGF isoforms and VEGF receptors, VEGF signal-
ling attains further plasticity from the association of VEGF receptors with other transmembrane 
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Figure 1. Working models for VEGF receptor signalling. (A-D) Schematic illustration of the 
different human VEGF receptors and their predicted physiological roles in endothelial cells, 
blood vessels and macrophages. (A) VEGF tyrosine kinase receptors: All VEGF isoforms(VEGF121, 
VEGF165, VEGF189) bind to homo- or heterodimers of KDR and FLTl. KDR can form higher 
order complexes with VE-cadherin or integrins. (B) Isoform-specific VEGF receptors: VEGF165, 
but not VEGF121, binds receptor complexes containing NRPl and HSPGs, or higher order 
complexes containing additionally FLTl or KDR. VEGF165 and VEGF145 bind NRP2. The 
neuropilin CUB domains (al and a2) are shown in blue, the coagulation factor VA^III homology 
domains (bl and b2) are highlighted red, and the MAM domain is coloured green. (C) FLT1 
domain structure: The extracellular region consists of 7 Ig-likefolds (shown as spheres); they bind 
ligands and mediate receptor dimerisation; the cytoplasmic domain contains two kinase do-
mains (light brown cylinders) interrupted by a kinase insert domain; a juxtamembrane domain 
is thought to inhibit autophosphorylation. Legend continued on following page. 
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Figure 1. Working models for VEGF receptor signalling. (A-D) Schematic illustration of the
different human VEGF receptors and their predicted physiological roles in endothelial cells,
blood vessels and macrophages. (A) VEGF tyrosine kinase receptors: All VEGF isoforms (VEGF121 ,
VEGF165, VEGF189) bind to homo- or heterodimers of KDR and FLT1. KDR can form higher
order complexes with VE-cadherin or integrins. (B) Isoform-specific VEGF receptors: VEGF165,
but not VEGF121, binds receptor complexes containing NRP1 and HSPGs, or higher order
complexes containing additionally FLT1 or KDR. VEGF165 and VEGF145 bind NRP2. The
neuropilin CUB domains (a1 and a2) are shown in blue, the coagulation factor VNIII homology
domains (b1 and b2) are highlighted red, and the MAM domain is coloured green. (C) FLTl
domai n structure: The extracellular region consists of 7 Ig-Ii ke folds (shown as spheres); they bind
ligands and mediate receptor dimerisation; the cytoplasmic domain contains two kinase do
mains (light brown cylinders) interrupted by a kinase insert domain; a juxtamembrane domain
is thought to inhibit autophosphorylation. Legend continued on following page.
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Figure 1, continued from previous page. FLT1 contains at least 7 known tyrosine phosphorylation 
sites (indicated by numbers that correspond to the position in the linear protein sequence); 
presently, in vivo data are lacking that demonstrate which of these tyrosine residues are essential 
ipor VEGF signalling in macrophages or other cell types. (D) KDR domain structure: The KDR 
structure is similar to that of FLT1, but KDR lacks a juxtamembrane inhibitory domain. The 7 
known tyrosine phosphorylation sites are numbered according to their position in the linear 
protein sequence. The phosphorylated tyrosine residues are thought to interact with a collection 
of different proteins; experimentally confirmed interactions are represented by solid arrows, 
putative interactions with a dashed line. Interacting proteins that have been disrupted by gene 
targeting in the mouse are boxed. Abbreviation: BV, blood vessel. 

proteins to form higher order signalling complexes (Fig. lA). For example, KDR and FLTl inter-
act with integrins and vascular endothelial cadherin (VE-cadherin). In this chapter, we critically 
review current knowledge of the different VEGF signalling pathways and their interplay during 
development to extend a more general recent review on VEGF receptors. 

Tyrosine Kinase Receptors for VEGF: FLTl and KDR 

Structure of FLTl and KDR 
FLTl and KDR are transmembrane glycoproteins of 180 and 200 kDa, respectively. They are 

closely related to other type III receptor tyrosine kinases, including FMS, KIT and PDGFR, and 
contain an extracellular domain composed of seven immunoglobulin (Ig)-like folds, a single trans-
membrane domain, a regidatory juxtamembrane domain and an intracellidar tyrosine kinase 
domain (Fig. 1). The intracellular tyrosine kinase domain is interrupted by a kinase insert domain 
and contains several tyrosine residues that mediate the recruitment of downstream signalling 
molecules upon phosphorylation (Figs. 1C,D). Both KDR and FLTl bind VEGF with high 
affinity. Mutation analysis of the extracellidar domains of FLTl and KDR revealed that the sec-
ond and third Ig-like folds contain the high-affinity ligand-binding domain for VEGF, while the 
first and fourth Ig-like folds regulate ligand-binding and receptor dimerisation, respectively (Figs. 
1C,D).^^-^^ In addition to binding VEGF, FLTl also acts as a receptor for VEGFB and PGF 
(previously known as PIGF), whilst KDR also binds the VEGF homologs VEGFC and VEGFD 
and the viral VEGFE.^^ Binding ofVEGF by tyrosine kinase receptors promotes their homophilic 
or heterophilic interaction to activate the kinase domain. ' 

Expression Pattern of FLTl and KDR 
KDR and FLTl are expressed in endothelial cells in most, if not all tissues in mouse and 

human embryos. The expression level of FLTl in vascular endothelium varies with gesta-
tional age. Between embryonic days 8.5 and 14 (E8.5 - El4) in the mouse, the Fltl gene is 
expressed at high levels in endothelial cells, but expression decreases thereafter.̂ "^ In newborn 
mice, Fltl expression increases again, and it continues to be expressed in adults,^^ consistent 
with the idea that it plays a role in the homeostasis of blood vessels. Fltl gene expression is 
regulated by hypoxia, and a binding site for hypoxia-inducible factor (HIFIA) has been iden-
tified in the Fltl promoter.^^ Thus, Fltl is upregulated in vascular smooth muscle cells expe-
riencing hypoxic stress, perhaps to control vascular remodelling or tone. However, further 
studies are required to fully understand the physiological significance of the transcriptional 
regulation of FLTl by hypoxia, and how it may complement the regulation of VEGF by 
hypoxia (see Chapter 3 by M. Fruttiger). In contrast to Vegfa and Fltl, Kdr has no HIFIA 
binding sites in its promoter region and is therefore not regulated by hypoxia."^^ Kdr is already 
expressed in mesodermal progenitors of vascular endothelial cells in the yolk sac at E7 in the 
mouse, and its expression is often used as a marker for these progenitor cells."̂ '̂"̂ ^ Kdr expres-
sion remains high on vascular endothelial cells during development, but it declines towards 
the end of gestation. Nonendothelial expression of KDR has been reported in neurons, 
osteoblasts, pancreatic ducts cells, retinal progenitor cells, platelets and megakaryocytes (for 
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Figure 1, continued from previous page. FLTl contains at least 7 known tyrosine phosphorylation
sites (indicated by numbers that correspond to the position in the linear protein sequence);
presently, in vivo data are lacking that demonstrate which of these tyrosine residues are essential
for VEGF signalling in macrophages or other cell types. (0) KOR domain structure: The KOR
structure is similar to that of FLTl, but KOR lacks a juxtamembrane inhibitory domain. The 7
known tyrosine phosphorylation sites are numbered according to their position in the linear
protein sequence. The phosphorylated tyrosine residues are thought to interact with a collection
of different proteins; experimentally confirmed interactions are represented by solid arrows,
putative interactions with a dashed line. Interacting proteins that have been disrupted by gene
targeting in the mouse are boxed. Abbreviation: BV, blood vessel.

proteins to form higher order signalling complexes (Fig. 1A). For example, KDR and FLT1 inter
act with integrins and vascular endothelial cadherin (VE-cadherin). In this chapter, we critically
review current knowledge of the different VEGF signalling pathways and their interplay during
development to extend a more general recent review on VEGF receptors.15

Tyrosine Kinase Receptors forVEGF: FLTI and KDR

Structure ofFLTI and KDR
FLT1 and KDR are transmembrane glycoproteins of 180 and 200 kDa, respectively. They are

closely related to other type III receptor tyrosine kinases, including FMS, KIT and PDGFR, and
contain an extracellular domain composed ofseven immunoglobulin (Ig)-like folds, a single trans
membrane domain, a regulatory juxtarnembrane domain and an intracellular tyrosine kinase
domain (Fig. 1). The intracellular tyrosine kinase domain is interrupted by a kinase insert domain
and contains several tyrosine residues that mediate the recruitment of downstream signalling
molecules upon phosphorylation (Figs. 1C,D). Both KDR and FLT1 bind VEGF with high
affinity. Mutation analysis of the extracellular domains ofFLT1 and KDR revealed that the sec
ond and third Ig-like folds contain the high-affinity ligand-binding domain for VEGF, while the
first and fourth Ig-like folds regulate ligand-binding and receptor dimerisation, respectively (Figs.
1C,D).16.18 In addition to binding VEGF, FLT1 also acts as a receptor for VEGFB and PGF
(previously known as PlGF), whilst KDR also binds the VEGF homologs VEGFC and VEGFD
and the viral VEGFE.19 Binding ofVEGF by tyrosine kinase receptors promotes their homophilic
or heterophilic interaction to activate the kinase domain.2o,21

Expression Pattern ofFLTI and KDR
KDR and FLT1 are expressed in endothelial cells in most, if not all tissues in mouse and

human embryos. The expression level of FLT1 in vascular endothelium varies with gesta
tional age. Between embryonic days 8.5 and 14 (E8.5 - E14) in the mouse, the Fit} gene is
expressed at high levels in endothelial cells, but expression decreases thereafter. 22 In newborn
mice, Fit} expression increases again, and it continues to be expressed in adults,22 consistent
with the idea that it plays a role in the homeostasis of blood vessels. Fit} gene expression is
regulated by hypoxia, and a binding site for hypoxia-inducible factor (HIF1A) has been iden
tified in the Fit} promoter.23 Thus, Flt1 is upregulated in vascular smooth muscle cells expe
riencing hypoxic stress, perhaps to control vascular remodelling or tone.24 However, further
studies are required to fully understand the physiological significance of the transcriptional
regulation of FLT1 by hypoxia, and how it may complement the regulation of VEGF by
hypoxia (see Chapter 3 by M. Fruttiger). In contrast to Vegfa and Fit}, Kdr has no HIF1A
binding sites in its promoter region and is therefore not regulated by hypoxia. 23 Kdr is already
expressed in mesodermal progenitors ofvascular endothelial cells in the yolk sac at E7 in the
mouse, and its expression is often used as a marker for these progenitor cells.25-27 Kdr expres
sion remains high on vascular endothelial cells during development, but it declines towards
the end of gestation. 28 Nonendothelial expression of KDR has been reported in neurons,
osteoblasts, pancreatic ducts cells, retinal progenitor cells, platelets and megakaryocytes (for
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example in refs. 29-32). Due to its expression by adult neurons after brain injury, it has been 
suggested that KDR has a physiological, possibly neuroprotective fiinction (see Chapter 8 by 
J. Rosenstein, J. Krum and C. Ruhrberg). Like KDR, FLTl is expressed in endothelial pro-
genitor cells and osteoblasts, but additionally in haematopoietic stem cells, macrophages, 
osteoclasts, dendritic cells, pericytes, smooth muscle cells and placental trophoblasts. 

Functional Requirements for FLTl 
An essential role for FLTl in development is highlighted by the fact that FLTl-deficient 

mice die in utero between E8 and E9, most likely due to a failure of endothelial cells to as-
semble into a vascular circuit. The primary defect underlying this phenotype appears to be an 
altered cell fate determination among mesenchymal cells, which increases haemangioblast num-
bers. ̂ ^ The defect has been attributed to VEGF hyperactivity subsequent to the loss of 
endo-thelial FLT Two different hypotheses have been put forward to explain the negative 
role of FLTl in developmental angiogenesis. The most widely accepted hypothesis suggests 
that FLTl functions as a cell surface-bound "decoy receptor" to sequester excess extracellular 
VEGF. In support of this idea, the FLTl kinase domain is not normally active in endothelial 
cells, even though FLTl has a ten-fold higher affinity for VEGF compared to KDR; in fact, 
FLTl activation in endothelial cells has only be achieved by overexpression of recombinant 
protein. ' Moreover, mice expressing a mutant form of FLTl with an inactive tyrosine ki-
nase domain {Fltl TK-/-) have no discernable defects in blood vessel formation, branching or 
remodelling, even though these mice show deficiencies in VEGF-induced macrophage migra-
tion. Finally, membrane tethering of FLTl is essential for vascular development: 50% of 
mice expressing solely a soluble form of FLTl, which lacks the transmembrane and tyrosine 
kinase domains, died between E8.5 and E9.0 with a disorganized vascular network, similar to 
the fiill knockout. ^ However, whilst 50% of mice expressing only a soluble form of FLTl die, 
the other 50% of mice making only soluble FLTl survive. A soluble form of FLTl is produced 
endogenously by alternative splicing (sFLTl), raising the possibility that the soluble isoforfn 
normally cooperates with the membrane-tethered isoform to control vascular development. 
For example, it is conceivable that membrane bound FLTl functions as a decoy receptor to 
limit VEGF availability to KDR, whilst sFLTl sequesters soluble VEGF in the endothelial 
environment to sharpen VEGF gradients (see Chapter 6 by H. Gerhardt). 

Even though the FLTl tyrosine kinase domain is dispensable for vascular development, 
FLTl tyrosine kinase signalling significandy promotes pathological angiogenesis. ' Several 
different explanations have been put forward to explain this difference in developmental and 
pathological angiogenesis. Firsdy, FLTl upregulation might aaivate PGF- and VEGF-responsive 
monocytes, which then release pro-angiogenic factors; in agreement with this idea, FLTl ty-
rosine kinase signalling mediates chemotactic macrophage migration in response to PGF and 
VEGF, '̂ '̂ ' and PGF promotes macrophage survival during tumour angiogenesis. Alter-
natively, PGF may occupy FLTl binding sites on endothelial cells, allowing VEGF to bind to 
KDR rather than FLTl; consistent with this suggestion, PGF potentiates mitogenic VEGF 
activity in endothelial cells in vitro, and it promotes VEGF-induced vascular permeability in 
vivo.^ It is also possible that PGF binding to FLTl promotes the transphosphorylation of 
KDR by FLTl in FLTl/KDR heterodimers to increase VEGF/KDR signaUing.^^ Lasdy, PGF 
activation of FLTl may stimulate vessel formation and maturation indirectly by acting on 
nonendothelial cell types, for example smooth muscle cells ' or bone-marrow derived cells 
that are recruited to sites of neovascularisation."^^'^^'^ It is presently debated whether 
pro-angiogenic bone-marrow derived cells support tumour angiogenesis by differentiating into 
endothelial cells or by providing perivascular support cells. The recruited perivascular cells 
have monocyte/macrophage characteristics, such as expression of the integrin C D l lb and the 
hematopoietic lineage marker CD45; this observation provides a link to the initial suggestion 
that PGF supports pathological angiogenesis by acting on cells in the monocyte/macrophage 
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example in refs. 29-32). Due to its expression by adult neurons after brain injury, it has been
suggested that KDR has a physiological, possibly neuroprotective function (see Chapter 8 by
]. Rosenstein, J. Krum and C. Ruhrberg). Like KDR, FLTI is expressed in endothelial pro
genitor cells and osteoblasts, but additionally in haematopoietic stern cells, macro~h:fes,

osteoclasts, dendritic cells, pericytes, smooth muscle cells and placental trophoblasts. 3-3

Functional Requirementsfor FLTI
An essential role for FLTI in development is highlighted by the fact that FLTI-deficient

mice die in utero between E8 and E9, most likely due to a failure of endothelial cells to as
semble into a vascular circuit. The primary defect underlying this phenotype appears to be an
altered cell fate determination among mesenchymal cells, which increases haemangioblast num
bers. 39 The defect has been attributed to VEGF hyperactivity subsequent to the loss of
endo-thelial FLT.40 Two different hypotheses have been put forward to explain the negative
role of FLTI in developmental angiogenesis. The most widely accepted hypothesis suggests
that FLTI functions as a cell surface-bound "decoy receptor" to sequester excess extracellular
VEGF. In support of this idea, the FLTI kinase domain is not normally active in endothelial
cells, even though FLTI has a ten-fold higher affinity for VEGF compared to KDR; in fact,
FLTI activation in endothelial cells has only be achieved by overexpression of recombinant
protein.41-43 Moreover, mice expressing a mutant form of FLTI with an inactive tyrosine ki
nase domain (FIt] TK-/-) have no discernable defects in blood vessel formation, branching or
remodelling, even though these mice show deficiencies in VEGF-induced macrophage migra
tion.44 Finally, membrane tethering of FLTI is essential for vascular development: 50% of
mice expressing solely a soluble form of FLTl, which lacks the transmembrane and tyrosine
kinase domains, died between E8.5 and E9.0 with a disorganized vascular network, similar to
the full knockout.45 However, whilst 50% of mice expressing only a soluble form of FLTI die,
the other 50% ofmice making only soluble FLTI survive. A soluble form ofFLTl is produced
endogenously by alternative splicing (sFLTl), raising the possibility that the soluble isoforin
normally cooperates with the membrane-tethered isoform to control vascular development.
For example, it is conceivable that membrane bound FLTI functions as a decoy receptor to
limit VEGF availability to KDR, whilst sFLTl sequesters soluble VEGF in the endothelial
environment to sharpen VEGF gradients46 (see Chapter 6 by H. Gerhardt).

Even though the FLTI tyrosine kinase domain is dispensable for vascular development,
FLTI tyrosine kinase signalling significantly promotes pathological angiogenesis.47,48 Several
different explanations have been put forward to explain this difference in developmental and
pathological angiogenesis. Firstly, FLTI upregulation might activate PGF- and VEGF-responsive
monocytes, which then release pro-angiogenic factors; in agreement with this idea, FLTI ty
rosine kinase s~nalling mediates chemotactic macrophage migration in response to PGF and
VEGF,34,35,44,4 and PGF promotes macrophage survival during tumour angiogenesis. 50 Alter
natively, PGF may occupy FLTI binding sites on endothelial cells, allowing VEGF to bind to
KDR rather than FLTl; consistent with this suggestion, PGF potentiates mitogenic VEGF
activi;r in endothelial cells in vitro, and it promotes VEGF-induced vascular permeability in
vivo.5 It is also possible that PGF binding to FLTI promotes the transphosphorylation of
KDR by FLTI in FLTlIKDR heterodimers to increase VEGF/KDR signalling.48 Lastly, PGF
activation of FLTI may stimulate vessel formation and maturation indirectly by acting on
nonendothelial cell types, for example smooth muscle cells24,52 or bone-marrow derived cells
that are recruited to sites of neovascularisation.25,53,54 It is presently debated whether
pro-angiogenic bone-marrow derived cells support tumour an~iogenesisby differentiating into
endothelial cells55 or by providing perivascular support cells.5 The recruited perivascular cells
have monocyte!macrophage characteristics, such as expression of the integrin CD11b and the
hematopoietic lineage marker CD45;54 this observation provides a link to the initial suggestion
that PGF supports pathological angiogenesis by acting on cells in the monocyte/macrophage
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lineage. Importantly, the regulation of FLTl by hypoxia (see above) might promote PGF re-
sponsiveness of both endothelial cells and macrophages during pathological angiogenesis. 

FLTl'Stimulated Signalling Pathways 
FLTl contains several potential tyrosine autophosphorylation sites (Fig. IC) (reviewed in 

ref. 56). Whereas a repressor element in the juxtamembrane domain of FLTl inhibits 
auto-phosphorylation after VEGF binding,^^ this repression appears to be alleviated by an 
unknown mechanism in monocytes/macrophages. Biochemical assays suggest that the phos-
phorylated FLTl can recruit several different proteins containing a SRC homology 2 
(SH2)-domain; this domain was first identified in the SRC protein kinase. In endothelial cells, 
phosphorylated KDR preferentially binds to and activates SRC, whereas phosphorylated FLTl 
preferentially binds two other protein kinases that are closely related to SRC, namely FYN and 
YES.^^ Mice lacking any one of the SRC family kinases do not suffer developmental defects, 
but the combined loss of SRC, FYN and YES results in embryonic lethality at E9.5.^^ Lethality 
may be due to vascular insufficiency downstream of KDR rather than FLTl signalling in en-
dothelial cells (see below). The physiological role of the different SRC family kinases in VEGF/ 
PGF mediated macrophage migration has not yet been examined, and the identity of the FLTl 
and KDR phosphotyrosines involved in SRC kinase recruitment are also still unknown. 

In addition to SRC kinase recruitment, tyrosine phosphorylation of FLTl promotes re-
cruitment of several other SH2 proteins, including phospholipase C gamma (PLCy), 
SH2-domain containing tyrosine phosphatase 2 (SHP2), the noncatalytic region of tyrosine 
kinase adaptor protein 1 (NCKl), the class lA phosphatidylinositol 3-kinase (PI3K) and the 
cellular homolog of the viral oncogene v-crk (Fig. IC). Phosphorylated Y1213, Y1333, Y794 
and Yl 169 all recruit PLCy to activate protein kinase C (PKC). Phosphorylated Yl 213 specifi-
cally binds SHP2 and NCKl. Phosphorylated Y1213 also activates PI3K, which then catalyses 
the production of the second messenger lipid PIP3 (Box 1). Y1333 binds CRK (the cellular 
homolog of v-crk) and NCK. Proteins that bind to phosphorylated Y1242 and Y1327 have so 
far remained elusive. Interestingly, VEGF and PGF appear to induce phosphorylation of a 
different subset of tyrosine residues. ^ For example, PGF, but not VEGF binding to FLTl 
results in Y1309 phosphorylation and activation of the AKT cell survival pathway (see below). 

Box 1. Role of class 1A PI3 kinase in vascular growth. The lipid kinases of the PI3 kinase 
(PI3K) family produce the intracellular messenger PIP3 (phosphatidyl-inositol-3,4,5-tri-
phosphate); one of the major functions of PIP3 is activation of the serine/threonine kinase 
AKT to stimulate proliferation and prevent apoptosis. The PI3Ks have been grouped into 
three classes, with the class I family being further subdivided into lA and IB kinases. The 
class lA PI3Ks signal downstream of receptor tyrosine kinases. A role for class lA PI3Ks in 
endothelial cells was initially demonstrated in tissue culture models, but has more recently 
been studied by genetic alteration of the genes encoding its different subunits. Interpreta-
tion of the null mutant phenotypes has, however, been complicated by the fact that ablation 
of any one of the PI3K subunits deregulates other subunits. For example, ablation of the 
regulatory subunits p85a, p55a or p50 also reduces expression of the p i 10 catalytic sub-
units. Conversely, ablation of the pi 10a subunit results in over-expression of the p85 regu-
latory subunit, which has a dominant negative effect on all class lA PI3K proteins. Perhaps 
the most resounding evidence so far in support of an essential role for class lA PI3Ks in 
vascular development comes from the endothelial cell-specific knockout of PTEN (phos-
phatase and tensin homolog), a lipid phosphatase that reverses PI3K signalling. In this 
mouse model, loss of PTEN results in an overstimulation of endothelial cell proliferation 
and migration, causing embryonic death at El 1.5. ^ 
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lineage. Importantly, the regulation of FLTI by hypoxia (see above) might promote PGF re
sponsiveness of both endothelial cells and macrophages during pathological angiogenesis.

FLTI-Stimulated Signalling Pathways
FLTI contains several potential tyrosine autophosphorylation sites (Fig. IC) (reviewed in

ref. 56). Whereas a repressor element in the juxtamembrane domain of FLTI inhibits
auto-phosphorylation after VEGF binding,57 this repression appears to be alleviated by an
unknown mechanism in monoeytes/macrophages. Biochemical assays suggest that the phos
phorylated FLTI can recruit several different proteins containing a SRC homology 2
(SH2)-domain; this domain was first identified in the SRC protein kinase. In endothelial cells,
phosphorylated KDR preferentially binds to and activates SRC, whereas phosphorylated FLTI
preferentially binds two other protein kinases that are closely related to SRC, namely FYN and
YES.58 Mice lacking anyone of the SRC family kinases do not suffer developmental defects,
but the combined loss ofSRC, FYN and YES results in embryonic lethality at E9.5.59 Lethality
may be due to vascular insufficiency downstream ofKDR rather than FLTI signalling in en
dothelial cells (see below). The physiological role of the different SRC family kinases in VEGF/
PGF mediated macrophage migration has not yet been examined, and the identity ofthe FLTI
and KDR phosphotyrosines involved in SRC kinase recruitment are also still unknown.

In addition to SRC kinase recruitment, tyrosine phosphorylation of FLTI promotes re
cruitment of several other SH2 proteins, inCluding phospholipase C gamma (PLCy),
SH2-domain containing tyrosine phosphatase 2 (SHP2), the noncatalytic region of tyrosine
kinase adaptor protein I (NCKI), the class IA phosphatidylinositol3-kinase (PI3K) and the
cellular homolog of the viral oncogene v-crk (Fig. IC). Phosphorylated YI213, Y1333, Y794
and Yll69 all recruit PLCy to activate protein kinase C (PKC). Phosphorylated Y1213 specifi
cally binds SHP2 and NCKl. Phosphorylated Yl213 also activates PI3K, which then catalyses
the production of the second messenger lipid PIP3 (Box 1). Y1333 binds CRK (the cellular
homolog ofv-crk) and NCK Proteins that bind to phosphorylated Yl242 and Yl327 have so
far remained elusive. Interestingly, VEGF and PGF appear to induce phosphorylation of a
different subset of tyrosine residues.48 For example, PGF, but not VEGF binding to FLTI
results in Y1309 phosphorylation and activation of theAKT cell survival pathway (see below).

Box 1. Role ofclasslA PI3 kinase in vascular growth. The lipid kinases of the PI3 kinase
(PI3K) family produce the intracellular messenger PIP3 (phosphatidyl-inositol-3,4,5-tri
phosphate); one of the major functions ofPIP3 is activation of the serine/threonine kinase
AKT to stimulate proliferation and prevent apoptosis. The PI3Ks have been grouped into
three classes, with the class I family being further subdivided into IA and lB kinases. The
class IA PI3Ks signal downstream of receptor tyrosine kinases. A role for class IA PI3Ks in
endothelial cells was initially demonstrated in tissue culture models, but has more recently
been studied by genetic alteration of the genes encoding its different subunits. Interpreta
tion ofthe null mutant phenotypes has, however, been complicated by the fact that ablation
of anyone of the PI3K subunits deregulates other subunits. For example, ablation of the
regulatory subunits p85a, p55a or p50 also reduces expression of the plIO catalytic sub
units. Conversely, ablation of the pI lOa subunit results in over-expression of the p85 regu
latory subunit, which has a dominant negative effect on all class IA PI3K proteins. Perhaps
the most resounding evidence so far in support of an essential role for class IA PI3Ks in
vascular development comes from the endothelial cell-specific knockout of PTEN (phos
phatase and tensin homolog), a lipid phosphatase that reverses PI3K signalling. In this
mouse model, loss of PTEN results in an overstimulation of endothelial cell proliferation
and migration, causing embryonic death at EI1.5.141
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Understanding the physiological significance of the different FLTl signalling pathways has 
so far proven difficult. Firsdy, SHP2, PI3K, NCK and PLCy all play roles downstream of a 
variety of tyrosine kinases, and the analysis of null mutants for these genes therefore cannot 
identify specific requirements for signalling downstream of FLTl or KDR. Secondly, no ap-
propriate tissue culture model with a relevant readout has been identified to evaluate the physi-
ological importance of the different phosphorylated tyrosine residues in FLTl. It would be 
particularly interesting to learn more about FLTl signalling pathways in the monocyte/mac-
rophage line^e. 

Functional Requirements for KDR 
Consistent with its expression in the mesodermal progenitors of blood islands in the yolk 

sac, Kdr is required for endothelial and haematopoietic cell differentiation and therefore 
vasculogenesis and haematopoiesis; thus, loss of KDR function results in embryonic death 
between E8.5 and 9.5^^ (see Chapter 4 by L. Goldie, M. Nix and K. Hirschi). As KDR is 
tyrosine-phosphorylated more efficiendy than FLTl upon VEGF binding in endothelial cells 
(see above), KDR is thought to be principally responsible for VEGF signalling to stimulate the 
proliferation, chemotaxis, survival, and differentiation of endothelial cells and to alter their 
morphology; moreover, KDR signalling is thought to stimulate vessel permeability and vessel 
dilation.^^'^1-^^ However, owing to the early lethality oi Kdr knockout mice, the requirement 
for KDR in specific stages of vascular development subsequent to vasculogenesis has not yet 
been formally demonstrated by knockout technology. 

KDR'Stimulated Signalling Pathways 
KDR functions similarly to most tyrosine kinase receptors: it dimerises and is 

autophosphorylated on several cytoplasmic tyrosine residues upon ligand binding (Fig. ID). 
Early experiments using recombinant KDR in bacteria and yeast demonstrated that several 
tyrosine residues are autophosphorylated upon VEGF binding to recruit SH2-domain con-
taining proteins. The following autophosphorylated tyrosine residues were subsequendy iden-
tified in human endothelial cells: in the kinase insert domain, Y951 (corresponding to Y949 in 
the mouse); in the tyrosine kinase domain, Y1054 and Y1059 (corresponding to Y1053 and 
Y1057 in the mouse); and in the C-terminal domain, Y1175 and Y1214 (corresponding to 
Yl 173 and Y1212 in die mouse).^ As ob served in the case of FLTl, BCDR phosphotyrosines 
are recognised by a number of different SH2-domain containing proteins. For example, SRC 
kinases have been implicated in signalling pathways downstream of Y951 and Y1175 (Fig. 
ID), and SRC kinases modulate endothelial proliferation and migration in tissue cidture mod-
els^^ and during neoangiogenesis in adults.^ To clarify the relative contribution of the different 
KDR phosphotyrosines to vascular development, we will discuss the phenotypes of mice that 
either lack single KDR tyrosine residues or the proteins predicted to bind to them following 
phosphorylation. 

Human Y951, Yl 175 and Yl 214 have all been implicated in the control of endothelial cell 
proliferation or migration in culture models. Y951 is selectively phosphorylated in a subset of 
endothelial cells during development and binds to the T cell-specific adapter molecule (TSAd), 
which is thought to act upstream of SRC and PI3K (Fig. ID). Even though TSAd is critical for 
actin reorganization in cell culture models, it is not essential for mouse development. No 
other protein has so far been identified that interacts functionally with Y951 in endothelial 
cells, and it is not known if Y951 is essential for vascular development. 

Y1214 is embedded in a region of KDR that resembles the consensus binding sequence for 
the growth factor receptor bound protein 2 (GRB2) and has been implicated in the control of 
actin reorganisation and cell migration through the activation of CDC42 and the mitogen 
activated protein kinase (MAPK) cascade^^ (Fig. ID). A mouse model for the tyrosine residues 
corresponding to human Y1214 has been created by replacing Y1212 with a phenylalanine 
residue; surprisingly, these mutants have no discernable defects. 
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Understanding the physiological significance of the different FLTI signalling pathways has
so far proven difficult. Firstly, SHP2, PI3K, NCK and PLCy all play roles downstream of a
variety of tyrosine kinases, and the analysis of null mutants for these genes therefore cannot
identify specific requirements for signalling downstream of FLTI or KDR Secondly, no ap
propriate tissue culture model with a relevant readout has been identified to evaluate the physi
ological importance of the different phosphorylated tyrosine residues in FLTl.60 It would be
particularly interesting to learn more about FLTI signalling pathways in the monocyte/mac
rophage lineage.

Functional Requirementsfor KDR
Consistent with its expression in the mesodermal progenitors of blood islands in the yolk

sac, Kdr is required for endothelial and haematopoietic cell differentiation and therefore
vasculogenesis and haematopoiesis; thus, loss of KDR function results in embryonic death
between E8.5 and 9.528 (see Chapter 4 by L. Goldie, M. Nix and K. Hirschi). As KDR is
tyrosine-phosphorylated more efficiently than FLTI upon VEGF binding in endothelial cells
(see above), KDR is thought to be principally responsible for VEGF signalling to stimulate the
proliferation, chemotaxis, survival, and differentiation of endothelial cells and to alter their
morpholo~?moreover, KDR signalling is thought to stimulate vessel permeability and vessel
dilation.41 , 1-63 However, owing to the early lethality of Kdr knockout mice, the requirement
for KDR in specific stages of vascular development subsequent to vasculogenesis has not yet
been formally demonstrated by knockout technology.

KDR-Stimulated Signalling Pathways
KDR functions similarly to most tyrosine kinase receptors: it dimerises and is

autophosphorylated on several cytoplasmic tyrosine residues upon ligand binding (Fig. 10).
Early experiments using recombinant KDR in bacteria and yeast demonstrated that several
tyrosine residues are autophosphorylated upon VEGF binding to recruit SH2-domain con
taining proteins. The following autophosphorylated tyrosine residues were subsequently iden
tified in human endothelial cells: in the kinase insert domain, Y951 (corresponding to Y949 in
the mouse); in the tyrosine kinase domain, Y1054 and Y1059 (corresponding to Y1053 and
Y1057 in the mouse); and in the C-terminal domain, Y1l75 and Y1214 (corresponding to
Y1l73 and Y1212 in the mouse).64 As observed in the case ofFLTl, KDR phosphoryrosines
are recognised by a number of different SH2-domain containing proteins. For example, SRC
kinases have been implicated in signalling pathways downstream of Y951 and Y1l75 (Fig.
10), and SRC kinases modulate endothelial proliferation and migration in tissue culture mod
els65 and during neoangiogenesis in adults.66 To clarify the relative contribution ofthe different
KDR phosphotyrosines to vascular development, we will discuss the phenotypes of mice that
either lack single KDR tyrosine residues or the proteins predicted to bind to them following
phosphorylation.

Human Y951, Y1175 and Y1214 have all been implicated in the control ofendothelial cell
proliferation or migration in culture models. Y951 is selectively phosphorylated in a subset of
endothelial cells during development and binds to the T cell-specific adapter molecule (TSAd),
which is thought to act upstream ofSRC and PI3K (Fig. ID). Even though TSAd is critical for
actin reorganization in cell culture models, it is not essential for mouse development.67 No
other protein has so far been identified that interacts functionally with Y951 in endothelial
cells, and it is not known ifY951 is essential for vascular development.

Y1214 is embedded in a region of KDR that resembles the consensus binding sequence for
the growth factor receptor bound protein 2 (GRB2) and has been implicated in the control of
actin reorganisation and cell migration through the activation of CDC42 and the mitogen
activated protein kinase (MAPK) cascade68 (Fig. 10). A mouse model for the tyrosine residues
corresponding to human Y1214 has been created by replacing Y1212 with a phenylalanine
residue; surprisingly, these mutants have no discernable defects.69
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A mouse model for the tyrosine residue corresponding to human Y1175 has also been 
created by replacement of Yl 173 with a phenylalanine residue. This mutation results in em-
bryonic lethality between E8.5 and E9.5 with endothelial and haematopoietic defects, simi-
lar to those seen in complete KDR knockout mice/^ The essential Yl 175 residue, located in 
the KDR C-terminal domain, interacts with a number of SH2 domain-containing proteins 
that are expressed in endothelial cells, including PLCy and the adaptor proteins SHCA, SHCB 
(also called SCK) and SHB (Fig. ID). Activation of PLCy leads to the activation of PKC to 
control endothelial cell proliferation via the MAPK pathway in cultured endothelial cells (Fig. 
ID). Several different MAPK are essential for embryogenesis, with p38 and ERK5 being re-
quired for vascular development; however, it is not clear if the effects on blood vessel growth 
reflect a requirement in endothelial cells or occur subsequent to defective placentation^^. SHCA 
KO mice suffer from embryonic lethality due to extensive vascular defects. However, SHCA 
also interacts with other tyrosine kinase receptors that may be involved in vasculogenesis and 
may therefore not be a specific downstream effector of KDR. SHCB is expressed in developing 
blood vessels, but SHCB KO mice have no vascular defects, possibly because it acts redun-
dantly with other SHC family members such as S H C A / ^ SHB controls endothelial cell migra-
tion through the focal adhesion kinase FAK in a pathway that involves PI3K activation (Fig. 
ID). Even though SHB has not yet been knocked out in mice, it is essential for blood vessel 
growth in an embryonic stem cell model of angiogenesis.^ 

In addition to promoting the proliferation and migration of endothelial cells, VEGF also 
promotes their survival. Genetic mouse models suggest that VEGF supports endothelial cell 
survival in vivo by acting both in a paracrine fashion"^^ and in an autocrine loop.̂ ^ In vitro 
models have identified several different downstream signalling pathways that are activated by 
VEGF to promote endothelial survival. Paracrine survival signalling in cultured endothelial 
cells involves the interaction of KDR with cell adhesion molecules of the integrin family, which 
control cell survival in response to matrix signals in many cell types including endothelium,^ 
and the interaction of KDR with VE-cadherin, a component of endothelial cell adherens junc-
tions^^ (Fig. lA). Mice lacking VE-cadherin die at 9.5 dpc due to vascular insufficiency, caused 
by defective blood vessel remodelling and maturation. These defects may be due to reduced 
activation of anti-apoptotic protein kinases such as AKTl, a protein that promotes endothelial 
cell survival in vitro and in vivo.^^ AKTl activation normally occurs downstream ofVE-cadherin 
and VEGF/KDR in a process diat requires SRC and PI3I^>81'82 (p^g ij)) However, AKTlis 
not essential for vascular development, possibly because it signals redundandy with closely 
related AKTl and AKT3 proteins. Alternadvely, or additionally, VE-cadherin/KDR interac-
tion may impact on endothelial cell survival by controlling cell surface retention ofKDR^^^It 
is not known which intracellular effectors play a role in autocrine VEGF survival signalling, as 
this pathway does not require VEGF secretion and therefore is likely to bypass KDR/ 
VE-cadherin complexes on the cell surface. 

Negative Regulation of KDR Signalling 
Whereas much effort has been directed at identifying the forward signalling pathways down-

stream of KDR, the molecular mechanisms that modulate KDR activity have received less 
attention. Presumably, KDR activation must be downregulated at some point to terminate 
signalling. The phosphatases SHPl and SHP2 dephosphorylate the nonessential KDR Y1214 
residue,^ '̂ ^ and human cellular protein tyrosine phosphatase A (HCPTPA) inhibits VEGF-
signalling in tissue culture models, possibly by dephosphorylating KDR to inhibit MAPK 
activation.^ Unfortunately, the physiological significance of this pathway is unknown. 

VEGF Isoform-Specific Receptors: Neuropilins and HSPGs 

Identification of the Neuropilins as VEGF Receptors 
An isoform specific VEGF receptor that binds VEGF 165, but not VEGF 121, was first 

described in human umbilical vein-derived endothelial cells^^ and subsequendy in several 
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A mouse model for the tyrosine residue corresponding to human Yl175 has also been
created by replacement ofYl173 with a phenylalanine residue. This mutation results in em
bryonic lethality between E8.5 and E9.5 with endothelial and haematopoietic defects, simi
lar to those seen in complete KDR knockout mice.7° The essential Y1175 residue, located in
the KDR C-terminal domain, interacts with a number of SH2 domain-containing proteins
that are expressed in endothelial cells, including PLCy and the adaptor proteins SHCA, SHCB
(also called SCK) and SHB (Fig. 10). Activation of PLCy leads to the activation of PKC to
control endothelial cell proliferation via the MAPK pathway in cultured endothelial cells (Fig.
10). Several different MAPK are essential for embryogenesis, with p38 and ERK5 being re
quired for vascular development; however, it is not clear if the effects on blood vessel growth
reflect a requirement in endothelial cells or occur subsequent to defective placentation71. SHCA
KO mice suffer from embryonic lethality due to extensive vascular defects.72 However, SHCA
also interacts with other tyrosine kinase receptors that may be involved in vasculogenesis and
may therefore not be a specific downstream effector ofKDR SHCB is expressed in developing
blood vessels, but SHCB KO mice have no vascular defects, possibly because it acts redun
dantlywith other SHC family members such as SHCA.73 SHB controls endothelial cell migra
tion through the focal adhesion kinase FAK in a pathway that involves PI3K activation (Fig.
10). Even though SHB has not yet been knocked out in mice, it is essential for blood vessel
growth in an embryonic stem cell model of angiogenesis.74

In addition to promoting the proliferation and migration of endothelial cells, VEGF also
promotes their survival. Genetic mouse models suggest that VEGF supports endothelial cell
survival in vivo by acting both in a paracrine fashion75 and in an autocrine 100p.76 In vitro
models have identified several different downstream signalling pathways that are activated by
VEGF to promote endothelial survival. Paracrine survival signalling in cultured endothelial
cells involves the interaction ofKDRwith cell adhesion molecules ofthe integrin family, which
control cell survival in response to matrix signals in many cell types including endothelium,77
and the interaction ofKDR with VE-cadherin, a component ofendothelial cell adherens junc
tions78 (Fig. 1A). Mice lackingVE-cadherin die at 9.5 dfc due to vascular insufficiency, caused
by defective blood vessel remodelling and maturation.7 These defects may be due to reduced
activation ofanti-apoptotic protein kinases such as AKT1, a protein that promotes endothelial
cell survival in vitro and in vivo.8o AKT1 activation normall)' occurs downstream ofVE-cadherin
and VEGF/KDR in a process that requires SRC and PI3r(66,8I,82 (Fig. 10). However, AKTlis
not essential for vascular development, possibly because it signals redundantly with closely
related AKT1 and AKT3 proteins. Alternatively, or additionally, VE-cadherin/KDR interac
tion may impact on endothelial cell survival by controlling cell surface retention ofKDR83 It
is not known which intracellular effectors playa role in autocrine VEGF survival signalling, as
this pathway does not require VEGF secretion76 and therefore is likely to bypass KDR!
VE-cadherin complexes on the cell surface.

Negative Regulation ofKDR Signalling
Whereas much effort has been directed at identifying the forward signalling pathways down

stream of KDR, the molecular mechanisms that modulate KDR activity have received less
attention. Presumably, KDR activation must be downregulated at some point to terminate
signallin~.The phosphatases SHP1 and SHP2 dephosphorylate the nonessential KDRY1214
residue, ,85 and human cellular protein tyrosine phosphatase A (HCPTPA) inhibits VEGF
signalling in tissue culture models, possibly by dephosphorylating KDR to inhibit MAPK
activation.86 Unfortunately, the physiological significance of this pathway is unknown.

VEGF Isoform.-Specmc Receptors: Neuropilins and HSPGs

Identification ofthe Neuropilins as VEGF Receptors
An isoform specific VEGF receptor that binds VEGF165, but not VEGF121, was first

described in human umbilical vein-derived endothelial cells87 and subsequently in several
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tumour-derived cell lines that lack the expression of other VEGF receptors. ̂ ^ This novel VEGF 
receptor was purified and identified as neuropilin 1 (NRPl), a 130-kDa type I transmembrane 
protein (Fig. IB). NRPl had previously been discovered as an axonal adhesion protein in the 
developing frog nervous system^^'^^ and as a receptor for secreted guidance molecides of the 
class 3 semaphorin family.^ '̂̂ ^ Besides NRPl, the neuropilin family includes NRP2.^^ Even 
though NRPl and NRP2 share only 44% homology at the amino acid level, each protein is 
highly conserved amongst different vertebrate species, including frog, chick, mouse and hu-
man. NRPl and NRP2 bind a different subset of VEGF isoforms and semaphorins in vitro: 
whereas NRPl preferentially binds VEGF165 and SEMA3A, NRPl binds bodi VEGF165 
and VEGF145 as well as SEMA3E^^"^^ 

Structure ofNeuropilins 
NRPl and NRP2 have an identical domain structure.^^'^^ Both contain a large N-terminal 

extracellular domain of approximately 850 amino acids, a short membrane-spanning domain 
of approximately 24 amino acid residues and a small cytoplasmic domain of 40 residues. The 
extracellular domain contains two complement-binding (CUB) domains (termed al and a2), 
two coagulation factor V/VIII homology domains (termed bl and b2) and a meprin (MAM) 
domain (Fig. IB). The a- and b-domains are crucial for ligand binding, whilst the MAM 
domain promotes dimerisation and the interaction with other cell surface receptors. The 
cytoplasmic domain is short and was originally thought to lack signalling motifs, because its 
deletion did not impair axonal growth cone collapse in response to SEMA3A.^'^ Instead, 
neuropilins transduce semaphorin signals in neurons through a signalling coreceptor of the 
plexin family. ' In analogy, it was inferred that neuropilins recruit a coreceptor such as FLTl 
and KDR to transmit VEGF signals in endothelial cells. In agreement with this idea, NRPl 
potentiates the signalling of coexpressed KDR in porcine aortic endothelial cells, which sur-
prisingly lack endogenous KDR expression. ̂ ^̂  However, the relationship of NRPl and BCDR 
is different to that of NRPl and plexins: whereas NRPl is the compulsory ligand binding 
subunit in the semaphorin receptor, KDR does not require NRPl to bind VEGF. Vice versa, 
recent evidence suggests that NRPl can also signal independendy of KDR in endothelial cells, 
suggesting that the cytoplasmic tail may have signalling activity after all (see below). 

Functional Requirements for Neuropilins in Vascular Development 
Neuropilins are expressed by several types of embryonic neurons, and their targeted inactiva-

tion in the mouse impairs axon guidance and neuronal migration in response to semaphorins. 
In addition, loss of NRPl disrupts neuronal migration in response to VEGF. ^ 

In the vasculature, NRPl is preferentially expressed on arterial and brain microvessel en-
dothelium, whereas NRP2 is present on venous and lymphatic endothelium. ' Consis-
tent with a role for NRPl in vascular growth, over-expression of NRPl in mice deregulates 
angiogenesis, causing embryonic lethality at El7.5; the mutant embryos exhibit excess capil-
laries and blood vessels, dilation of blood vessels, severe haemorrhage and malformed hearts. ̂ ^̂  
Mice lacking NRPl die even earlier, at around El2.5, with impaired neural tube vascularisation, 
agenesis or transposition of the aortic arches, persistent truncus arteriosus and insufficient 
development of the yolk sac vasculature.^^^ The physiological role of NRPl during vascular 
development has also been addressed in zebrafish models. In this organism, knockdown of 
NRPl impairs angiogenic sprouting from the major axial vessels and therefore formation of 
the intersomitic vessels.^^^ Others have shown that the knockdown of NRPl in zebrafish 
disrupts even earlier stages of vascular development, including the formation of the dorsal 
longitudinal anastomosing vessels and the subintestinal vein.^^ 

Consistent with its expression pattern, mice lacking NRP2 are deficient in the formation of 
small lymphatics and capillaries, but they show no other obvious cardiovascular abnormalities.^^^ 
Noteworthy, loss of both NRPl and NRP2 in mice impairs vascular development more severely 
than loss of NRPl alone, with death at E8.0 due to impaired yolk sac vascularisation;^ ̂ '̂  these 
data surest that both proteins can partially compensate for each other during the formation of 
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tumour-derived cell lines that lack the expression ofother VEGF receptors.88 This novel VEGF
receptor was purified and identified as neuropilin 1 (NRPl), a 130-kDa type I transmembrane
protein (Fig. IB). NRPI had previously been discovered as an axonal adhesion protein in the
developing frog nervous system89,90 and as a receptor for secreted guidance molecules of the
class 3 semaphorin family.91,92 Besides NRPl, the neuropilin family includes NRP2.93 Even
though NRPI and NRP2 share only 44% homology at the amino acid level, each protein is
highly conserved amongst different vertebrate species, including frog, chick, mouse and hu
man. NRPI and NRP2 bind a different subset ofVEGF isoforms and semaphorins in vitro:
whereas NRPI preferentially binds VEGF165 and SEMA3A, NRP2 binds both VEGF165
and VEGF145 as well as SEMA3E91-94

Structure ofNeuropilins
NRPI and NRP2 have an identical domain structure.93,95 Both contain a large N-terminal

extracellular domain of approximately 850 amino acids, a short membrane-spanning domain
of approximately 24 amino acid residues and a small cytoplasmic domain of 40 residues. The
extracellular domain contains two complement-binding (CUB) domains (termed al and a2),
two coagulation factor VMII homology domains (termed bi and b2) and a meprin (MAM)
domain (Fig. IB). The a- and b-domains are crucial for ligand binding, whilst the MAM
domain promotes dimerisation and the interaction with other cell surface receptors.96 The
cytoplasmic domain is short and was originally thought to lack signalling motifs, because its
deletion did not impair axonal growth cone collapse in response to SEMA3A.97 Instead,
neuropilins transduce semaphorin signals in neurons through a signalling coreceptor of the
plexin family.98.99 In analogy, it was inferred that neuropilins recruit a coreceptor such as FLTI
and KDR to transmit VEGF signals in endothelial cells. In agreement with this idea, NRPI
potentiates the signalling of coexpressed KDR in porcine aortic endothelial cells, which sur
prisingly lack endogenous KDR expression. 100 However, the relationship ofNRPI and KDR
is different to that of NRPI and plexins: whereas NRPI is the compulsory ligand binding
subunit in the semaphorin receptor, KDR does not require NRPI to bind VEGE Vice versa,
recent evidence suggests that NRPI can also signal independently ofKDR in endothelial cells,
suggesting that the cytoplasmic tail may have signalling activity after all (see below).

Functional Requirementsfor Neuropilins in Vascular Development
Neuropilins are expressed by several types ofembryonic neurons, and their targeted inactiva

tion in the mouse impairs axon guidance and neuronal migration in response to semaphorins.101-105
In addition, loss of NRPI disrupts neuronal migration in response to VEGE II

In the vasculature, NRPI is preferentially expressed on arterial and brain microvessel en
dothelium, whereas NRP2 is present on venous and lymphatic endothelium. 106,107 Consis
tent with a role for NRPI in vascular growth, over-expression ofNRPI in mice deregulates
angiogenesis, causing embryonic lethality at EI7.5; the mutant embryos exhibit excess capil
laries and blood vessels, dilation ofblood vessels, severe haemorrhage and malformed hearts. 107
Mice lacking NRPI die even earlier, at around EI2.5, with impaired neural tube vascularisation,
agenesis or transposition of the aortic arches, persistent truncus arteriosus and insufficient
development of the yolk sac vasculature.108 The physiological role of NRPI during vascular
development has also been addressed in zebrafish models. In this organism, knockdown of
NRPI impairs angiogenic sprouting from the major axial vessels and therefore formation of
the intersomitic vessels. 109 Others have shown that the knockdown of NRP1 in zebrafish
disrupts even earlier stages of vascular development, includin~ the formation of the dorsal
longitudinal anastomosing vessels and the subintestinal vein. I I

Consistent with its expression patrern, mice lacking NRP2 are deficient in the formation of
small lymphatics and capillaries, but they show no other obvious cardiovascular abnormalities.III
Noteworthy, loss ofboth NRPI and NRP2 in mice impairs vascular development more severely
than loss ofNRPI alone, with death at E8.0 due to impaired yolk sac vascularisation;l12 these
data suggest that both proteins can partially compensate for each other during the formation of
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arterio-venous circuits. However, the reason why NRP2 is able to compensate for NRPl during 
vascular development is presendy unclear. The observation that both proteins are expressed in a 
reciprocal pattern during the segregation of arterio-venous circuit in the chick^ raises the possi-
bility that venous NRP2 function becomes essential only when arterial NRPl expression is lost. 
Alternatively, NRP2 may be upregulated in NRPl-deficient vascular endothelial cells to compen-
sate for NRPl. Consistent with this hypothesis, NRP2 is able to enhance KDR signalling in 
porcine aortic endodielial cells,̂ ^^ which lack NRPl.^^ 

The requirement for NRPl in vascular growth is generally considered to reflect its essential 
role in promoting VEGF 165 signalling in endothelial cells. In agreement with this idea, mice 
lacking NRPl specifically in vascular endothelium show impaired microvessel growth in the 
brain. However, there are some striking differences in the vascular defects caused by loss of 
NRPl or loss of its VEGF ligands in the developing trunk and central nervous system, with 
loss of NRP1 causing a more severe vascular deficiency particularly in the brain. ̂ ^ ' ^̂ '̂  These 
observations suggest that loss of VEGF isoform signalling through NRPl is not entirely re-
sponsible for the vascular deficiency of NRPl null mutants, and that NRPl ligands other than 
VEGF 165 may contribute to vessel patterning. The finding that SEMA3A inhibits endothelial 
cell migration in vitro by competing with VEGF 165 for binding to NRPl/KDR complexes 
made it a candidate modulator of neuropilin-mediated vessel patterning in vivo.̂ '̂̂  Yet, class 3 
semaphorin-signalling through neuropilins is not required for embryonic vascular develop-
ment. ̂ ^̂ '̂ ^̂  Therefore, the nature of the hypothetical NRPl ligand that cooperates with 
VEGF 165 during vascular patterning remains elusive. 

VEGF165/NRP1 Signalling 
In analogy to the compulsory recruitment of plexins to transmit semaphorin signals, NRPl 

was initially proposed to recruit a coreceptor such as FLTl and KDR to transmit VEGF 165 
support of this idea, NRPl does not promote the VEGF165-induced chemo-

taxis of KDR-negative cultured porcine aortic endothelial cells, but when coexpressed with 
KDR, it enhances chemotaxis more than KDR alone. ̂ ^̂  Two alternative hypotheses have been 
proposed to explain the beneficial effect of NRPl on KDR signalling: Complexes containing 
bodi KDR and NRPl may bind VEGF165 widi higher affinity dian KDR or NRPl alone,^^^ 
or NRPl may promote KDR clustering to promote VEGF 165 signalling.^^^ 

However, other tissue culture models suggest that NRPl may also function in endothelial 
cells independently of its ability to enhance VEGF/KDR signalling. Firstly, when the extra-
cellular domain of epidermal growth factor (EGF) receptor was fused to a NRPl fragment 
comprised of its membrane-spanning and cytoplasmic domain, the chimeric receptor pro-
moted endothelial cell migration in response to EGF.^^^ Secondly, the last three amino acid 
residues of NRPl (SEA-COOH) bind to the neuropilin-interacting protein NIP (also known 
as GIPC or svnectin),^^^ and this interaction contributes to vascular development in zebrafish 
and mice.^ One zebrafish study demonstrated that disruption of trunk vessel develop-
ment by NRPl knock down could be rescued by delivery of full length human NRPl , but 
not by human NRPl lacking the NIP-binding SEA motif ^̂ ^ Moreover, ectopic expression 
of NRPl lacking the SEA motif or knockdown of NIP disrupted vessel growth in this study. ̂  ̂ ^ 
Another zebrafish study found that knockdown of NIP affected vascular development at an 
even earlier stage by impairing dorsal aorta formation.^ In mice, loss of NIP leads to less 
severe cardiovascular defects than loss of NRPl.^ NIP null mice are born at the expected 
Mendelian frequency; moreover, the brain and spinal chord are vascularised normally, even 
though these tissues are severely affected in NRPl null mutants (J. M. V, C. R. and M. 
Simmons, unpublished observations). However, NIP-deficient mice show a specific defect 
in arterial development and adult arteriogenesis, with reduced arterial density and branching 
in the retina, heart and kidney. ̂ "̂  These observations agree with those of other mouse stud-
ies, in which loss of VEGF 165 signalling through NRPl affected arterial patterning in the 
limb skin^^^ and in the retina.^ 
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arterio-venous circuits. However, the reason why NRP2 is able to compensate for NRPI during
vascular development is presently unclear. The observation that both proteins are expressed in a
reciprocal pauern during the segregation ofarterio-venous circuit in the chicklO6 raises the possi
bility that venous NRP2 function becomes essential only when arterial NRPI expression is lost.
Alternatively, NRP2 may be upregulated in NRPI-deficient vascular endothelial cells to compen
sate for NRPI. Consistent with this hypothesis, NRP2 is able to enhance KDR signalling in
porcine aortic endothelial cells, II3 which lack NRPI. 100

The requirement for NRPI in vascular growth is generally considered to reflect its essential
role in promoting VEGFI65 signalling in endothelial cells. In agreement with this idea, mice
lackinnNRPI specifically in vascular endothelium show impaired microvessel growth in the
brain. 14 However, there are some striking differences in the vascular defects caused by loss of
NRPI or loss of its VEGF ligands in the developing trunk and central nervous sxstem, with
loss ofNRPI causing a more severe vascular deficiency particularly in the brain.108, 15,116 These
observations suggest that loss ofVEGF isoform signalling through NRPI is not entirely re
sponsible for the vascular deficiency ofNRPI null mutants, and that NRPI ligands other than
VEGF165 may contribute to vessel pauerning. The finding that SEMA3A inhibits endothelial
cell migration in viuo by competing with VEGF165 for binding to NRPI/KDR complexes
made it a candidate modulator ofneuropilin-mediated vessel pauerning in vivo. I 17 Yet, class 3
semaphorin-signalling through neuropilins is not required for embryonic vascular develop
ment.u4,118 Therefore, the nature of the hypothetical NRPI ligand that cooperates with
VEGF165 during vascular pauerning remains elusive.

VEGF165/NRPl Signalling
In analogy to the compulsory recruitment ofplexins to transmit semaphorin signals, NRPI

was initially proposed to recruit a coreceptor such as FLTI and KDR to transmit VEGFI65
signals.100,1 19,120 In support ofthis idea, NRPI does not promote the VEGF I65-induced chemo
taxis of KDR-negative cultured porcine aortic endothelial cells, but when coexpressed with
KDR, it enhances chemotaxis more than KDR alone.100 Two alternative hypotheses have been
proposed to explain the beneficial effect ofNRPI on KDR signalling: Complexes containin~

both KDR and NRPI may bind VEGFI65 with higher affinity than KDR or NRPI alone,12

or NRPI may promote KDR clustering to promote VEGFI65 signalling. 120

However, other tissue culture models suggest that NRPI may also function in endothelial
cells independently of its ability to enhance VEGF/KDR signalling. Firstly, when the extra
cellular domain of epidermal growth factor (EGF) receptor was fused to a NRPI fragment
comprised of its membrane-spanning and cytoplasmic domain, the chimeric receptor pro
moted endothelial cell migration in response to EGF. 122 Secondly, the last three amino acid
residues ofNRPI (SEA-COOH) bind to the neuropilin-interacting protein NIP (also known
as GIPC or ~nectin),123 and this interaction contributes to vascular development in zebrafish
and mice. II ,124 One zebrafish study demonstrated that disruption of trunk vessel develop
ment by NRPI knock down could be rescued by delivery of full length human NRPI, but
not by human NRPI lacking the NIP-binding SEA moti£II3 Moreover, ectopic expression
ofNRPI lacking the SEA motifor knockdown ofNIP disrupted vessel growth in this study. 113

Another zebrafish study found that knockdown of NIP affected vascular development at an
even earlier stage by impairing dorsal aorta formation. 124 In mice, loss of NIP leads to less
severe cardiovascular defects than loss ofNRPl. I24 NIP null mice are born at the expected
Mendelian frequency; moreover, the brain and spinal chord are vascularised normally, even
though these tissues are severely affected in NRPI null mutants 0. M. v., C. R. and M.
Simmons, unpublished observations). However, NIP-deficient mice show a specific defect
in arterial development and adult arteriogenesis, with reduced arterial densiry and branching
in the retina, heart and kidney. 124 These observations agree with those of other mouse stud
ies, in which loss ofVEGFI65 signalling through NRPI affected arterial patterning in the
limb skin125 and in the retina. 126
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In summary, NRP1 is likely to play a dual role in vascular growth by enhancing VEGF 1CA signal-
ling through KDR and by promoting VEGF 164 signalling through its own intracellular domain. 

Heparan Sulphate Proteoglycans 
Heparan sulphate proteoglycans (HSPGs) are abundant and highly conserved components 

of the cell surface and extracellular matrix. They play an important role in the formation and 
modulation of gradients of heparin-binding growth factors, morphogens and chemokines. 
Several reports have implicated HSPGs as modulators of VEGF signalling. Firsdy, VEGF 164 
and VEGF 188 bind heparin in vitro with different degrees of affinity, depending on the pres-
ence/absence of the so-called heparin-binding domains; heparin-binding ability in vitro is 
thought to indicate HSPG binding in vivo.̂ ^^ In support of this idea, loss of the heparin-binding 
VEGF isoforms affects VEGF distribution in the extracellular matrix during angiogenic sprouting 
in the brain and retina.^ '̂ ^^ Heparin also promotes VEGF 165 binding to its receptors 
jQ)p^i30,i3i ^^ j NRPl.^^*^^^ Moreover, when heparan sulphate is enzymatically removed from 
endothelial cells, KDR phosphorylation is inhibited. ̂ '̂̂  The beneficial effect of heparin or 
heparan sulphate on VEGF signalling may additionally stem from a direct interaction with the 
VEGF receptors. Consistent with this suggestion, HSPG expression by perivascular smooth 
muscle cells transactivates endothelial KDR in an embryonic stem cell model of angiogenesis, 
and possibly facilitates the cross talk between both cell types during blood vessel formation in 
vivo.^^^ Finally, NRPl may itself become a proteoglycan by post-transcriptional modification 
with glycosaminglycan side chains of the heparan sulphate or the chondroitin sidphate type, 
and this modification may enhance VEGF binding.^ 

Conclusions and Future Perspectives 
Initially, VEGF signalling pathways were characterised in tissue culture models of endothe-

lium. More recently, the physiological relevance of the different pathways has been addressed 
with mouse mutants that carry point mutations in single KDR tyrosine phosphorylation sites 
or harbour null mutations in proteins that interact with these tyrosines. A more complete 
understanding of KDR signalling will, however, depend on the creation of further mouse mu-
tants lacking other KDR tyrosine residues implicated in intracellular signalling, as well as the 
design of a novel strategy to study FLTl tyrosine kinase signalling in vivo. 

Despite the progress made in identifying intracellular adaptor molecules for KDR and FLTl, 
we still know very litde about the intracellular trafficking of VEGF and its receptor complexes. 
For example, in some endothelial culture models the phosphorylation of tyrosine residues Y1054 
and Y1059 controls internalisation of the VEGF/BCDR complex into clathrin-coated vesicles 
and endosomes prior to degradation, ̂ ^̂  and KDR may also signal from endosomes to promote 
endothelial cell proliferation.^^ In other endothelial tissue culture models, VEGF stimulates 
nuclear translocation of KDR.^^^'^^^ In addition, circumstantial evidence is emerging that 
autocrine VEGF signalling may be based on intracrine signalling; for example, autocrine VEGF 
survival signalling in endothelial cells does not require VEGF secretion. Further effort should 
therefore be directed at establishing the physiological significance of intracellular interactions 
between VEGF and its receptors during development or disease. 

Owing to the absolute requirement for VEGF during embryogenesis, many previous studies 
focussed on elucidating the physiological requirement for VEGF signalling pathways in early 
vascular development. These studies also benefited from the fact that developmental angiogen-
esis produces a stereotypic pattern of hierarchical blood vessel networks in a well-defined tissue 
context. In contrast, adult angiogenesis occurs against a backdrop of environmental fluctuations 
and is influenced by the dynamic interaction of growing vessels with the immune system. Nev-
ertheless, research into developmental VEGF signalling pathways has impacted on our under-
standing of neoangiogenesis in the adult, owing to the reactivation of VEGF signalling path-
ways in physiological processes such as wound healing and pathological conditions such as 
cancer, diabetic retinopathy and ischemic heart disease. Thus, the potential of novel 
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In summary, NRP1 is likely to play a dual role in V:ISCU1ar growth by enhancing VEGFl64 signal
ling through KDR and by promoting VEGFl64 signalling through its own intracellular domain.

Heparan Sulphate Proteoglycans
Heparan sulphate proteoglycans (HSPGs) are abundant and highly conserved components

of the cell surface and extracellular matrix. They play an important role in the formation and
modulation of gradients of heparin-binding growth factors, morphogens and chemokines. 127

Several reports have implicated HSPGs as modulators ofVEGF signalling. Firstly, VEGF164
and VEGF188 bind heparin in vitro with different degrees ofaffinity, depending on the pres
ence/absence of the so-called heparin-binding domains; heparin-binding ability in vitro is
thought to indicate HSPG binding in vivo. 128 In support ofthis idea, loss ofthe heparin-binding
VEGF isoforrns affects VEGF distribution in the extracellular matrix during angiogenic sprouting
in the brain and retinaY5,129 Heparin also promotes VEGF165 binding to its receptors
KDR130,131 and NRP 1.88, I 00 Moreover, when heparan sulphate is enzymatically removed from
endothelial cells, KDR phosphorylation is inhibited. 132 The beneficial effect of heparin or
heparan sulphate on VEGF signalling may additionally stem from a direct interaction with the
VEGF receptors. Consistent with this suggestion, HSPG expression by perivascular smooth
muscle cells transactivates endothelial KDR in an embryonic stem cell model ofangiogenesis,
and possibly facilitates the cross talk between both cell types during blood vessel formation in
vivo. 133 Finally, NRP1 may itself become a proteoglycan by post-transcriptional modification
with glycosaminglycan side chains of the heparan sulfhate or the chondroitin sulphate type,
and this modification may enhance VEGF binding. 13

Conclusions and Future Perspectives
Initially, VEGF signalling pathways were characterised in tissue culture models ofendothe

lium. More recently, the physiological relevance of the different pathways has been addressed
with mouse mutants that carry point mutations in single KDR tyrosine phosphorylation sites
or harbour null mutations in proteins that interact with these tyrosines. A more complete
understanding ofKDR signalling will, however, depend on the creation offurther mouse mu
tants lacking other KDR tyrosine residues implicated in intracellular signalling, as well as the
design ofa novel strategy to study FLT1 tyrosine kinase signalling in vivo.

Despite the progress made in identifying intracellular adaptor molecules for KDRand FLT1 ,
we still know very little about the intracellular trafficking ofVEGF and its receptor complexes.
For example, in some endothelial culture models the phosphorylation oftyrosine residues Y1 054
and Y1059 controls internalisation of the VEGF/KDR complex into clathrin-coated vesicles
and endosomes prior to degradation,135 and KDR may also signal from endosomes to promote
endothelial cell proliferation.83 In other endothelial tissue culture models, VEGF stimulates
nuclear translocation of KDR 136-139 In addition, circumstantial evidence is emerging that
autocrine VEGF signalling may be based on intracrine signalling; for example, autocrine VEGF
survival signalling in endothelial cells does not require VEGF secretion.76 Further effort should
therefore be directed at establishing the physiological significance of intracellular interactions
between VEGF and its receptors during development or disease.

Owing to the absolute requirement for VEGF during embryogenesis, many previous studies
focussed on elucidating the physiological requirement for VEGF signalling pathways in early
vascular development. These studies also benefited from the fact that developmental angiogen
esis produces a stereotypic pattern ofhierarchical blood vessel networks in a well-defined tissue
context. In contrast, adult angiogenesis occurs against a backdrop ofenvironmental fluctuations
and is influenced by the dynamic interaction ofgrowing vessels with the immune system. Nev
ertheless, research into developmental VEGF signalling pathways has impacted on our under
standing of neoangiogenesis in the adult, owing to the reactivation ofVEGF signalling path
ways in physiological processes such as wound healing and pathological conditions such as
cancer, diabetic retinopathy and ischemic heart disease. Thus, the potential of novel
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anti-angiogenic therapies can be evaluated in the perinatal rodent eye before being tested in a 
disease model, because the rodent retina is vascularised only after birth and the eye is easily 
accessible for drug delivery (e.g., re£ 140). 

Finally, it will be necessary to extend the study of VEGF signalling pathways to include 
other VEGF-responsive cell types, most notably circulating progenitors cells (see Chapter 4 by 
L. C. Goldie, M. K. Nix and K. K. Hirschi), bone cell types (see Chapter 7 by C. Maes and G. 
Carmeliet) and neuronal progenitors (see Chapter 8 by J. M. Rosenstein, J. M. Krum and C. 
Ruhrberg). It will be particularly interesting to elucidate if different VEGF-responsive cell 
types that grow in close spatiotemporal proximity activate distinct VEGF signalling pathways 
to coordinate their behaviour. For example, VEGF signalling is likely to play a dual role in 
blood vessels and bone cell types during bone development (see Chapter 7 by C. Maes and G. 
Carmeliet), and it supports both blood vessel growth and neuronal growth in the angiogenic 
niche of neurogenesis (see Chapter 8 by J. Rosenstein, J. Krum and C. Ruhrberg). The identi-
fication of cell-type specific components in the VEGF signalling pathway might then provide 
the basis for the creation of selective tools to balance vascular effects of VEGF such as perme-
ability against effects on nonendothelial cell types in novel pro- and anti-angiogenic therapies. 
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anti-angiogenic therapies can be evaluated in the perinatal rodent eye before being tested in a
disease model, because the rodent retina is vascularised only after birth and the eye is easily
accessible for drug delivery (e.g., reE 140).

Finally, it will be necessary to extend the study of VEGF signalling pathways to include
other VEGF-responsive cell types, most notably circulating progenitors cells (see Chapter 4 by
L. C. Goldie, M. K. Nix and K. K. Hirschi), bone cell types (see Chapter 7 by C. Maes and G.
Carmeliet) and neuronal progenitors (see Chapter 8 by]. M. Rosenstein, J. M. Krum and C.
Ruhrberg). It will be particularly interesting to elucidate if different VEGF-responsive cell
types that grow in close spatiotemporal proximity activate distinct VEGF signalling pathways
to coordinate their behaviour. For example, VEGF signalling is likely to playa dual role in
blood vessels and bone cell types during bone development (see Chapter 7 by C. Maes and G.
Carmeliet), and it supports both blood vessel growth and neuronal growth in the angiogenic
niche of neurogenesis (see Chapter 8 by]. Rosenstein,]. Krum and C. Ruhrberg). The identi
fication ofcell-type specific components in the VEGF signalling pathway might then provide
the basis for the creation of selective tools to balance vascular effects ofVEGF such as perme
ability against effects on nonendothelial cell types in novel pro- and anti-angiogenic therapies.
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Abstract 

VEGF is best known for its angiogenic properties. Not only does it promote the growth 
of new blood vessels during embryonic development, it is also important in the adult, 
where it plays a role in maintaining an adequate supply of oxygen and nutrients to 

most tissues. VEGF gene regulation is controlled by different signalling pathways depending 
on the context in which it is expressed. Best imderstood is the induction of VEGF expression 
by hypoxia in neonates and adults, which represents an adaptive response to metabolic stress. 
In contrast, the mechanisms that control VEGF expression during embryonic development are 
currently less clear. 

Key Messages 
• VEGF is a multifunctional molecule that is regulated by numerous different signalling 

pathways. 
• VEGF expression is induced by hypoxia. 
• Hypoxia stimulates V^GF transcription by increasing HIF activity. 
• Hypoxia stimulates VEGF translation by increasing mRNA stability. 
• V^GFgene expression is also controlled by hypoxia-independent mechanisms, in particu-

lar during embryogenesis. 

Introductioii 
More than half a century ago, Michaelson used an ink perfusion technique to visualize the 

developing retinal vasculature and noticed that capillary growth near veins was much more 
vigorous than near arteries. He proposed the existence of a vasoformative molecule termed 
factor X, which is (a) produced by extra-vascular tissue, (b) distributed in a gradient and (c) 
antagonized by oxygen. As we now know, these criteria are fulfilled by the vascular endothelial 
growth factor VEGF, also known as VEGFA. A team lead by Eli Keshet was the first to propose 
that VEGF could be the long elusive factor X that mediates hypoxia-induced vascular growth.^ 
This was based on the knowledge that VEGF had already been shown to promote the growth 
of blood vessels,^ and on the observation that VEGF mRNA dramatically increases under 
hypoxic conditions in various cell lines. In addition, it was found that VEGF levels were in-
creased in the hypoxic centre of tumours, suggesting that this factor could mediate the growth 
of new vessels into tumours. This had important clinical implications, because it was known 
since the early seventies that tumour growth requires sprouting of new vessels from preexisting 
vessels, a process known as angiogenesis. The discovery of an angiogenic factor in tumours 
provided for the first time a molecular target for anti-angiogenesis therapy in the fight against 
cancer, triggering massive research on VEGF. In 1996 two teams simultaneously reported the 
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that VEGF could be the long elusive factor X that mediates hypoxia-induced vascular growth.2

This was based on the knowledge that VEGF had already been shown to promote the growth
of blood vessels,3 and on the observation that VEGF mRNA dramatically increases under
hypoxic conditions in various cell lines. In addition, it was found that VEGF levels were in
creased in the hypoxic centre of tumours, suggesting that this factor could mediate the growth
of new vessels into tumours. This had important clinical implications, because it was known
since the early seventies that tumour growth requires sprouting ofnew vessels from preexisting
vessels, a process known as angiogenesis.4 The discovery of an angiogenic factor in tumours
provided for the first time a molecular target for anti-angiogenesis therapy in the fight against
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genetic deletion of VEGF in mice.^'^ Both groups found that the inactivation of just one 
VEGF dl\&\Q caused early embryonic lethality. This was unexpected and made further experi-
ments technically challenging, as no heterozygous founder mice could be created. It also 
dramatically illustrated the importance of correct VEGF dosage during embryogenesis. Sub-
sequent research has uncovered a multitude of mechanisms that tightly control VEGF dos-
age and its biological activity. 

VEGF Gene Regulation through the Hypoxia Response Element 
The most prominent stimulus for VEGF expression is hypoxia. In hypoxic tissue, VEGF 

is upregulated, and this stimulates blood vessel growth. Increased blood supply then alleviates 
the hypoxia, turning VEGF expression off again. This simple negative feedback loop ensures 
that supply and demand of oxygen in tissue are always adequately matched. But how does this 
process work at a molecular level? A short sequence in the 5' flanking region of the VEGF 
gene is important for VEGF induction by hypoxia. This sequence element, termed hypoxia 
response element (HRE), was initially discovered as an enhancer element within the erythro-
poietin (EPO) gene.^'^^ The element is also present in many other hypoxia inducible genes 
and is a binding site for the transcription factor hypoxia-inducible factor 1 (HIFl) . HIFl is a 
heterodimer consisting of an alpha and beta subunit, both of which are basic helix-loop-helix 
PAS domain proteins. ^ The beta subunit is known as the aryl hydrocarbon receptor nuclear 
translocator (ARNT) and is constitutively expressed, whereas the alpha subunit, HIFl A, is 
regulated by hypoxia. Although the mRNA encoding HIFl A increases in hypoxic cells, the 
dominant mechanism of HIFl A regulation is post-translational (Fig. 1). Under normoxic 

Figure 1. HIF mediated VEGF transcription. Under normoxic conditions, hypoxia inducible 
factor (HIF) is hydroxylated by prolyl hydroxylases (PHDs). This modification facilitates binding 
of the von Hippel Lindau protein (VHL), resulting in ubiquitination and rapid degradation of HIF. 
At low oxygen concentration, hydroxylation via PHDs becomes less efficient, resulting in HIF 
accumulation and HIF binding to a hypoxia response element (HRE) in the VEGF promoter. 
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the hypoxia, turning VEGF expression off again. This simple negative feedback loop ensures
that supply and demand ofoxygen in tissue are always adequately matched. But how does this
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and is a binding site for the transcription factor hypoxia-inducible factor 1 (HIFl). HIFI is a
heterodimer consistin~ofan alpha and beta subunit, both ofwhich are basic helix-loop-helix
PAS domain proteins. 1 The beta subunit is known as the aryl hydrocarbon receptor nuclear
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dominant mechanism of HIFIA regulation is post-translational (Fig. 1). Under normoxic
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Figure 1. HIF mediated VEGF transcription. Under normoxic conditions, hypoxia inducible
factor (HIF) is hydroxylated by prolyl hydroxylases (PHDs). This modification facilitates binding
ofthe von Hippel Lindau protein (VHL), resulting in ubiquitination and rapid degradation of HIF.
At low oxygen concentration, hydroxylation via PHDs becomes less efficient, resulting in HIF
accumulation and HIF binding to a hypoxia response element (HRE) in the VEGF promoter.
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conditions, HIFIA is swiftly destroyed via proteasomal degradation. However, when oxygen 
tension falls, this degradation process becomes less efficient and HIFIA protein rapidly accu-
mulates; a sensible strategy, considering that under stressful conditions it might be easier to 
stop destroying a protein rather than to start producing new protein. 

The gene product of the von-Hippel-Lindau (VHL) tumour suppressor gene is critically 
involved in the degradation of HIFIA. VHL is part of a multi protein complex containing 
ubiquitin E3 ligase. Binding of VHL to HIFIA results in HIFIA ubiquitination and very rapid 
proteasomal destruction, making HIFIA one of the most short-lived proteins known. In cells 
that lack VHL, HIFIA protein levels build up, resulting in increased expression of VEGF and 
other angiogenic factors. Clinical manifestation of this occurs in von Hippel-Lindau disease, a 
dominandy inherited familial cancer syndrome predisposing the patient to a variety of malignant 
and benign tumours. Germline mutations in one allele of VHL do not seem to have any notice-
able deleterious effects. However, silencing the second copy of the gene via somatic inactivation 
or deleterious mutations frequendy leads to haemangioblastomas and renal cell carcinomas. 

The molecular mechanisms that control binding of VHL to HIFIA are broadly understood 
and depend on the enzymatic hydroxylation of conserved prolyl residues within the 
oxygen-dependent degradation domain (ODD) of HIFIA. Deletion of the ODD domain, or 
mutation of the prolyl residues to alanins, renders HIF resistant to oxygen-induced degrada-
tion. The hydroxylation of HIFIA can be carried out by at least three different prolyl hydroxy-
lases, termed PHD I, PHD2 and PHD3 (new names: EGLNl-3). This modification requires 
the cofactors 2-oxoglutarate, vitamin C, iron and, importantly, molecular oxygen. At low oxy-
gen concentrations, the PHDs become less efficient and HIFIA is no longer hydroxylated, 
which prevents HIFIA from binding VHL and therefore stops its ubiquitination and degrada-
tion; the resulting increased HIF levels ultimately augment VEGF transcription. 

The pathway shown in Figure 1 is probably the best know mechanism of VEGF regula-
tion to date. However, when the HRE in the VEGF promoter was deleted in mice, they 
showed an unexpected phenotype.^ Consistent with an important role for HIF mediated 
VEGF expression during development, half of the mutant mice died embryonically or 
perinatally. The surviving half of mice lived for up to two years, but gained less weight, were 
infertile and developped adult-onset motor neuron degeneration resembling amyotrophic 
lateral sclerosis (ALS). Interestingly, these surviving mice show impaired hypoxia-induced 
VEGF upregulation in the brain and spinal cord, but not in fibroblasts, confirming the 
previous finding that the response to hypoxia is differentially regulated in an organ- and even 
cell type-specific manner. ̂ ^ However, these in vivo findings contrast a number of in vitro 
experiments, which had convincingly shown that hypoxic VEGF induction critically de-
pends on HIF and the HRE in many different cell types.^ It is possible that HIF influences 
VEGF gene expression via elements other than the HRE in the VEGF promoter; alterna-
tively, HIF-independent systems may compensate for deficiency in the HRE-mediated hy-
poxia regulation in some tissues. 

Post-Transcriptiotial Regulation of VEGF 
The mRNAs of house keeping genes such as p-globin or GAPDH have half-lives of over 

20 hours, whereas the mRNAs of cytokines or transcriptional activators typically are short 
lived, with half-lives of 10-30 minutes. Stabilization of normally unstable mRNAs in re-
sponse to stimuli such as hypoxia, growth factors, hormones or second messengers provides 
a mechanism to regulate protein levels. Accordingly, Levy et al found that hypoxia increases 
VEGF mRNA half-life by a factor of 3, resulting in 8-30 times higher levels of VEGF mRNA. 
In comparison, HIF mediated regulation of VEGF transcription increases VEGF mRNA 
amounts only 2-3 times. ̂  

Degradation of mRNA transcripts usually starts with 3'-5' exonucleolytic deadenylation, 
which removes most or all of the poly(A)-tail. The rest of the mRNA is degraded either by 3'-5' 
exonucleolytic degradation and/or by removal of the 5* cap, followed by 5'-3' exonucleolytic 
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conditions, HIFIA is swiftly destroyed via proteasomal degradation. However, when oxygen
tension falls, this degradation process becomes less efficient and HIFIA protein rapidly accu
mulates; a sensible strategy, considering that undet stressful conditions it might be easier to
stop destroying a protein rather than to start producing new protein.

The gene product of the von-Hippel-Lindau (VHL) tumour suppressor gene is critically
involved in the degradation of HIF lA VHL is part of a multi protein complex conraining
ubiquitin E3ligase. Binding ofVHL to HIFIA results in HIFIA ubiquitination and very rapid
proteasomal destruction, making HIFIA one of the most short-lived proteins known. In cells
that lack VHL, HIFIA protein levels build up, resulting in increased expression ofVEGF and
other angiogenic factors. Clinical manifestation of this occurs in von Hippel-Lindau disease, a
dominantly inherited familial cancer syndrome predisposing the patient to a variety ofmalignant
and benign rumours. Germline mutations in one allele ofVHL do not seem to have any notice
able deleterious effects. However, silencing the second copy of the gene via somatic inactivation
or deleterious mutations frequently leads to haemangioblastornas and renal cell carcinomas.

The molecular mechanisms that control binding ofVHL to HIF lA are broadly understood
and depend on the enzymatic hydroxylation of conserved prolyl residues within the
oxygen-dependent degradation domain (ODD) ofHIFlA Deletion of the ODD domain, or
mutation of the prolyl residues to alanins, renders HIF resistant to oxygen-induced degrada
tion. The hydroxylation ofHIFlA can be carried out by at least three different prolyl hydroxy
lases, termed PHDl, PHD2 and PHD3 (new names: EGLNl-3). This modification requires
the cofactors 2-oxoglutarate, vitamin C, iron and, importantly, molecular oxygen. At low oxy
gen concentrations, the PHOs become less efficient and HIFIA is no longer hydroxylated,
which prevents HIF lA from binding VHL and therefore stops its ubiquitination and degrada
tion; the resulting increased HIF levels ultimately augment VEGF transcription.

The pathway shown in Figure 1 is probably the best know mechanism ofVEGF regula
tion to date. However, when the HRE in the VEGF promoter was deleted in mice, they
showed an unexpected phenotype.12 Consistent with an important role for HIF mediated
VEGF expression during development, half of the mutant mice died embryonically or
perinatally. The surviving half of mice lived for up to two years, but gained less weight, were
infertile and developped adult-onset motor neuron degeneration resembling amyotrophic
lateral sclerosis (ALS). Interestingly, these surviving mice show impaired hypoxia-induced
VEGF upregulation in the brain and spinal cord, but not in fibroblasts, confirming the
previous finding that the response to hypoxia is differentially regulated in an organ- and even
cell type-specific manner. 13 However, these in vivo findings contrast a number of in vitro
experiments, which had convincingly shown that hypoxic VEGF induction critically de
pends on HIF and the HRE in many different cell types.8 It is possible that HIF influences
VEGF gene expression via elements other than the HRE in the VEGF promoter; alterna
tively, HIF-independent systems may compensate for deficiency in the HRE-mediated hy
poxia regulation in some tissues.

Post-Transcriptional Regulation ofVEGF
The mRNAs of house keeping genes such as fl-globin or GAPDH have half-lives of over

20 hours, whereas the mRNAs of cytokines or transcriptional activators typically are short
lived, with half-lives of 10-30 minutes. Stabilization of normally unstable mRNAs in re
sponse to stimuli such as hypoxia, growth factors, hormones or second messengers provides
a mechanism to regulate protein levels. Accordingly, Levy et al found that hypoxia increases
VEGF mRNA half-life by a factor of3, resulting in 8-30 times higher levels ofVEGF mRNA
In comparison, HIF mediated regulation of VEGF transcription increases VEGF mRNA
amounts only 2-3 times. 14

Degradation of mRNA transcripts usually starts with 3'-5' exonucleolytic deadenylation,
which removes most or all ofthe poly(A)-rail. The rest ofthe mRNA is degraded either by 3'-5'
exonucleolytic degradation andior by removal of the 5' cap, followed by 5'-3' exonucleolytic
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degradation. Some mRNAs such as that for insulin-like growth factor are also cleaved by 
endonucleases, initiating subsequent exonucleolytic degradation. Whilst the proteins that 
mediate and control this degradation process are only partially understood, a variety of mRNA 
cis-elements have been identified, which are decisive in determining mRNA stability. In the 
case of the VEGF mRNA, AU-rich cis-elements (AREs) are important. They are around 50 to 
150 nucleotides long with no single conserved consensus motive, but they often contain several 
copies of the pentamer AUUUA or the nonamer UUAUUUAUU and one or several U-rich 
stretches. The 3' untranslated region of VEGF mRNA contains a 125bp ARE that is bound by 
a series of hypoxia-induced proteins, but few have so far been identified. One of the binding 
partners of the VEGF-ARE is HuR (also known as ELAVLl), a member of the ELAV/Hu 
family of RNA binding proteins. HuR can stabilize mRNA by displacing or inhibiting factors 
that cleave or deadenylate ARE-containing transcripts.^^ Interestingly, brain tumours ubiqui-
tously express HuR and display elevated levels of cytokines and angiogenic factors such as 
VEGF.^^ Poly(A)-binding protein interacting protein 2 (PAIP2) also binds the VEGF-ARE 
and, via interactions widi HuR, stabilizes die VEGF mRNA^^ A ftirther VEGF-ARE binding 
protein is zinc finger binding protein 36 (ZFP36L1, also known as TISl IB), but, in contrast to 
HuR, it has mRNA-destabilizing activity.^^ 

How hypoxia influences the activity of HuR or other VEGF mRNA-binding proteins re-
mains unclear. An obvious possibility is that the same oxygen sensing machinery that regulates 
HIF stability feeds into mRNA-degradation mechanisms via interactions with VHL. In fact, 
there are studies that support such a view. For example, overexpression of VHL in renal carci-
noma cells can decrease VEGF mRNA levels via a posttranscriptional mechanism,^^*^^ and 
rapid turnover of mRNA containing AREs depends on ubiquitination and proteasome activ-
ity.^ Furthermore, an association between HuR and VHL was shown in renal cell carcinoma, 
implicating VHL not only in HIF-mediated VEGF transcription, but also in the cellular sig-
nalling events that regulate VEGF mRNA stability.^^ On the other hand, VEGF mRNA can be 
stabilized by the protein kinase C signalling pathway^ or the stress signalling pathways via 
p38MAPK and JNK.^^ Whedier diese padiways are used to mediate hypoxia-induced VEGF 
mRNA stabilization is not known. 

In addition to mRNA stabilization, the post-transcriptional regulation of VEGF has one 
more layer of complexity that is based on mRNA translation. Eukaryotic protein synthesis 
usually depends on binding of the translation initiation complex to the mRNA cap, with 
ribosomes scanning the 5' untranslated region (UTR) until they encounter the first AUG codon. 
VEGF possesses an unusually long GC-rich 5' UTR of more than 1000 nucleotides, which can 
inhibit efficient ribosomal scanning. ̂ ^ An alternative, cap-independent mechanism of translation 
has been identified in picornavirus, which contains long 5' UTRs without caps, but uses elements 
termed internal ribosomal entry sites (IRES). It is believed that VEGF mRNA with its cumber-
some 5' UTR is usually translated efficiently due to the presence of an IRES element in the 5' 
UTR. ̂ ^ The cap-independent translation of VEGF mRNA via the IRES element remains effi-
cient under hypoxic stress, whilst overall cap-dependent protein synthesis is reduced by up to 
50%,^^ resulting in a relative increase of VEGF translation. 

VEGF Gene Regulation by Transcription Factors 
The signalling pathways that regulate cell metabolism and cell growth are intricately linked 

with the hypoxia-sensing machinery. This is illustrated by the fact that HIF induces angiogenic 
genes, but also regulates many aspects of anaerobic metabolism, such as the expression of glucose 
transporter 1 and most of the glycolytic enzymes. VEGF plays a major role in helping to 
maintain cellular homeostasis in response to hypoxia, acidosis, UV, lack of nutrients and other 
stresses by stimulating angiogenesis. Accordingly, VEGF expression is not only controlled by 
hypoxia, but by a complex regulatory network involving many other signalling pathways, in-
cluding cytokines and growth factors. ̂ ^ That the regulation of cell metabolism and the 
hypoxia-sensing machinery are interconnected is also evidenced in the control of VEGF gene 
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degradation. 15 Some mRNAs such as that for insulin-like growth factor are also cleaved by
endonucleases, initiating subsequent exonucleolytic degradation. 16 Whilst the proteins that
mediate and control this degradation process are only partially understood, a variety ofmRNA
cis-elements have been identified, which are decisive in determining mRNA stability. In the
case of the VEGF mRNA, AU-rich cis-elements (AREs) are important. They are around 50 to
150 nucleotides long with no single conserved consensus motive, but they often contain several
copies of the pentamer AUUUA or the nonamer UUAUUUAUU and one or several U-rich
stretches. The 3' untranslated region ofVEGF mRNA contains a 125bp ARE that is bound by
a series ofhypoxia-induced proteins,17 but few have so far been identified. One of the binding
partners of the VEGF-ARE is HuR (also known as ELAVLl), a member of the ELAV/Hu
family of RNA binding proteins. HuR can stabilize mRNA by displacing or inhibiting factors
that cleave or deadenylate ARE-containing transcripts. 18 Interestingly, brain tumours ubiqui
tously express HuR and display elevated levels of cyrokines and angiogenic factors such as
VEGE I9 Poly(A)-binding protein interacting protein 2 (PAlP2) also binds the VEGF-ARE
and, via interactions with HuR, stabilizes the VEGF mRNA.20 A further VEGF-ARE binding
protein is zinc finger binding protein 36 (ZFP36Ll, also known as TISIIB), bur, in contrast to
HuR, it has mRNA-destabilizing activity.21

How hypoxia influences the activity of HuR or other VEGF mRNA-binding proteins re
mains unclear. An obvious possibility is that the same oxygen sensing machinery that regulates
HIF stability feeds into mRNA-degradation mechanisms via interactions with VHL. In fact,
there are studies that support such a view. For example, overexpression ofVHL in renal carci
noma cells can decrease VEGF mRNA levels via a posttranscriptional mechanism,22,23 and
rapid turnover of mRNA containing AREs depends on ubiquitination and proteasome activ
ity.24 Furthermore, an association between HuR and VHL was shown in renal cell carcinoma,
implicating VHL not only in HIF-mediated VEGF transcription, but also in the cellular sig
nalling events that regulate VEGF mRNA stability.25 On the other hand, VEGF mRNA can be
stabilized by the protein kinase C signalling pathwa~ or the stress signalling pathways via
p38MAPK and JNK27 Whether these pathways are used to mediate hypoxia-induced VEGF
mRNA stabilization is not known.

In addition to mRNA stabilization, the post-transcriptional regulation ofVEGF has one
more layer of complexity that is based on mRNA translation. Eukaryotic protein synthesis
usually depends on binding of the translation initiation complex to the mRNA cap,28 with
ribosomes scanning the 5' untranslated region (UTR) until they encounter the first AUG codon.
VEGF possesses an unusually long GC-rich 5' UTRofmore than 1000 nucleotides, which can
inhibit efficient ribosomal scanning.29 An alternative, cap-independent mechanism oftranslation
has been identified in picornavirus, which contains long 5' UTRs without caps, but uses elements
termed internal ribosomal entry sites (IRES). It is believed that VEGF mRNA with its cumber
some 5' UTR is usually translated efficiently due to the presence ofan IRES element in the 5'
UTR30 The cap-independent translation ofVEGF mRNA via the IRES element remains effi
cient under hypoxic stress, whilst overall cap-dependent protein synthesis is reduced by up to
50%,30 resulting in a relative increase ofVEGF translation.

VEGF Gene Regulation by Transcription Factors
The signalling pathways that regulate cell metabolism and cell growth are intricately linked

with the hypoxia-sensing machinery. This is illustrated by the fact that HIF induces angiogenic
genes, but also regulates many aspects ofanaerobic metabolism, such as the expression ofglucose
transporter 1 and most of the glycolytic enzyrnesY VEGF plays a major role in helping to
maintain cellular homeostasis in response to hypoxia, acidosis, uv, lack ofnutrients and other
stresses by stimulating angiogenesis. Accordingly, VEGF expression is not only controlled by
hypoxia, but by a complex regulatory network involving many other signalling pathways, in
cluding cyrokines and growth factors. 32 That the regulation of cell metabolism and the
hypoxia-sensing machinery are interconnected is also evidenced in the control of VEGF gene
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expression: VEGF is rapidly induced upon serum stimulation in normoxic serum-deprived 
fibroblasts; this response is mediated by the ERK signalling pathway. ̂ ^ Activation of this path-
way stimidates HIF aaivity as well, which in turn also induces VEGF transcription. 

There are several HIF-independent mechanisms to upregulate VEGF transcription. This is 
evident from the promoter region of the VEGF gene, which contains binding elements for 
transcription factors such as specific protein 1 (SPl), signal transducer and activator of tran-
scription 3 (STAT3), activator protein 1 (API) and many others.^^'^ SPl is essential for basal 
transcription of VEGF. Its phosphorylation following ERK activation leads to VEGF mRNA 
upregulation independent of hypoxia and HIF.^^ It was also shown that SPl is responsible for 
the very high levels of constitutively expressed VEGF in many cancer cell lines. Furthermore, 
tumour suppressors such as p73 or VHL can affect VEGF transcription via SPl.^^'^^ In the 
case of VHL, this is based on direct binding to SPl, which inhibits SPl activity. ̂ ^ Thus, loss of 
VHL not only induces VEGF via HIF activation (see above), but also via de-repression of SPl. 
STAT3 is able to directly bind the V^G!F promoter to upregulate transcription, and a constitu-
tively active mutant form of STAT3 has been found in various types of tmnours. ' ^ The 
presence of four candidate API binding sites in the V^GF promoter suggests that API plays a 
role in VEGF regulation. The API transcription factor is a dimer consisting of basic 
region-leucine zipper (bZIP) proteins such as Jun and Fos protein family members. It can 
cooperate with HIF to increase VEGF expression under hypoxic conditions, which involves 
members of the MAP kinase family. It has also been shown that JUND protects cells from 
oxidative stress and exerts an anti-angiogenic effect via a HIF-mediated mechanism. ^ 

Transcription factors that direcdy regulate VEGF transcription, such as HIF, SPl, STAT3 
and API, are in turn controlled by a complex network of interacting signalling pathways. Apart 
from the PHD-VHL pathway, the ERK, JNK and p38 MAP kinase pathways can all modulate 
VEGF expression; moreover, signalling via PI3K, AKT (also known as RAG) and mTOR (also 
known as FRAPl) plays a role in T^EGT^gene regulation.^^'^^ Therefore, the simple concept 
that hypoxia controls HIF to control VEGF levels had to be broadened to include the idea that 
VEGF transcription and VEGF translation are being influenced by several other signalling 
pathways (Fig. 2). 

Developmental Control of VEGF Expression 
In all animals, small blood vessels and capillaries are organized stochastically, whereas larger 

vessels form stereotypical vascular trees. This makes sense, as small vessels grow in response to 
metabolic demand. On the other hand, large vessels look more or less the same in every person, 
because they were patterned by "hard wired*' morphogenetic programs operating during 
embryonic development. VEGF plays a major role in vessel formation both in physiological 
and pathological angiogenesis in the adult as well as in the developing embryo. We now know 
that angiogenesis in the adult is to a large extent hypoxia-driven. But is developmental VEGF 
expression regulated by hypoxia or hypoxia-independent mechanisms? There is evidence sup-
porting both mechanisms of VEGF-stimulated angiogenesis during development. 

The neonatal retina is a particularly illustrative example of a tissue in which hypoxia plays a 
major role in VEGF regulation and angiogenesis during development. Aroimd birth in mice 
and before birth in humans, the retinal vasculature emerges from the optic nerve head and 
covers the inner retinal surface as a centrifugally spreading vascular plexus. This process is 
tightly controlled by retinal astrocytes, which also emerge from the optic nerve head and mi-
grate ahead of the growing blood vessel (Fig. 3). These specialized glial cells provide a template 
for the vascular network and strongly express VEGF. However, as soon as they become covered 
by the oxygen-carrying vessel network, VEGF is downregulated (Fig. 3). This differential ex-
pression of VEGF (low in the centre and high in the periphery of the retina) leads to a VEGF 
gradient across the retina that is important for the correct outgrowth of the retinal vascula-
ture. Labelling with a hypoxia-probe shows that the peripheral, not yet vascularized region of 
the retina is indeed hypoxic, whereas the vascularized central portion is not (Fig. 3). This 
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expression: VEGF is rapidly induced upon serum stimulation in normoxic serum-deprived
fibroblasts; this response is mediated by the ERK signalling pathway.33 Activation of this path
way stimulates HIF activity as well,34 which in tutn also induces VEGF transcription.

There are several HIF-independent mechanisms to upregulate VEGF transcription. This is
evident from the promoter region of the VEGF gene, which contains binding elements for
transcription factors such as specific protein I (SPI), signal transducer and activator of tran
scription 3 (STAT3), activator protein I (API) and many others.32,35 SPI is essential for basal
transcription ofVEGF.36 Its phosphorylation following ERK activation leads to VEGF mRNA
upregulation independent ofhypoxia and HIE33 It was also shown that SPI is responsible for
the very high levels ofconstitutively expressed VEGF in many cancer cell lines.37 Furthermore,
tumour suppressors such as p73 or VHL can affect VEGF transcription via SP1.38,39 In the
case ofVHL, this is based on direct binding to SPI, which inhibits SPI activity. 38 Thus, loss of
VHL not only induces VEGF via HIF activation (see above), but also via de-repression ofSPl.
STAT3 is able to directly bind the VEGF promoter to upregulate transcription, and a constitu
tively active mutant form of STAT3 has been found in various types of tumourS.40,41 The
presence offour candidate API binding sites in the VEGF promoter suggests that API plays a
role in VEGF regulation. The API transcription factor is a dimer consisting of basic
region-leucine zipper (bZIP) proteins such as Jun and Fos protein family members. It can
cooperate with HIF to increase VEGF expression under hypoxic conditions, which involves
members of the MAP kinase family.42 It has also been shown that JUNO protects cells from
oxidative stress and exerts an anti-angiogenic effect via a HIF-mediated mechanism.43

Transcription factors that directly regulate VEGF transcription, such as HIF, SPI, STAT3
and API, are in turn controlled by a complex network ofinteracting signalling pathways. Apart
from the PHD-VHL pathway, the ERK, JNK and p38 MAP kinase pathways can all modulate
VEGF expression; moreover, signalling via PI3K, AKT (also known as RAe) and mTOR (also
known as FRAPI) plays a role in VEGF gene regulation.32,35 Therefore, the simple concept
that hypoxia controls HIF to control VEGF levels had to be broadened to include the idea that
VEGF transcription and VEGF translation are being influenced by several other signalling
pathways (Fig. 2).

Developmental Control ofVEGF Expression
In all animals, small blood vessels and capillaries are organized stochastically, whereas larger

vessels form stereotypical vascular trees. This makes sense, as small vessels grow in response to
metabolic demand. On the other hand, large vessels look more or less the same in every person,
because they were pattetned by "hard wired" morphogenetic programs operating during
embryonic development. VEGF plays a major role in vessel formation both in physiological
and pathological angiogenesis in the adult as well as in the developing embryo. We now know
that angiogenesis in the adult is to a large extent hypoxia-driven. But is developmental VEGF
expression regulated by hypoxia or hypoxia-independent mechanisms? There is evidence sup
porting both mechanisms ofVEGF-stimulated angiogenesis during development.

The neonatal retina is a particularly illustrative example ofa tissue in which hypoxia plays a
major role in VEGF regulation and angiogenesis during development. Around birth in mice
and before birth in humans, the retinal vasculature emerges from the optic nerve head and
covers the inner retinal surface as a centrifugally spreading vascular plexus. This process is
tightly controlled by retinal astroeytes, which also emerge from the optic nerve head and mi
grate ahead of the growing blood vessel (Fig. 3). These specialized glial cells provide a template
for the vascular network and strongly express VEGF. However, as soon as they become covered
by the oxygen-carrying vessel network, VEGF is downregulated (Fig. 3). This differential ex
pression ofVEGF (low in the centre and high in the periphery of the retina) leads to a VEGF
gradient across the retina that is important for the correct outgrowth of the retinal vascula
ture.44 Labelling with a hypoxia-probe shows that the peripheral, not yet vascularized region of
the retina is indeed hypoxic, whereas the vascularized central portion is not (Fig. 3). This
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Figure 2. VEGF expression is regulated at the level of mRNA transcription and mRNA stability. 
VEGF transcription is induced by binding of diverse transcription factors to their recognition 
elements in the VEGF promoter. VECFmRNA stability is increased by mRNA stabilizing proteins 
such as HuR (ELAVL1). A complex network of signalling pathv^ays including different kinase 
pathv^ays and VHL can influence both mRNA transcription and mRNA stability of VEGF. 

difference in tissue oxygenation explains the high levels of VEGF mRNA in the periphery and 
the low levels in the central vascularized portion of the retina. 

It seems that the hypoxia-driven VEGF gtne^ expression of peripheral retinal astrocytes does 
not depend on the HRE in the V^67^ promoter, because the retinal vasculature develops nor-
mally in mice that lack this sequence in their genome. It is therefore likely that the high levels 
of VEGF mRNA in peripheral retinal astrocytes are due to increased mRNA stability. Further-
more, retinal astrocytes express much higher levels of VEGF than the underlying neurons, even 
though both cell populations are likely to experience more or less the same oxygen tension. 
Retinal astrocytes may therefore be more sensitive to hypoxia than neurons; one could envisage 
a mechanism involving increased basal activity of the l/EGT^ promoter, caused, for example, by 
increased SPl levels in retinal astrocytes, but this has not yet been investigated. 

It is conceivable that in the embryo, similar to the neonatal mouse retina, rapidly expand-
ing tissue outgrow^s its vascular support and becomes hypoxic, inducing VEGF expression. 
Consistent with this idea, the use of hypoxia probes has revealed that the brain is hypoxic 
during embryogenesis. ^ In some brain regions, hypoxia-probed labelled areas correspond to 
areas prominent in HIFIA—and VEGF-immunoreactivity. ^ However, it is unlikely that a 
hypoxia-controUed mechanism is sufficient to pattern the entire embryonic vasculature. For 
example, VEGF plays a crucial role very early during development to promote the propaga-
tion of the endothelial precursor lineage and in the formation of the first major vessels, the 
dorsal aorta and the cardinal veins. Yet, these processes occur at a stage when the embryo is 
still small enough for oxygenation to occur via diffusion from the vascularised yolk sac. In 
these situations, VEGF is expressed in stereotypical and discrete areas to stimulate reproduc-
ible vascular patterning events. These expression patterns are likely "hard-wired", i.e., con-
trolled by hypoxia-independent pathways. Consistent with this notion, sonic hedgehog is 
secreted from the notochord in zebrafish to induce VEGF expression in adjacent somites. 
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Figure 2. VEGF expression is regulated at the level of mRNA transcription and mRNA stability.
VEGF transcription is induced by binding of diverse transcription factors to their recognition
elements in the VEGFpromoter. VEGFmRNAstability is increased by mRNAstabilizing proteins
such as HuR (ELAVL1). A complex network of signalling pathways including different kinase
pathways and VHL can influence both mRNA transcription and mRNA stability of VEGF.

difference in tissue oxygenation explains the high levels ofYEGF mRNA in the periphery and
the low levels in the central vascularized portion of the retina.45

It seems that the hypoxia-driven VEGFgene expression ofperipheral retinal astroeytes does
not depend on the HRE in the VEGF promoter, because the retinal vasculature develops nor
mally in mice that lack this sequence in their genome.46 It is therefore likely that the high levels
ofVEGF mRNA in peripheral retinal astrocytes are due to increased mRNA stability. Further
more, retinal astroeytes express much higher levels ofVEGF than the underlying neurons, even
though both cell populations are likely to experience more or less the same oxygen tension.
Retinal astroeytes may therefore be more sensitive to hypoxia than neurons; one could envisage
a mechanism involving increased basal activity ofthe VEGF promoter, caused, for example, by
increased SP1 levels in retinal astroeytes, but this has not yet been investigated.

It is conceivable that in the embryo, similar to the neonatal mouse retina, rapidly expand
ing tissue outgrows its vascular support and becomes hypoxic, inducing VEGF expression.
Consistent with this idea, the use of hypoxia probes has revealed that the brain is hypoxic
during embryogenesis.47 In some brain regions, hypoxia-probed labelled areas correspond to

areas prominent in HIFIA-and VEGF-immunoreactivity.48 However, it is unlikely that a
hypoxia-controlled mechanism is sufficient to pattern the entire embryonic vasculature. For
example, VEGF plays a crucial role very early during development to promote the propaga
tion of the endothelial precursor lineage and in the formation of the first major vessels, the
dorsal aorta and the cardinal veins. Yet, these processes occur at a stage when the embryo is
still small enough for oxygenation to occur via diffusion from the vascularised yolk sac. In
these situations, VEGF is expressed in stereotypical and discrete areas to stimulate reproduc
ible vascular patterning events. These expression patterns are likely "hard-wired", i.e., con
trolled by hypoxia-independent pathways. Consistent with this notion, sonic hedgehog is
secreted from the notochord in zebrafish to induce VEGF expression in adjacent somites,
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Figure 3. VEGF expression during retinal vascularisation. Astrocytes and blood vessels invade 
the newborn retina from the optic nerve (A). Retinal astrocytes serve as a template and VEGF 
source for the growing retinal vasculature (B). Astrocytes in the peripheral, not yet vascularized 
part of the retina experience hypoxia (C) and express VEGF dX higher levels than astrocytes in 
the vascularized portion of the retina (D). The resulting VEGF gradient stimulates vessel growth 
towards the periphery. 

which in turn leads to the formation of the dorsal aorta. Moreover, during brainstem de-
velopment, VEGF is expressed in stereotypical longitudinal stripes reminiscent of neurogenesis 
pattern well after the brain has assembled a vascular network to counteract the emergence of 
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retinal astrocytes

Figure 3. VEGF expression during retinal vascularisation. Astrocytes and blood vessels invade
the newborn retina from the optic nerve (A). Retinal astrocytes serve as a template and VEGF
source for the growing retinal vasculature (B). Astrocytes in the peripheral, not yet vascularized
part of the retina experience hypoxia (e) and express VEGF at higher levels than astrocytes in
the vascularized portion ofthe retina (D). The resulting VEGF gradient stimulates vessel growth
towards the periphery.

which in turn leads to the formation of the dorsal aorra.49 Moreover, during brainstem de
velopment, VEGF is expressed in stereotypical longitudinal srripes reminiscent ofneurogenesis
pattern well after the brain has assembled a vascular network to counteract the emergence of
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hypoxia; these expression patterns Ukely reflect a role in the development of neurons (and 
glia), rather than a role in blood vessel growth.^^ The signalling pathways that control VEGF 
expression during vasculogenesis are only beginning to be understood (see Chapter by L.C5. 
Goldie, M.K. Nix and K.K. Hirschi), and the pathways controlling VEGF expression during 
neuronal development are not known at all. 

Conclusions 
VEGF is a versatile molecule with different functions in different settings. It acts as a sur-

vival factor, mitogen and guidance molecule for endothelial cells. It regulates angiogenesis in 
response to metabolic needs in the adult, but also participates in the formation of the vascular 
tree during embryogenesis. In addition, VEGF can regulate vessel permeability and plays a role 
in neuronal development and neuroprotection. ̂ '̂̂  With such a varied array of biological fixnc-
tions it is not surprising that the regulation of VEGF gene expression is diverse. During devel-
opment, hypoxia-independent pathways likely control VEGF expression to induce the forma-
tion of the stereotypically patterned elements of the vascular tree, whereas hypoxia-induced 
VEGF expression can fine tune the shape and density of capillary networks. Importandy, VEGF 
gene expression is controlled by a complex network of intersecting signalling pathways con-
taining several dozen growth factors and cytokines, many of which induce VEGF expression in 
cancer cells. Future anti-angiogenic cancer therapies attempting to manipulate VEGF expres-
sion will have to take this complexity into account, as cancer cells may achieve VEGF 
upregulation both through HIF-related mechanisms as well as hypoxia-independent pathways, 
which are normally used to control VEGF expression dtuing development. The hardwired 
mechanisms of VEGF regulation are poorly understood and pose a major challenge for future 
research. 
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hypoxia; these expression patterns likely reflect a role in the development of neurons (and
glia), rather than a role in blood vessel growth.50 The signalling pathways that control VEGF
exptession during vasculogenesis are only beginning to be understood (see Chapter by L.C5.
Goldie, M.K. Nix and K.K. Hirschi), and the pathways controlling VEGF expression during
neuronal development are not known at all.

Conclusions
VEGF is a versatile molecule with different functions in different settings. It acts as a sur

vival factot, mitogen and guidance molecule for endothelial cells. It regulates angiogenesis in
response to metabolic needs in the adult, but also participates in the formation of the vascular
tree during embryogenesis. In addition, VEGF can regulate vessel permeability and plays a role
in neuronal development and neuroprotection.50-52 With such a varied array ofbiological func
tions it is not surprising that the regulation of VEGF gene expression is diverse. During devel
opment, hypoxia-independent pathways likely control VEGF expression to induce the forma
tion of the stereotypically patterned elements of the vascular tree, whereas hypoxia-induced
VEGF expression can fine tune the shape and density ofcapillary networks. Importantly, VEGF
gene expression is controlled by a complex network of intersecting signalling pathways con
taining several dozen growth factors and eytokines, many ofwhich induce VEGF expression in
cancer cells.53 Future anti-angiogenic cancer therapies attempting to manipulate VEGF expres
sion will have to take this complexity into account, as cancer cells may achieve VEGF
upregulation both through HIF-related mechanisms as well as hypoxia-independent pathways,
which are normally used to control VEGF expression during development. The hardwired
mechanisms ofVEGF regulation are poorly understood and pose a major challenge for future
research.
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Embiyonic Vasculogenesis 
and Hematopoietic Specification 
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Abstract 

Vasculogenesis is the process by which blood vessels are formed de novo. In mammals, 
vasculogenesis occurs in parallel widi hematopoiesis, die formation of blood cells. Thus, 
it is debated whether vascular endothelial cells and blood cells are derived from a 

common progenitor. Whether or not this is the case, there certainly is commonality among 
regulatory factors that control the differentiation and differentiated function of both cell 
lineages. VEGF is a major regulator of both cell types and plays a critical role, in coordina-
tion with other signaling pathways and transcriptional regulators, in controlling the differ-
entiation and behavior of endothelial and blood cells during early embryonic development, 
as further discussed herein. 

Key Messages 
• Blood cells and blood vessel endothelium develop in parallel, but it is still debated whether 

they develop from a shared precursor. 
• VEGF signaling is critical for vascular plexus formation and hematopoiesis. 
• VEGF signaling cooperates with other signaling pathways to promote endothelial cell speci-

fication, vascular plexus remodeling and hematopoetic specification. 
• VEGF signaling is fine tuned via a collection of receptors and co-receptors to modulate 

endothelial cell behavior. 
• The precise contribution of different VEGF signalii^ pathways to the r^julation of vascular 

development and hematopoiesis is not yet fixlly understood and needs to be researched further. 

Introduction 
Vasculogenesis is the process by which blood vessels are formed de novo. This process first 

occurs in the embryonic yolk sac of mammalian embryos, and then later during development 
in the embryo proper. During gastrulation, embryonic ectodermal (epiblast) cells are recruited 
to the primitive streak where they undergo an epithelial to mesenchymal transition. These cells 
then migrate between the visceral endoderm and epiblast to form either mesoderm or defini-
tive endoderm. In the yolk sac, the visceral endoderm is thought to elicit soluble signals which 
target the underlying mesoderm to induce the formation of primitive endothelial and hemato-
poietic cells, the first differentiated cell types to be produced in the mammalian embryo (Fig. 
1). Primitive endothelial and hematopoietic cells coalesce to form blood islands that then fuse 
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Figure 1. Molecular regulation of primitive hematopoietic specification and vascular remodeling 
during murine development. A) Schematic representation of the developing murine embryo, 
highlighting the primary sites of embryonic hematopoiesis. B) Schematic representation of 
endoderm-derived molecular signals with knov^n roles in the specification of mesodermal pre-
cursors. C) Schematic representation of primitive hematopoietic development within the yolk 
sac vascular plexus. 

to form a primitive network of tubules known as a capillary or vascular plexus. Remodeling 
and maturation of the capillary plexus into a circulatory network requires the subsequent re-
cruitment of mural cells (smooth muscle cells and pericytes) to form the outer blood vessel 
wall. Concurrent with vascular remodeling is the induction of definitive hematopoiesis, the 
formation of mature circulating blood cells. This chapter focuses on understanding the sequen-
tial processes of vasculogenesis and hematopoiesis, and the major signaling pathways that regu-
late these processes; a key regulatory factor is vascular endothelial growth factor (VEGF), the 
main focus of this text. 

Endothelial Specification and Vasculogenesis 
During blood vessel development, endothelial cells are predominantly derived from meso-

derm, as are blood cells. Mural cells are also largely derived from mesoderm, although neural 
crest and proepicardial organ cells also contribute mural cells to developing vessels. Vascular 
development has been well studied in several embryonic model systems including mouse, chick, 
quail, frog, and zebrafish, but perhaps best genetically manipulated in the murine system. 
Thus, our discussion of the molecular regulation of vasculogenesis and hematopoiesis will be 
based largely on insights gained from the study of the developing mouse; relevant insights from 
other model systems will also be discussed. 

Formation of Mesodermal Precursors 
Murine blood vessel formation initiates during gastrulation, wherein posterior epiblast cells 

migrate through the primitive streak to form mesoderm,^ from which vascular and blood cells 
are differentiated. Several signals cooperate to promote mesoderm specification for blood ves-
sel formation (Fig. IB). One signal needed for specification of mesoderm is the soluble factor 
bone morphogenic protein 4 (BMP4), whose expression prior to gastrulation is localized to the 
primitive streak. In the absence of BMP4, mesoderm fails to develop and thus mutant embryos 
arrest at the egg chamber stage."^ Another factor required for mesoderm formation is fibroblast 
growth factor 2 (FGF2, previously known as basic FGF or bFGF). Knockout inactivation of 
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Figure 1. Molecular regulation of primitive hematopoietic specification and vascular remodeling
during murine development. A) Schematic representation of the developing murine embryo,
highlighting the primary sites of embryonic hematopoiesis. B) Schematic representation of
endoderm-derived molecular signals with known roles in the specification of mesodermal pre
cursors. C) Schematic representation of primitive hematopoietic development within the yolk
sac vascular plexus.

to form a primitive network of tubules known as a capillary or vascular plexus. Remodeling
and maturation of the capillary plexus into a circulatory network requires the subsequent re
cruitment of mural cells (smooth muscle cells and pericytes) to form the outer blood vessel
wall. Concurrent with vascular remodeling is the induction of definitive hematopoiesis, the
formation ofmature circulating blood cells. This chapter focuses on understanding the sequen
tial processes ofvasculogenesis and hematopoiesis, and the major signaling pathways that regu
late these processes; a key regulatory factor is vascular endothelial growth factor (VEGF), the
main focus of this text.

Endothelial Specification and Vasculogenesis
During blood vessel development, endothelial cells are predominantly derived from meso

derm, as are blood cells. Mural cells are also largely derived from mesoderm, although neural
crest and proepicardial organ cells also contribute mural cells to developing vessels. Vascular
development has been well studied in several embryonic model systems including mouse, chick,
quail, frog, and zebrafish, but perhaps best genetically manipulated in the murine system.
Thus, our discussion of the molecular regulation of vasculogenesis and hematopoiesis will be
based largely on insights gained from the study ofthe developing mouse; relevant insights from
other model systems will also be discussed.

Formation ofMesodermal Precursors
Murine blood vessel formation initiates during gastrulation, wherein posterior epiblast cells

migrate through the primitive streak to form mesoderm, I from which vascular and blood cells
are differentiated. Several signals cooperate to promote mesoderm specification for blood ves
sel formation (Fig. 1B). One signal needed for specification of mesoderm is the soluble factor
bone morphogenic protein 4 (BMP4), whose expression prior to gastrulation is localized to the
primitive streak. In the absence ofBMP4, mesoderm fails to develop and thus mutant embryos
arrest at the egg chamber stage.2 Another factor required for mesoderm formation is fibroblast
growth factor 2 (FGF2, previously known as basic FGF or bFGF). Knockout inactivation of
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FGF receptor 1 (FGFRl) results in an accumulation of epiblast cells, as they fail to migrate 
through the primitive streak and form mesoderm, further emphasizing the importance of FGF 
signaling in mesoderm formation.^ VEGF has critical roles in the subsequent stages of meso-
dermal commitment and differentiation, but unlike BMP4 and FGF2, VEGF is not known to 
play a role in mesoderm formation. 

Commitment of Mesodermal Precursors to the Endothelial Lineage 
During embryogenesis, commitment of multipotent mesodermal cells to an endothelial 

cell lineage is thought to be regulated by soluble signals derived from adjacent endodermal 
cells. In the murine yolk sac, visceral endoderm elicits signals needed for vascular induction, 
although the hierarchy of such signals is not yet clear. One such soluble effector is indian 
hedgehog (IHH) (Fig. IB). Using mouse embryo explant cultures lacking endoderm, it was 
discovered that IHH can respecify anterior epiblast cells, which normally form neuroectoderm, 
to form endothelial and hematopoietic cells instead, thus demonstrating sufficiency of IHH 
for vascular induction. IHH's downstream effector in this pathway may be BMP4, as it is 
up regulated in response to IHH signaling (Fig. IB). In support of this theory, aberrant 
vasculogenesis and hematopoiesis has been demonstrated in BMP4-null mutant mouse em-
bryos that survive past the egg cylinder chamber stage.'^ 

Role of VEGFIKDR Signaling in Mesodermal Precursors 
of the Endothelial Lineage 

Synergistic signaling between IHH and endoderm-derived FGF2 is thought to promote the 
expression of the VEGF receptor KDR (also known as FLKl or VEGFR2) in adjacent meso-
dermal cells (Fig. IB). A role for FGF2 in the formation of endothelial precursors, angioblasts, 
from mesoderm has been demonstrated in the quail embryo, where explant cultures consisting 
of only mesoderm lack the ability to undergo angioblast formation unless treated with FGF2. 
Furthermore, isolated FGF2-treated epiblast cells are capable of forming endothelial cells in 
vitro. Perhaps the critical role of FGF2 in vivo during vascular induction is the up regulation of 
KDR. Once KDR is upregulated in mesodermal progenitors (not all of which will become 
endothelial cells'̂ ), they become capable of responding to VEGF, which is initially produced 
only in the visceral endoderm of the mouse yolk sac.^ KDR-expressing mesodermal progeni-
tors are exquisitely sensitive to the bioactive levels of VEGF, which therefore exerts a 
dose-dependent effect on vasculogenesis. This is evidenced by the fact that mice heterozygous 
for a null mutation in the Vegfa gene die in utero due to failed vascular development: In these 
mutants, endothelial cells differentiate, but in a delayed fashion, and this leads to disorganized 
blood vessels and disrupts hematopoietic cell formation. Similarly, embryos lacking KDR 
exhibit arrested vascular development and embryonic lethality. These mutants form endothe-
lial precursors, but they fail to differentiate into mature endothelial cells, thereby halting blood 
island development and vascular plexus formation. ̂ ^ The data obtained from the KDR null 
mice have been corroborated in both the avian and Xenopus systems. In quail embryos, KDR 
expression was knocked down and revealed that primitive endothelial cells developed in the 
absence of KDR, but no mature endothelial networks formed. ̂ ^ In addition, it was demon-
strated that quail mesoderm isolated from embryos can form hemangioblasts upon treatment 
with VEGF, even in the absence of contact with endoderm.^^ When VEGF was ectopically 
expressed in Xenopus embryos, large disorganized vascular structures containing mature endot-
helial cells formed. Taken together, these data indicate that VEGF is critically important for 
the differentiation and/or survival of mature endothelial cells. 

Role ofVEGF/Neuropilin Signaling in the Endothelial Lineage 
Recently, two novel VEGF receptors were discovered and termed neuropilin 1 and 2 (NRPl 

and NRP2). Originally, the neuropilins were identified in the nervous system as transmembrane 
receptors for class III semaphorins, which provide repulsive cues during the axon guidance of 
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FGF receptor 1 (FGFRl) results in an accumulation of epiblast cells, as they fail to migrate
through the primitive streak and form mesoderm, further emphasizing the importance ofFGF
signaling in mesoderm formation. 3 VEGF has critical roles in the subsequent stages of meso
dermal commitment and differentiation, but unlike BMP4 and FGF2, VEGF is not known to
playa role in mesoderm formation.
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During embryogenesis, commitment of multipotent mesodermal cells to an endothelial

cell lineage is thought to be regulated by soluble signals derived from adjacent endodermal
cells. In the murine yolk sac, visceral endoderm elicits signals needed for vascular induction,
although the hierarchy of such signals is not yet clear. One such soluble effector is indian
hedgehog (IHH) (Fig. 1B). Using mouse embryo explant cultures lacking endoderm, it was
discovered that IHH can respecifJ anterior epiblast cells, which normally form neuroectoderm,
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for vascular induction. IHH's downstream effector in this pathway may be BMP4, as it is
upregulated in response to IHH signaling (Fig. 1B).4 In support of this theory, aberrant
vasculogenesis and hematopoiesis has been demonstrated in BMP4-null mutant mouse em
bryos that survive past the egg cylinder chamber stage.2
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Synergistic signaling between IHH and endoderm-derived FGF2 is thought to promote the
expression of the VEGF receptor KDR (also known as FLK1 or VEGFR2) in adjacent meso
dermal cells (Fig. 1B). A role for FGF2 in the formation ofendothelial precursors, angioblasts,
from mesoderm has been demonstrated in the quail embryo, where explant cultures consistin§
ofonly mesoderm lack the abiliry to undergo angioblast formation unless treated with FGF2.
Furthermore, isolated FGF2-treated epiblast cells are capable of forming endothelial cells in
vitro.6 Perhaps the critical role ofFGF2 in vivo during vascular induction is the upregulation of
KDR. Once KDR is upregulated in mesodermal progenitors (not all of which will become
endothelial celll), they become capable of responding to VEGF, which is initially produced
only in the visceral endoderm of the mouse yolk sac.s KDR-expressing mesodermal progeni
tors are exquisitely sensitive to the bioactive levels of VEGF, which therefore exerts a
dose-dependent effect on vasculogenesis. This is evidenced by the fact that mice heterozygous
for a null mutation in the Vegfa gene die in utero due to failed vascular development: In these
mutants, endothelial cells differentiate, but in a delayed fashion, and this leads to disorganized
blood vessels and disrupts hematopoietic cell formation.9 Similarly, embryos lacking KDR
exhibit arrested vascular development and embryonic lethality. These mutants form endothe
lial precursors, but they fail to differentiate into mature endothelial cells, thereby halting blood
island development and vascular plexus formation. lO The data obtained from the KDR null
mice have been corroborated in both the avian and Xenopus systems. In quail embryos, KDR
expression was knocked down and revealed that primitive endothelial cells developed in the
absence of KDR, but no mature endothelial networks formed. II In addition, it was demon
strated that quail mesoderm isolated from embryos can form hemangioblasts upon treatment
with VEGF, even in the absence of contact with endoderm. 12 When VEGF was ectopically
expressed in Xenopus embryos, large disorganized vascular structures containing mature endot
helial cells formed. 13 Taken together, these data indicate that VEGF is critically important for
the differentiation and/or survival of mature endothelial cells.

Role ofVEGFINeuropilin Signaling in the Endothelial Lineage
Recently, two novel VEGF receptors were discovered and termed neuropilin 1 and 2 (NRP1

and NRP2). Originally, the neuropilins were identified in the nervous system as transmembrane
receptors for class III semaphorins, which provide repulsive cues during the axon guidance of
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several embiyonic nerves.^ ' ^ Both NRPl and NRP2 are also expressed on endodielial cells, 
where diey function as isoform-specific VEGF receptors.^ '̂̂ '̂  NRPl null mice are embryonic 
lethal between El2.5 and El3.5 due to cardiovascular defects, including defective aortic arch 
remodeling and formation of abnormal capillary networks in the brain and spinal cord.^^ In 
contrast, NRP2 null mice have been reported to be viable and fertile. ̂ ^ However, ablation of 
both NRPl and NRP2 results in embryonic lethality by E8.5 in the mouse, as no organized 
blood vessels are formed, similar to the KDR and VEGF null phenotypes.^^ This demon-
strates, once again, the necessity of precise VEGF signaling for early vascular development. 

Capillary Plexus Formation 
As endothelial cells are committed and differentiated during vasculogenesis, their prolifera-

tion, migration and coalescence into a primitive capillary plexus must be well coordinated. 
VEGF signaling is critically important in this process, as it promotes endothelial cell prolifera-
tion^^'^^ and modulates migration."^" '̂̂ ^ FGF2 is also involved in the stimulation of endothelial 
cell proliferation,^^ and has been shown to function synergistically with VEGF. '̂ '̂̂ ^ The 
mitogenic effects of VEGF are thought to be mediated largely by the KDR receptor.^^'^^ In 
contrast, an alternative VEGF receptor termed FLTl (also known as VEGFRl) is thought to 
modulate VEGF s proliferative effects by sequestering locally available soluble VEGF. Consis-
tent with this idea is the phenotype of embryos lacking FLTl: These mutants exhibit excessive 
endothelial cell formation, which leads to the formation of a disorganized vascular plexus inca-
pable of remodeling into a functional circulatory network.^^'^^ In addition, a soluble form of 
FLTl termed sFLTl is thought to be critical to shape VEGF gradients in the environment of 
growing blood vessels to promote directional vessel growth.^^ These studies emphasize the fact 
that although VEGF's mitogenic effects are essential for capillary plexus formation, they must 
be balanced to prevent excessive endothelial cell proliferation and promote sprouting. 

Vascular Remodeling 
Once a primitive endothelium has been formed and patterned, the next aspect of blood 

vessel development is remodeling of the plexus to promote the establishment of a mature circu-
latory network. 

Endothelial Cell Proliferation, Migration and Survival 
Vascular remodeling is a complex process, in which a balance between signals to induce and 

inhibit endothelial cell proliferation must be reached. This process involves multiple signaling 
cascades as well as cell-cell and cell-matrix communications. Factors involved in maintaining 
the appropriate rate of endothelial cell proliferation include VEGF, FGF2, retinoic acid (RA), 
and transforming growth factor beta (TGFBl). VEGF and FGF2 are needed for the induction 
of endothelial cell proliferation. However counteractive anti-proliferative signals such as RA 
and TGFBl^^ are an equally essential requirement for appropriate blood vessel formation. 

Retinaldehyde dehydrogenase 2 (RALDH2) converts retinol (vitamin A) into its biologi-
cally active metabolite retinoic acid. Like other mesoderm modulating factors in the develop-
ing murine yolk sac, RALDH2 is expressed by the visceral endoderm, where active production 
of retinoic acid occurs. Retinoic acid is actively secreted from the visceral endoderm and inter-
acts with retinoic acid receptors (RARAl/2) expressed by the vascular endothelium.^^ RARAl/ 
2 signaling direcdy inhibits endothelial cell cycle progression via upregulation of two cell cycle 
inhibitors, the cyclin-dependent kinase inhibitors p21 (CDKNIA) and p27 (CDKNIB),^ 
and indirecdy suppresses growth via upregulation of the anti-proliferative cytokine TGFBl. 
TGFBl likely acts through the SMAD5 pathway to upregulate the production of extracellular 
matrix protein fibronectin, which then functions to promote visceral endoderm survival and 
signals via integrins present on vascular endothelium. Of particular importance are integrins 
alpha 5 beta 1 and alpha V beta 3, which both bind fibronectin, but eUcit opposite responses. 
Signalling of integrin alpha 5 beta 1 via a currently undefined intracellular signaling pathway 
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several embryonic nerves. 14,15 Both NRPI and NRP2 are also expressed on endothelial cells,
where they function as isoform-specific VEGF receptors. 16,17 NRPI null mice are embryonic
lethal between EI2.5 and E13.5 due to cardiovascular defects, including defective aortic arch
remodeling and formation of abnormal capillary networks in the brain and spinal cord. 18 In
contrast, NRP2 null mice have been reported to be viable and fertile. 19 However, ablation of
both NRPI and NRP2 results in embryonic lethality by E8.5 in the mouse, as no organized
blood vessels are formed, similar to the KDR and VEGF null phenotypes.2o This demon
strates, once again, the necessity of precise VEGF signaling for early vascular development.

Capillary Plexus Formation
As endothelial cells are committed and differentiated during vasculogenesis, their prolifera

tion, migration and coalescence into a primitive capillary plexus must be well coordinated.
VEGF signaling is critically important in this process, as it promotes endothelial cell prolifera
tion21-23 and modulates migration.24-26 FGF2 is also involved in the stimulation ofendothelial
cell proliferation,27 and has been shown to function synergistically with VEGF.24,28,29 The
mitogenic effects ofVEGF are thought to be mediated largely by the KDR receptor.26.30 In
contrast, an alternative VEGF receptor termed FLTI (also known as VEGFRl) is thought to
modulate VEGF's proliferative effects by sequestering locally available soluble VEGF. Consis
tent with this idea is the phenotype ofembryos lacking FLT1: These mutants exhibit excessive
endothelial cell formation, which leads to the formation ofa disorganized vascular plexus inca
pable of remodeling into a functional circulatoty network.31 .32 In addition, a soluble form of
FLTI termed sFLTI is thought to be critical to shape VEGF gradients in the environment of
growing blood vessels to promote directional vessel growth.33 These studies emphasize the fact
that although VEGF's mitogenic effects are essential for capillary plexus formation, they must
be balanced to prevent excessive endothelial cell proliferation and promote sprouting.

Vascular Remodeling
Once a primitive endothelium has been formed and patterned, the next aspect of blood

vessel development is remodeling ofthe plexus to promote the establishment ofa mature circu
latory network.

Endothelial Ceo Proliferation, Migration and Survival
Vascular remodeling is a complex process, in which a balance between signals to induce and

inhibit endothelial cell proliferation must be reached. This process involves multiple signaling
cascades as well as cell-cell and cell-matrix communications. Factors involved in maintaining
the appropriate rate of endothelial cell proliferation include VEGF, FGF2, retinoic acid (RA),
and transforming growth factor beta (TGFB1). VEGF and FGF2 are needed for the induction
of endothelial cell proliferation. However counteractive anti-proliferative signals such as RA34

and TGFB1 35 are an equally essential requirement for appropriate blood vessel formation.
Retinaldehyde dehydrogenase 2 (RALDH2) converts retinol (vitamin A) into its biologi

cally active metabolite retinoic acid. Like other mesoderm modulating factors in the develop
ing murine yolk sac, RALDH2 is expressed by the visceral endoderm, where active production
of retinoic acid occurs. Retinoic acid is actively secreted from the visceral endoderm and inter
acts with retinoic acid receptors (RARA1I2) expressed by the vascular endothelium.35 RARAlI
2 signaling directly inhibits endothelial cell cycle progression via upregulation of two cell cycle
inhibitors, the cyclin-dependent kinase inhibitors p21 (CDKNIA) and p27 (CDKNIB),34
and indirectly suppresses growth via upregulation of the anti-proliferative eytokine TGFB1.
TGFB1 likely acts through the SMAD5 pathway to upregulate the production ofextracellular
matrix protein fibronectin, which then functions to promote visceral endoderm survival and
signals via integrins present on vascular endothelium. Of particular importance are integrins
alpha 5 beta 1 and alpha V beta 3, which both bind fibronectin, but elicit opposite responses.
Signalling of integrin alpha 5 beta 1 via a currently undefined intracellular signaling pathway
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serves to block endothelial cell proliferation; in contrast, integrin alpha v beta 3 signals via the 
KDR/MAPK pathway to promote endotheUal cell proliferation.^^ The maintenance of a deli-
cate equilibrium between these signaling events is necessary to regulate the proper branching 
and remodeling required for development of a mature vascular network. 

Role ofMechanotransduction and Flow in the Maintenance of Blood Vessels 
Once blood vessels have formed, and likely concurrent with the remodeling process, forti-

fication of the vessel wall is initiated in response to hemodynamic forces, which are exerted 
upon endothelial cells by the newly established circulatory flow. Genomic studies in vitro have 
identified a multitude of genes that are differentially regtdated by various types of hemody-
namic forces, including laminar shear stress, turbulent shear stress, and disturbed flow. ' ^ 
These studies provide strong evidence that endothelial cells not only have the ability to "sense" 
hemodynamic forces, but that they are also capable of discriminating between different types 
of biomechanical stimuli. In partictdar, shear stress has been shown to promote endothelial cell 
survival via two main events, cell growth and inhibition of cell death (apoptosis). While the 
role of VEGF in endothelial response to shear stress is currendy unknown, its receptor KDR 
appears of great importance: KDR is a mechanosensor that converts mechanical stimuli into 
chemical signals, as both its expression and activation level increase in response to laminar 
shear stress. ^ Upon exposure to fluid shear stress, endothelial cells also upregulate KDR ex-
pression to activate bodi ERK and JNK kinases, which are downstream targets of the MAPK 
pathway. ^ Once these pathways are initiated, the transcription of immediate early response 
genes such as monocyte chemotactic protein 1 and FOS is upregulated to promote endothelial 
cell growth. Anti-apoptotic signaling pathways are also regulated by shear stress. Activation 
of the receptor tyrosine kinases KDR and TIE2 initiates a signaling cascade, in which activa-
tion of PI3K promotes the phosphorylation of AKT, which in turn triggers the upregulation of 
nitric oxide production and thereby elicits an antiapoptotic signal to endothelial cells in the 
blood vessel wall. ^ Endothelial expression of p21 drastically increases in response to in-
creased nitric oxide production, resulting in the inhibition of endothelial cell apoptosis. Vice 
versa, loss of p21 significandy increases endothelial cell death in response to shear stress, dem-
onstrating that p21 is one of the major factors mediating the anti-apoptotic effect of shear 
stress. In addition to its anti-apoptotic role, p21 creates a G l to S phase block via 
cyclin-dependent kinase phosphorylation of the retinoblastoma protein, ^ thus decreasing the 
rate of DNA synthesis during exposure to laminar shear stress. 

Hemogenic Specification and Hematopoiesis 

Developmental Origin of Hematopoietic Progenitors 
In the mouse, primitive hematopoiesis is initiated in the yolk sac between embryonic day 

7.0 and 7.5, producing predominandy nucleated erythroid cells expressing embryonic globin. 
A second wave of hematopoiesis is initiated in the yolk sac^^ and embryo proper between 
ElO.O and El 1.0,̂ ^ when definitive hematopoietic stem cells (HSCs), capable of repopidating 
the neonate or adult blood system, arise in the aorta-gonad-mesonephros (AGM) region. Within 
the AGM, hematopoietic precursors are seen as clumps of cells that appear to bud from endot-
helial cells of the ventral wall of the dorsal aorta, and the umbilical and vitelline arteries. 
Thus, during definitive as well as primitive yolk sac hematopoiesis, there is a close spatial and 
temporal association between endothelial and hematopoietic cell development. Studies in both 
chick and mouse have shown that AGM-derived yolk sac cells, which give rise to endothelial 
cells of the yolk sac vasculature, also have the capacity to generate definitive hematopoietic cells 
in vitro. Together, these findings point to endothelium as the most likely source of definitive 
hematopoietic precursors in the developing embryo. However, the differing interpretation of 
the current body of experimental evidence has yielded three major theories for the origin and 
specification of the hematopoietic lineage (Fig. 2). 
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serves to block endothelial cell proliferation; in contrast, integrin alpha v beta 3 signals via the
KDRiMAPK pathway to promote endothelial cell proliferation.35 The maintenance of a deli
cate equilibrium between these signaling events is necessary to regulate the proper branching
and remodeling required for development of a mature vascular network.

Role ofMechanotransduction and Flow in the Maintenance ofBlood *ssels
Once blood vessels have formed, and likely concurrent with the remodeling process, foni

fication of the vessel wall is initiated in response to hemodynamic forces, which are exened
upon endothelial cells by the newly established circulatory flow. Genomic studies in vitro have
identified a multitude of genes that are differentially regulated by various types of hemody
namic forces, including laminar shear stress, turbulent shear stress, and disturbed flow. 36-40
These studies provide strong evidence that endothelial cells not only have the abiliry to "sense"
hemodynamic forces, but that they are also capable of discriminating between different types
ofbiomechanical stimuli. In particular, shear stress has been shown to promote endothelial cell
survival via two main events, cell growth and inhibition of cell death (apoptosis). While the
role ofVEGF in endothelial response to shear stress is currently unknown, its receptor KDR
appears of great importance: KDR is a mechanosensor that converts mechanical stimuli into
chemical si~nals, as both its expression and activation level increase in response to laminar
shear stress. ! Upon exposure to fluid shear stress, endothelial cells also upregulate KDR ex
pression to activate both ERK and JNK kinases, which are downstream targets of the MAPK
pathway.42 Once these pathways are initiated, the transcription of immediate early response
genes such as monocyte chemotactic protein I and FOS is upregulated to promote endothelial
cell growth.43 Anti-apoptotic signaling pathways are also regulated by shear stress. Activation
of the receptor tyrosine kinases KDR and TIE2 initiates a signaling cascade, in which activa
tion ofPI3K promotes the phosphorylation ofAKT, which in turn triggers the upregulation of
nitric oxide production and thereby elicits an antiapoptotic signal to endothelial cells in the
blood vessel wall.44-47 Endothelial expression of p2I drastically increases in response to in
creased nitric oxide production, resulting in the inhibition ofendothelial cell apoptosis.48 Vice
versa, loss of p21 significantly increases endothelial cell death in response to shear stress, dem
onstrating that p21 is one of the major factors mediating the anti-apoptotic effect of shear
stress.48 In addition to its anti-apoptotic role, p21 creates a G 1 to S phase block via
cyclin-dependent kinase phosphorylation of the retinoblastoma protein,49 thus decreasing the
rate of DNA synthesis during exposure to laminar shear stress.

Hemogenic Specification and Hematopoiesis

Developmental Origin ofHematopoietic Progenitors
In the mouse, primitive hematopoiesis is initiated in the yolk sac between embryonic d~

7.0 and 7.5, producing predominantly nucleated erythroid cells expressing embryonic globin. 0
A second wave of hematopoiesis is initiated in the yolk sac5! and embryo proper52 between
E10.0 and E11.0,53 when definitive hematopoietic stem cells (HSCs), capable of repopulating
the neonate or adult blood system, arise in the aorra-gonad-mesonephros (AGM) region. Within
the AGM, hematopoietic precursors are seen as clumps ofcells that appear to bud from endot
helial cells of the ventral wall of the dorsal aorta, and the umbilical and vitelline aneries.54

Thus, during definitive as well as primitive yolk sac hematopoiesis, there is a close spatial and
temporal association between endothelial and hematopoietic cell development. Studies in both
chick and mouse have shown that AGM-derived yolk sac cells, which give rise to endothelial
cells of the yolk sac vasculature, also have the capacity to generate definitive hematopoietic cells
in vitro.55 Together, these findings point to endothelium as the most likely source ofdefinitive
hematopoietic precursors in the developing embryo. However, the differing interpretation of
the current body of experimental evidence has yielded three major theories for the origin and
specification of the hematopoietic lineage (Fig. 2).
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Figure 2. Theories of hematopoietic specification during embryogenesis. Schematic representa-
tion of the three major alternative theories for the developmental emergence of primitive endot-
helial and hematopoietic lineages: (A) the bipotenfhemangioblast'', (B) "hemogenic" endothe-
lium, and (C) gastrulation-specified endothelial and hematopoietic progenitors. 

Endothelial and Hematopoietic Cells May Share a Common Progenitor 
In blood islands of the yolk sac, where the earliest hematopoietic cells appear, cells in the 

hematopoietic and endothelial lineage arise almost simultaneously from the extraembryonic 
paraxial mesoderm to form a primitive capillary plexus, in which primitive nucleated erythro-
blasts are intimately associated with maturing endothelial cells. This observation has led to 
the hypothesis that both lineages arise from a common precursor (Fig. 2A). This concept is 
supported by experimental evidence suggesting the shared expression of hematopoietic and 
endothelial-specific genes in both lineages. Even though the physical proximity of endothelial 
and hematopoietic cells in the developing embryo does not prove the existence of a common 
progenitor, supportive evidence for this concept is provided by in vitro studies, which demon-
strate the formation of clonal blast colony-forming cells capable of generating both primitive 
hematopoietic and endothelial cell types under appropriate culture conditions. These cells 
express markers associated with both hematopoietic and vascular development, including 
j ^ j ^ 60-62 'jp^i 50,65 VE-cadherin^^ and GATAl .̂ ^ Cell tracking studies of transgenic murine 
embryos with GFP targeted to the brachyury locus have also identified clonal progenitors in the 
gastrulating mouse embryo that are capable of forming blast cell colonies with ex vivo hemato-
poietic and vascular potential.^ 

Hematopoietic Cells May Be Derived from Specialized Hemogenic Endothelium 
An alternative theory, equally consistent with existing evidence, postulates that blood form-

ing cells are specified from mesodermally-derived primitive endothelium known as hemogenic 
endothelium (Fig. 2B). Clusters of hematopoietic precursors that appear to derive directly from 
the vascular endothelium in vivo have been observed in developing blood vessels of numerous 
vertebrate species, and their appearance correlates with the developmental timing of definitive 
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Figure 2. Theories of hematopoietic specification during embryogenesis. Schematic representa
tion of the three major alternative theories for the developmental emergence of primitive endot
helial and hematopoietic lineages: (A) the bipotent "hemangioblast", (B) "hemogenic" endothe
lium, and (C) gastrulation-specified endothelial and hematopoietic progenitors.

Endothelial and Hematopoietic Cells May Share a Common Progenitor
In blood islands of the yolk sac, where the earliest hematopoietic cells appear, cells in the

hematopoietic and endothelial lineage arise almost simultaneously from the extraembryonic
paraxial mesoderm to form a primitive capillary plexus, in whichtrimitive nucleated erythro
blasts are intimately associated with maturing endothelial cells.5 This observation has led to
the hypothesis that both lineages arise from a common precursor (Fig. 2A). This concept is
supported by experimental evidence suggesting the shared expression of hematopoietic and
endothelial-specific genes in both lineages. Even though the physical proximity ofendothelial
and hematopoietic cells in the developing embryo does not prove the existence of a common
progenitor, supportive evidence for this concept is provided by in vitro studies, which demon
strate the formation of clonal blast colony-forming cells capable of generating both primitive
hematopoietic and endothelial cell types under appropriate culture conditions. 57-59 These cells
express markers associated with both hematopoietic and vascular development, including
KDR,60-62 TALI ,50,63 VE-cadherin64 and GATAI.65 Cell tracking studies of transgenic murine
embryos with GFP targeted to the brachyury locus have also identified clonal progenitors in the
gastrulating mouse embryo that are capable offorming blast cell colonies with ex vivo hemato
poietic and vascular potential.66

Hematopoietic Cells May Be Derived from Specialized Hemogenic Endothelium
An alternative theory, equally consistent with existing evidence, postulates that blood form

ing cells are specified from mesodermally-derived primitive endothelium known as hemogenic
endothelium (Fig. 2B). Clusters ofhematopoietic precursors that appear to derive directly from
the vascular endothelium in vivo have been observed in developing blood vessels of numerous
vertebrate species, and their appearance correlates with the developmental timing of definitive
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hematopoietic cells. In the murine yolk sac and embryo proper, cells with blood-forming 
capacity have also been found to reside within the vascular endothelium. A population of cells 
termed side population cells has been isolated from murine yolk sac and embryo prior to the 
onset of circulation; this cell population resides within the vascular endothelium, expresses high 
levels of endothelial markers, and fails to generate blood cells in vitro; however, as development 
progresses, this cell population acquires hematopoietic potential and phenotypic characteristics 
similar to those of bone marrow side population cells, suggesting a developmental transition 
from an endothelial to a hematopoietic progenitor cell type. Culture studies also provided 
support for the model of hematopoietic specification from hemogenic endothelium. In particu-
lar, a population of primitive endothelial-like cells was isolated from human embryonic stem 
cell cultures, which expresses the endothelial markers PECAMl, KDRand VE-cadherin (PFV+), 
but not the hematopoetic lineage marker CD45; when treated with VEGF, these cells were 
shown to generate mature endothelial cells, whilst treatment with hematopoietic growth factors 
facilitated hematopoietic development. These studies therefore identified PFV+/CD45- cells 
as a distinct bipotent progenitor population capable of supporting the progressive development 
of the endothelial and hematopoietic lineages. Most significantly, these studies demonstrated 
the stepwise generation of hematopoietic and endothelial cell precursors from midtipotent em-
bryonic cells, revealing a hierarchical organization of cell fate commitment, which supports the 
idea that hematopoietic and endothelial cells derive from a subset of embryonic endothelium 
with hemangioblastic properties. 

Endothelial and Hematopoietic Progenitors May Be Independently Specified 
during Gastnilation 

Other studies suggest that there is no common lineage between blood and endothelial cells, 
and that both are instead independently specified during gastrulation (Fig. 2C). Studies of the 
early primitive streak-stage embryo confirmed that cells derived from the primitive( streak 
preferentially contribute to the erythrocyte precursor population of the developing vascular 
blood islands.^ In contrast, cells derived from the primitive streak of mid-primitive streak-stage 
embrvos appear to contribute primarily to the endothelium, with little or no erythroid compo-
nent. Perhaps most significantly, simultaneous contribution of primitive streak progenitors to 
blood islands and vitelline endothelium is rarely seen to occur at the same location within yolk 
sac mesoderm. These observations suggest that the allocation and recruitment of early pro-
genitor cells to the endothelial and hematopoietic lineages likely occurs at different stages of 
gastrulation, and is therefore both spatially and temporally segregated during morphogenesis 
of the vitelline vessels. 

Sununary 
The relationship between hematopoietic precursors derived from hemogenic endothelium 

and putative yolk sac hemangioblasts remains unclear. Progenitors capable of reconstituting neo-
natal hematopoiesis arise in the yolk sac before circulation, and may be related to, or even 
derived from, the earlier born yolk sac hemangioblast. However, definitive hematopoietic stem 
cells that first arise in the AGM region are thought to be unrelated by lineage to yolk sac-derived 
precursors, because their development occurs independently of any circulation of cells from the 
yolk sac. Isolation of single cells that can give rise to both endotheUal and hematopoietic cells in 
vitro provides clear evidence of a common origin for the two lineages. However, it does not 
distinguish whether this common precursor makes a simple choice between the two lineages, or 
whether endothelium is formed first and blood forming cells are specified subsequendy, or whether 
there is a more primitive midtipotent precursor, whose potency remains undefined. 

Developmental Regulation of Hematopoietic Progenitors 
Although the cellular origin of hematopoietic cells is still debated, a number of signaling 

molecules have been shown to play critical roles in the specification and differentiation of 
blood cells. 
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hematopoietic cells.54 In the murine yolk sac and embryo proper, cells with blood-forming
capacity have also been found to reside within the vascular endothelium.67 A population ofcells
termed side population cells has been isolated from murine yolk sac and embryo prior to the
onset ofcirculation; this cell population resides within the vascular endothelium, expresses high
levels ofendothelial markers, and fails to generate blood cells in vitro; however, as development
progresses, this cell population acquires hematopoietic potential and phenotypic characteristics
similar to those of bone marrow side population cells, suggesting a developmental transition
from an endothelial to a hematopoietic progenitor cell type.67 Culture studies also provided
support for the model ofhematopoietic specification from hemogenic endothelium. In particu
lar, a population of primitive endothelial-like cells was isolated from human embryonic stem
cell cultures, which expresses the endothelial markers PECAM1, KDRand VE-cadherin (PFV+),
but not the hematopoetic lineage marker CD45; when treated with VEGF, these cells were
shown to generate mature endothelial cells, whilst treatment with hematopoietic growth factors
facilitated hematopoietic development.68 These studies therefore identified PFV+/CD45- cells
as a distinct bipotent progenitor population capable ofsupporting the progressive development
of the endothelial and hematopoietic lineages. Most significantly, these studies demonstrated
the stepwise generation ofhematopoietic and endothelial cell precursors from multipotent em
bryonic cells, revealing a hierarchical organization ofcell fate commitment, which supports the
idea that hematopoietic and endothelial cells derive from a subset of embryonic endothelium
with hemangioblastic properties.

Endothelial and Hematopoietic Progenitors May Be Independently Specified
during Gastrulation

Other studies suggest that there is no common lineage between blood and endothelial cells,
and that both are instead independently specified during gastrulation (Fig. 2e). Studies of the
early primitive streak-stage embryo confirmed that cells derived from the primitive( streak
preferentially contribute to the erythrocyte precursor population of the developing vascular
blood islands. 1 In contrast, cells derived from the primitive streak ofmid-primitive streak-stage
embrros appear to contribute primarily to the endothelium, with little or no erythroid compo
nent. Perhaps most significantly, simultaneous contribution ofprimitive streak progenitors to
blood islands and vitelline endothelium is rarely seen to occur at the same location within yolk
sac mesoderm. I These observations suggest that the allocation and recruitment of early pro
genitor cells to the endothelial and hematopoietic lineages likely occurs at different stages of
gastrulation, and is therefore both spatially and temporally segregated during morphogenesis
of the vitelline vessels.

Summary
The relationship between hematopoietic precursors derived from hemogenic endothelium

and putative yolk sac hemangioblasts remains unclear. Progenitors capable of reconstituting neo
natal hematopoiesis arise in the yolk sac before circulation,51 and may be related to, or even
derived from, the earlier born yolk sac hemangioblast. However, definitive hematopoietic stem
cells that first arise in the AGM region are thought to be unrelated by lineage to yolk sac-derived
precursors, because their development occurs independently of any circulation of cells from the
yolk sac.53 Isolation ofsingle cells that can give rise to both endothelial and hematopoietic cells in
vitro provides clear evidence of a common origin for the two lineages. However, it does not
distinguish whether this common precursor makes a simple choice between the two lineages, or
whether endothelium is formed first and blood forming cells are specified subsequently, orwhether
there is a more primitive multipotent precursor, whose potency remains undefined.

Developmental Regulation ofHematopoietic Progenitors
Although the cellular origin of hematopoietic cells is still debated, a number of signaling

molecules have been shown to play critical roles in the specification and differentiation of
blood cells.



Embryonic Vasculogenesis and Hematopoietic Specification 47 

VEGF/KDR 
As previously discussed, KDR plays a key role in die developmental r^;ulation of hematopoiesis 

as well as vasculogenesis. Generally recognized as die earliest antigenic marker of developing endot-
helial cells, Kdr expression can be detected in mesodermally derived blood island progenitors as early 
as E7.0. ' Mice deficient in KDR fail to develop definitive hematopoietic cells capable of long-term 
engrafiment in an irradiated recipient, nor do thev make fimctional blood vessels, and they therefore 
die in midgestation, between E8.5 and 9.5.^^' In chimeric a ^ r ^ t i o n smdies using wild-type 
mouse embryos, KDR null ES cells fail to contribute to primitive or definitive hematopoiesis in 
vivo, su^esting a cell autonomous requirement for KDR signaling in hematopoietic development.'^^ 
Furthermore, VEGF signaling fi-om the yolk sac endoderm via KDR is required for the hematopoi-
etic differentiation of mesoderm.̂ '̂ '̂'̂ ^ Moreover, both vasculogenesis and hematopoiesis are im-
paired in mice homozygous for a hypomorphic VEGF allele, and decreased KDR activity.^ Al-
though the findings described above demonstrate that VEGF/KDR signalling plays a crucial role in 
promoting hematopoiesis, it may not be essential for the initial specification of hematopoietic pre-
cursors KDR-deficient ES cells retain some hematopoietic potential in vitro^^ and KDR null mouse 
because embryos contain normal numbers of hematopoietic progenitors at E7.5, even though they 
are profoundly deficient at E8.5.^^ Rather than being required for specification, VEGF/KDR sig-
nalling may provide an important signal for the subsequent survival, migration and clonal expan-
sion of hematopoeic progenitors. Consistent with this idea, KDR+ cells of mouse embryos carrying 
a hypomorphic Ve^a allele reach the yolk sac on time by E8.5, but are severely compromised in their 
ability to generate primitive erythroid precursors, perhaps because VEGF normally prolongs the life 
span of primitive erythroid progenitors by inhibiting apoptosis.'̂  

TALI 
The transcription factor TALI (also known as SCL) is first coexpressed with KDR around 

E7.0 in the visceral mesoderm and in vitro promotes the early stages of differentiation of meso-
derm into cells of the hematopoietic lineage.^^' Gene targeting and chimera analyses demon-
strated a requirement of TALI for the generation of both primitive and definitive hematopoi-
etic lineages and for the appropriate remodeling of the yolk sac vasculature in vivo. 
Specifically, TALI null mutant embryos are embryonic lethal, as they fail to initiate yolk sac 
hematopoiesis. KDR+ cells isolated from differentiating TALI null ES cells also fail to generate 
either blood or endothelial cells in vitro,^^ suggesting that KDR signaling and TALI expression 
synergise during early hematopoietic development. 

GATAl, GATA2, L M 0 2 and RUNXl 
The transcription factors GATAl, GATA2, LM02 and RU>DC1 also play important roles 

in the fate determination of the hematopoietic lineage. GATAl and GATA2 are essential for 
both embryonic and adult erythropoiesis: Loss of GATAl in knockout mouse embryos halts 
erythroid differentiation at the proerythroblast stage,^^ whilst loss of GATA2 function causes 
early embryonic lethality due to a primary defect in primitive hematopoiesis.^^ L M 0 2 is re-
quired for both vascular development and yolk sac hematopoiesis, and L M 0 2 null ES cells fail 
to contribute to the vascular endothelium of chimeric animals. ' Loss of function of any one 
of these three transcription factors yields a phenotype similar to that of TALI null mutant 
mice, consistent with the idea that LM02 may function cooperatively with GATAl and TALI 
to promote the specification of erythroid cells. ̂ ^ Definitive, but not primitive, hematopoiesis is 
also dependent on the transcription factor RU>DC1. RUNXl null mutant embryos undergo 
primitive yolk sac hematopoiesis normally, but die between El 1.0 and El2.0 due to a failure of 
definitive hematopoiesis. Z^cZ knock-in mice revealed expression oi Runxl in a subpopula-
tion of cells in the yolk sac endothelium and in the floor of the dorsal aorta, suggesting that 
RUlSDCl supports the differentiation of hemogenic endothelium in vivo, which contributes to 
definitive hematopoiesis. Consistent with this idea, aortic clusters of hematopoietic cells are 
absent in RU>DC1 null mutants,^^ and in vitro RU>DC1 null embryoid bodies produce clonal 
blast colony-forming cells at reduced numbers. 
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VEGFIKDR
As previously disrussed, KDR plays a key role in the developmental regulation ofhematopoiesis

as well as vasculogenesis. Generally recognized as the earliest antigenic marker ofdeveloping endot
helial cells, KilT expression can be detected in mesodermally derived blood island progenitors as early
as E7.0.62,69 Mice deficient in KDR fail to develop definitive hematopoietic cells capable oflong-term
engrafunent in an irradiated recipient, nor do th~make functional blood vessels, and they therefore
die in midgestation, between E8.5 and 9.5.10,7 In chimeric aggregation studies using wild-type
mouse embryos, KDR null ES cells fail to contribute to primitive or definitive hematopoiesis in
vivo, suggesting a cell autonomous requirement for KDRsignaling in hematopoietic development.7°
Furthermore, VEGF signaling from the yolk sac endoderm via KDR is required for the hematopoi
etic differentiation of mesoderm.9,32,7o Moreover, both vasculogenesis and hematopoiesis are im
paired in mice homozygous for a hypomorphic VEGF allele, and decreased KDR activity.8 Al
though the fmdings described above demonstrate that VEGFIKDR signalling plays a crucial role in
promoting hematopoiesis, it may not be essential for the initial specification ofhematopoietic pre
cursors KDR-deficient ES cells retain some hematopoietic potential in vitro7o and KDR null mouse
because embryos contain normal numbers ofhematopoietic progenitors at E7.5, even though they
are profoundly deficient at E8.5.71 Rather than being required for specification, VEGF/KDR sig
nalling may provide an important signal for the subsequent survival, migration and clonal expan
sion ofhematopoeic progenitors. Consistent with this idea, KDR+ cells ofmouse embryos carrying
a hypomorphic Veg{a allele reach the yolk sac on time by E8.5, but are severely compromised in their
ability to generate primitive erythroid precursors, perhaps because VEGF normally prolongs the life
span ofprimitive erythroid progenitors by inhibiting apoptosis.72

TALI
The transcription factor TALI (also known as SCL) is first coexpressed with KDR around

E7.0 in the visceral mesoderm and in vitro promotes the early stages ofdifferentiation ofmeso
derm into cells of the hematopoietic lineage.73,74 Gene targeting and chimera analyses demon
strated a requirement ofTALI for the generation of both primitive and definitive hemato~oi

etic lineages and for the appropriate remodeling of the yolk sac vasculature in vivo. 5-77
Specifically, TALI null mutant embryos are embryonic lethal, as they fail to initiate yolk sac
hematopoiesis. KDR+ cells isolated from differentiating TALI null ES cells also fail to generate
either blood or endothelial cells in vitro,78 suggesting that KDR signaling and TALI expression
synergise during early hematopoietic development.

GATAI, GATA2, LM02 and RUNXI
The transcription factors GATAl, GATAl, LM02 and RUNXI also play important roles

in the fate determination of the hematopoietic lineage. GATAI and GATA2 are essential for
both embryonic and adult erythropoiesis: Loss of GATAI in knockout mouse embryos halts
erythroid differentiation at the proerythroblast stage,79 whilst loss of GATA2 function causes
early embryonic lethality due to a primary defect in primitive hematopoiesis.8o LM02 is re
quired for both vascular development and yolk sac hematopoiesis, and LM02 null ES cells fail
to contribute to the vascular endothelium ofchimeric animals.81 ,82 Loss offunction ofanyone
of these three transcription factors yields a phenotype similar to that of TALI null mutant
mice, consistent with the idea that LM02 may function cooperatively with GATAI and TALI
to promote the specification oferythroid cells.81 Definitive, but not primitive, hematopoiesis is
also dependent on the transcription factor RUNXI. RUNXI null mutant embryos undergo
primitive yolk sac hemato£oiesis normally, but die between Ell.O and E12.0 due to a failure of
definitive hematopoiesis. LacZ knock-in mice revealed expression of Runxl in a subpopula
tion of cells in the yolk sac endothelium and in the floor of the dorsal aorta, suggesting that
RUNXI supports the differentiation ofhemogenic endothelium in vivo, which contributes to
definitive hematopoiesis.84 Consistent with this idea, aortic clusters of hematopoietic cells are
absent in RUNXI null mutants,85 and in vitro RUNXI null embryoid bodies produce clonal
blast colony-forming cells at reduced numbers.86
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Conclusions and Future Directions 
Experimentation in several embryonic model systems by many different laboratories has 

revealed that VEGF signaling is critical for the formation of an initial vascular plexus from 
multipotent mesodermal progenitors. Continued VEGF signaling, fine-tuned via its receptors 
and coreceptors, then modulates endothelial cell behavior to establish a functional circulatory 
network. Other signaling pathways function coordinately with VEGF to mediate vascular plexus 
remodeling, endothelial cell specification and mural cell recruitment. The formation of blood 
vessels and blood cells occurs concomitandy. The VEGF receptor KDR is widely recognized as 
a common marker of all cells possessing putative hemangioblast properties. Cells that retain 
KDR activity have endothelial potential, whereas cells that activate hematopoietic transcrip-
tion factors such as TALI and RUNXl gain hematopoietic activity. A subset of KDR-expressing 
cells that are TAL1+ may represent primitive hemangioblasts capable of initiating primitive 
yolk sac erythropoiesis, while KDR-expressing cells that are both TAL+ and RUNXl + repre-
sent definitive precursors for definitive hematopoiesis in the AGM and yolk sac.^^ This model 
of successive diversion of subsets of VEGF-responsive, KDR-expressing cells perhaps best ex-
plains our current understanding of the formation of endothelial, primitive hematopoietic and 
definitive hematopoietic precursors in the early embryo. However, continued research is needed 
to fully understand the complexity of VEGF signaling. Moreover, we need to increase our 
efforts to elucidate how VEGF signaling cooperates with other signaling pathways during vas-
cular development and hematopoiesis. Insights gained from ongoing work in developmental 
model systems will likely benefit the optimization of clinical therapies for those prevalent dis-
eases that are associated with disrupted blood cell and blood vessel formation. 
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Conclusions and Future Directions
Experimentation in several embryonic model systems by many different laboratories has

revealed that VEGF signaling is critical for the formation of an initial vascular plexus from
multipotent mesodermal progenitors. Continued VEGF signaling, fine-tuned via its receptors
and coreceptors, then modulates endothelial cell behavior to establish a functional circulatory
network. Other signaling pathways function coordinately with VEGF to mediate vascular plexus
remodeling, endothelial cell specification and mural cell recruitment. The formation of blood
vessels and blood cells occurs concomitantly. The VEGF receptor KDR is widely recognized as
a common marker of all cells possessing putative hemangioblast properties.8

? Cells that retain
KDR activity have endothelial potential, whereas cells that activate hematopoietic transcrip
tion factors such as TALI and RUNXI gain hematopoietic activity. A subset ofKDR-expressing
cells that are TALI + may represent primitive hemangioblasts capable of initiating primitive
yolk sac erythropoiesis, while KDR-expressing cells that are both TAL+ and RUNXI+ repre
sent definitive precursors for definitive hematopoiesis in the AGM and yolk sac.78 This model
of successive diversion of subsets ofVEGF-responsive, KDR-expressing cells perhaps best ex
plains our current understanding ofthe formation ofendothelial, primitive hematopoietic and
definitive hematopoietic precursors in the early embryo. However, continued research is needed
to fully understand the complexity of VEGF signaling. Moreover, we need to increase our
efforts to elucidate how VEGF signaling cooperates with other signaling pathways during vas
cular development and hematopoiesis. Insights gained from ongoing work in developmental
model systems will likely benefit the optimization of clinical therapies for those prevalent dis
eases that are associated with disrupted blood cell and blood vessel formation.
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CHAPTER 5 

Role of VEGF in Organogenesis 
Jody J. Haigh* 

Abstract 

The cardiovascular system, consisting of the heart, blood vessels and hematopoietic cells, 
is the first organ system to develop in vertebrates and is essential for providing oxygen 
and nutrients to the embryo and adult organs. Work done predominandy using the 

mouse and zebrafish as model systems has demonstrated that Vascular Endothelial Growth Fac-
tor (VEGF, also known as VEGFA) and its receptors KDR (FLK1/VEGFR2), FLTl (VEGFRl), 
NRPl and NRP2 play essential roles in many different aspects of cardiovascular development, 
including endothelial cell differentiation, migration and survival as well as heart formation and 
hematopoiesis. This review will summarize the approaches taken and conclusions reached in 
dissecting the role ofVEGF signalling in vivo during the development of the early cardiovasculature 
and other organ systems. The VEGF-mediated assembly of a functional vasculature is also a 
prerequisite for the proper formation of other organs and for tissue homeostasis, because blood 
vessels deliver oxygen and nutrients and vascular endothelium provides inductive signals to other 
tissues. Particular emphasis will therefore be placed in this review on the cellidar interactions 
between vascular endothelium and developing organ systems, in addition to a discussion of the 
role of VEGF in modulating the behavior of nonendothelial cell populations. 

Key Messages 
• VEGF plays a central role in the development of the cardiovasculature. 
• VEGF supports organogenesis indirecdy by promoting vascular development. 
• VEGF supports organogenesis direcdy by acting on various non-endothelial cell types. 

Introduction 
VEGF is initially expressed at high levels in the yolk sac and in embryonic sites of vessel 

formation to support the assembly of a cardiovascular system. However, in the embryo, VEGF 
continues to be expressed after the onset of blood vessel formation, consistent with the idea 
that it is instructive not only for cardiovascular development, but also for the development of 
other organ systems. In the adult, VEGF expression becomes restricted to specialized cell types 
in organs containing fenestrated endothelium, for example the kidney and pituitary. In addi-
tion, VEGF is up-regulated to mediate physiological angiogenesis during menstruation, ovida-
tion and in wound healing. The expression of VEGF in adults is also induced by environmen-
tal stress caused by hypoxia, anemia, myocardial ischemia, and tumor progression to initiate 
neovascularisation.'^ Hypoxia up-regulates transcription of the gene encoding VEGF iye^d) by 
activating the hypoxia-inducible factors HIFIA and HIF2A (formerly known as HIFl alpha 
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Abstract

T he cardiovascular system, consisting of the heart, blood vessels and hematopoietic cells,
is the first organ system to develop in vertebrates and is essential for providing oxygen
and nutrients to the embryo and adult organs. Work done predominantly using the

mouse and zebrafish as model systems has demonstrated that Vascular Endothelial Growth Fac
tor (VEGF, also known as VEGFA) and its receptors KDR (FLKlNEGFR2), FLTI (VEGFRl),
NRPI and NRP2 play essential roles in many different aspects of cardiovascular development,
including endothelial cell differentiation, migration and survival as well as heart formation and
hematopoiesis. This review will summarize the approaches taken and conclusions reached in
dissecting the role ofVEGF signalling in vivo during the development ofthe earlycardiovasculature
and other organ systems. The VEGF-mediated assembly of a functional vasculature is also a
prerequisite for the proper formation ofother organs and for tissue homeostasis, because blood
vessels deliver oxygen and nutrients and vascular endothelium provides inductive signals to other
tissues. Particular emphasis will therefore be placed in this review on the cellular interactions
between vascular endothelium and developing organ systems, in addition to a discussion of the
role ofVEGF in modulating the behavior of nonendothelial cell populations.

Key Messages
• VEGF plays a central role in the development of the cardiovasculature.
• VEGF supports organogenesis indirectly by promoting vascular development.
• VEGF supports organogenesis directly by acting on various non-endothelial cell types.

Introduction
VEGF is initially expressed at high levels in the yolk sac and in embryonic sites of vessel

formation to support the assembly ofa cardiovascular system. However, in the embryo, VEGF
continues to be expressed after the onset of blood vessel formation, consistent with the idea
that it is instructive not only for cardiovascular development, but also for the development of
other organ systems. In the adult, VEGF expression becomes restricted to specialized cell types
in organs containing fenestrated endothelium, for example the kidney and pituitary.! In addi
tion, VEGF is up-regulated to mediate physiological angiogenesis during menstruation, ovula
tion and in wound healing.2 The expression ofVEGF in adults is also induced by environmen
tal stress caused by hypoxia, anemia, myocardial ischemia, and tumor progression to initiate
neovascularisation.2 Hypoxia up-regulates transcription ofthe gene encodingVEGF (Vegfa) by
activating the hypoxia-inducible factors HIFIA and HIF2A (formerly known as HIFI alpha
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and HIF2 alpha; see Chapter by 3 M. Fruttiger).^' Several major growth factors up-regulate 
VEGF, including epidermal growth factor (EGF), insidin-like growth factor (IGFl), fibroblast 
growth factor 2 (FGF2; also known as basic FGF), fibroblast growth factor 7 (FGF7; formerly 
known as keratinocyte growth factor, KGF), platelet-derived growth factor (PDGF) and the 
tumour growth factors TGFA and TGFB (formerly known as TGF alpha and beta).^ In addi-
tion, inflammatory cytokines and hormones have been shown to induce VEGF expression. '̂  

The mouse VEGF gene iVegfa) gives rise by alternative mRNA splicing and proteolytic pro-
cessing to three major isoforms termed VEGF 120, VEGF 164 and VEGF 188 (see Chapter 1 by 
Y.-S. Ng).^ The corresponding human VEGF isoforms are one amino acid residue larger and 
therefore termed VEGF 121, VEGF 165 and VEGF189. In addition, a number of less abundant 
human isoforms have been described, including VEGF 145 VEGF 183, VEGF206. The VEGF 
isoforms differ not only in their molecular mass, but also in their solubility and receptor binding 
characteristics. VEGG188ArEGF189 and VEGF206 contain exons 6 and 7, which encode 
heparin-binding domains and mediate binding to heparan sulphate proteoglycan (HSPG) pro-
teins in the extracellular matrix (ECM), and on the cell surface and ECM. VEGF 120/VEGF121 
lacks the domains encoded by exons 6 and 7 and is therefore the most diffiisible isoform. 
VEGF 164A^EGF 165 contains the domain encoded by exon 7, but not exon 6, and accordingly 
has intermediate properties; 50-70% of this isoform remains associated with the cell surface and 
ECM. Due to the fact that these isoforms differ in their potential to bind to HSPGs, it is 
believed that they are differentially distributed in the environment of VEGF-secreting cells. The 
highest levels ofVEGF188 are detected in organs that are vascularized initially by vasculogenesis 
(e.g., lung, heart and liver), while organs vascularized primarily by angiogenesis, including brain, 
eye, muscle and kidney have higher levels of VEGF 164 and VEGF 120. The functional roles of 
these isoforms in organogenesis are described in more detail below. 

Approaches to Study VEGF during Organogenesis 
Exon 3 is contained in all known VEGF isoforms. The targeted deletion of a single Vegfa 

allele by neomycin gene insertion into this exon leads to embryonic lethality due to abnor-
mal blood vessel and heart development between E l l and E12, demonstra t ing 
haploinsufficiency.^^*^^ Using high G418 selection of the Vegfa+/- neomycin-resistant embry-
onic stem (ES) cells, Vegfa-/- ES cells could be produced, and these were used to make Vegfa-/ 
- embryos by tetraploid embryo-ES cell complementation approaches. The resultant Vegfa-/-
embryos were even more severely compromised than Vegfa+/- embryos and died between 
E9.5 and ElO owing to severe defects in vasculogenesis, angiogenesis and heart development, 
which was accompanied by tissue necrosis/apoptosis. 

Given the relatively early mid-gestational lethality associated with targeted VEGF gene in-
activation, alternative strategies have been employed to examine the role of VEGF during 
organogenesis and in the adult: VEGF function has been ablated at the protein level with 
sequestering antibodies, small molecule inhibitors that interfere with receptor tyrosine kinase 
signaling, or a soluble truncated chimeric VEGF receptor termed mFLTl(l-3)-IgG, which 
consists of the FLTl extracellular domain fused to an IgG-Fc domain and sequesters VEGF 
protein with high affinity. Ubiquitous inducible ablation of the conditional VEGF allele or 
administration of mFLTl(l-3)-IgG causes lethality and severe multi-organ abnormalities in 
neonatal mice.^^ The defects in the lung, heart and kidney compromised the health status of 
these two types of mice severely, and the specific functions of VEGF in other organs were 
therefore difficult to deduce. 

To achieve a partial loss of VEGF function, different conditional Vegfa alleles containing 
paired LoxP sites have been created, which can be targeted with CRE recombinase to impair 
VEGF expression in a spatiotemporally defined manner {Cre/LoxP technology). Two different 
Cre/LoxP approaches have been used. Firsdy, mice in which exon 3 of VEGF is flanked by LoxP 
sites have been generated. ̂ ^ In these mice, CRE-mediated excision deletes exon 3, which is 
present in all VEGF isoforms, and this results in loss of VEGF production. ̂ '̂̂  ̂  This conditional 
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and HIF2 alpha; see Chapter by 3 M. Frnttiger).3,4 Several major growth factors up-regulate
VEGF, including epidermal growth factor (EGF), insulin-like growth factor (IGF1), fibroblast
growth factor 2 (FGF2; also known as basic FGF), fibroblast growth factor 7 (FGF7; formerly
known as keratinocyre growth factor, KGF), platelet-derived growth factor (PDGF) and the
tumour growth factors TGFA and TGFB (formerly known as TGF alpha and beta).5 In addi
tion, inflammatory cyrokines and hormones have been shown to induce VEGF expression.G,?

The mouse VEGF gene (Vegfa) gives rise by alternative mRNA splicing and proteolytic pro
cessing to three major isoforms termed VEGF120, VEGF164 and VEGF188 (see Chapter 1 by
Y.-S. Ng).8 The corresponding human VEGF isoforms are one amino acid residue larger and
therefore termed VEGF121, VEGF165 and VEGF189. In addition, a number ofless abundant
human isoforms have been described, including VEGF145 VEGF183, VEGF206. The VEGF
isoforms differ not only in their molecular mass, but also in their solubility and receptor binding
characteristics. VEGG188lVEGF189 and VEGF206 contain exons 6 and 7, which encode
heparin-binding domains and mediate binding to heparan sulphate proteoglycan (HSPG) pro
teins in the extracellular matrix (ECM), and on the cell surface and ECM. VEGF120NEGF121
lacks the domains encoded by exons 6 and 7 and is therefore the most diffusible isoform.
VEGF 164NEGF165 contains the domain encoded by exon 7, but not exon 6, and accordingly
has intermediate properties; 50-70% ofthis isoform remains associated with the cell surface and
ECM. Due to the fact that these isoforms differ in their potential to bind to HSPGs, it is
believed that they are differentially distributed in the environment ofVEGF-secreting cells. The
highest levels ofVEGF188 are detected in organs that are vascularized initially by vasculogenesis
(e.g., lung, heart and liver), while organs vascularized primarily by angio~enesis, including brain,
eye, muscle and kidney have higher levels ofVEGF164 and VEGF120. The functional roles of
these isoforms in organogenesis are described in more detail below.

Approaches to Study VEGF during Organogenesis
Exon 3 is contained in all known VEGF isoforms. The targeted deletion of a single Vegfa

allele by neomycin gene insertion into this exon leads to embryonic lethaliry due to abnor
mal blood vessel and heart development between Ell and E12, demonstrating
haploinsufficiency. 10,1 1 Using high G418 selection of the Vegfa+/- neomycin-resistant embry
onic stem (ES) cells, Vegfa-/- ES cells could be produced, and these were used to make Vegfa-/
- embryos by tetraploid embryo-ES cell complementation approaches. The resultant Vegfa-/
embryos were even more severely compromised than Vegfa+/- embryos and died between
E9.5 and E10 owing to severe defects in vasculogenesis, angiogenesis and heart development,
which was accompanied by tissue necrosis/apoptosis. 1O

Given the relatively early mid-gestational lethality associated with targeted VEGF gene in
activation, alternative strategies have been employed to examine the role of VEGF during
organogenesis and in the adult: VEGF function has been ablated at the protein level with
sequestering antibodies, small molecule inhibitors that interfere with receptor tyrosine kinase
signaling, or a soluble truncated chimeric VEGF receptor termed mFLT1(1-3)-IgG, which
consists of the FLT1 extracellular domain fused to an IgG-Fc domain and sequesters VEGF
protein with high affinity. Ubiquitous inducible ablation of the conditional VEGF allele or
administration of mFLT1(1-3)-IgG causes lethality and severe multi-organ abnormalities in
neonatal mice. 12 The defects in the lung, heart and kidney compromised the health starns of
these two types of mice severely, and the specific functions of VEGF in other organs were
therefore difficult to deduce.

To achieve a partial loss of VEGF function, different conditional Vegfa alleles containing
paired LoxP sites have been created, which can be targeted with CRE recombinase to impair
VEGF expression in a spatiotemporally defmed manner (Cre/LoxP technology). Two different
Cre/LoxP approaches have been used. Firstly, mice in which exon 3 ofVEGF is flanked by LoxP
sites have been generated. 12 In these mice, CRE-mediated excision deletes exon 3, which is
present in all VEGF isoforms, and this results in loss ofVEGF production.10,1 1 This conditional
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Vegfa allele can be used to delete VEGF in a cell/tissue specific manner when mated to mouse 
strains expressing CRE recombinase under an appropriate promoter. An alternative approach 
was taken to understand the individual roles of the main VEGF isoforms (see Chapter 1 by Y.S. 
Ng). To create mice expressing only VEGF 120, exons 6 and 7 of the Vegfa gene were flanked by 
LoxP sites and deleted in ES cells by CRE-mediated excision. ̂ ^ These targeted ES cells were then 
used to make mice expressing VEGF 120, but not VEGF 164 or VEGF 188. To create comple-
mentary mice expressing VEGF 164 or VEGF 188 only, a knock-in approach was used: cDNA 
sequences corresponding to exons 4,5,7,8 (in the case of VEGF 164) or 4-8 (in the case of 
VEGF 188) were inserted into the genomic Vegfii locus to remove intervening intron sequences 
and therefore abolish alternative splicing. Characterization of the phenotypical alterations present 
in the VEGF isoform-specific mice and the cell/tissue-specific VEGF mutants has contributed 
gready to our understanding of VEGF function in organogenesis and in adult life. 

Mice that express only the VEGF 120 isoform {Vegfiil 20/120 mice) make normal overall VEGF 
levels, which permit the formation of sufficient numbers of endothelial cells and therefore 
vasculogenesis. Accordingly, these mice survive to birth. However, they do show defects in many 
organ systems, including the heart,̂ '̂̂ ^ retina,̂ '̂̂ '̂̂ ^ bone,^ '̂̂ ^ kidney^^ and lung.^ Most Vegfal20/ 
120 mice die neonatally due to impaired cardiac fimction, with only 0.5% of animals living to 
postnatal day 12.^^ An important consideration in interpreting the defects of Vegfal20/120 mice 
is that they do not only lack VEGF 164 and VEGF 188, but also make an increased amount of 
VEGF 120 to compensate for the loss of the other two major splice forms. It has therefore been 
suggested that the relative balance of the different VEGF isoforms, rather than their absolute 
levels, is critical for angiogenic vessel patterning. About half of the Vegfal88/188 mice die pre-
natally due to severe defects in aortic arch remodeling, and the surviving half show defects in 
artery development in the eye and defects in epiphyseal bone vascularization.^ '̂ '̂̂ ^ In contrast to 
Vegfal 20/120 znd Vegfal 88/188 mice, mice that only express VEGF 164 {Vegfa 164/164) or com-
pound Vegfal20/188 mice develop normally with no discernible phenotypes. ' 

The vascular phenotypes of VEGF isoform mutants are likely related to the differential 
localization of VEGF isoforms in the extracellular space, which provides a control point for 
regulating vascular branching morphogenesis. Microvessels from mouse embryos expressing 
only the VEGF 120 isoform have an abnormally large diameter and exhibit a decrease in branch 
formation, which is linked to a delocalization of secreted VEGF protein in the extracellular 
space. In contrast, mice expressing only the heparin-binding VEGF 188 isoform exhibit ec-
topic vessel branches, which appear long and thin. Intriguingly, the vessel branching and mor-
phogenesis defects of Vegfal20/120 and Vegfal88/188 mice are rescued in compound mutant 
offspring of these mice that express both the VEGF 120 and VEGF 188 isoforms, even though 
they lack VEGF 164 (Vegftil20/188 mice). It therefore appears that the growing vasculature 
migrates along positional guidance cues provided by angiogenic VEGF gradients, which are 
normally composed of soluble and matrix-binding VEGF isoforms. This VEGF gradient can 
either be established by the coexpression of VEGF 120 and VEGF 188 or by VEGF 164 alone, 
as VEGF 164 is able to diffuse from the secreting cell, but also binds to and cooperatively 
signals with extracellular matrix molecules such as heparin sulfate proteoglycans. At the cellular 
level, VEGF gradients promote the formation of endothelial "tip-cells" at the front of growing 
vessels, which extend long filopodia presumably to seek out highest VEGF concentrations. ' 

Differential VEGF isoform expression does not only control developmental angiogenesis, 
but is likely to contribute also to physiological and pathological vessel growth in human adults. 
As an example, the different VEGF isoforms are differentially expressed in humans after 
submaximal exercise. ̂ ^ Moreover, a novel splice variant of VEGF 165 termed VEGF 165b may 
provide a natural inhibitor of VEGFl65-induced angiogenesis, but is down-regulated in renal 
cell carcinoma, possibly supporting the switch from an anti-angiogenic to a pro-angiogenic 
phenotype during tumour development.^^ It has recentiy been demonstrated that VEGF 165, 
but not VEGF 121 specifically interacts with P-amyloid plaques in Alzheimer's disease and may 
prevent p-amyloid- induced formation of neurotoxic reactive oxygen species.'̂ ^ 
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Vegfa allele can be used to delete VEGF in a cell/tissue specific manner when mated to mouse
strains expressing CRE recombinase under an appropriate promoter. An alternative approach
was taken to understand the individual roles of the main VEGF isoforms (see Chapter 1 by Y.S.
Ng). To create mice expressing only VEGF120, exons 6 and 7 of the Vegfa gene were flanked by
LoxPsites and deleted in ES cells by CRE-mediated excision.B These targeted ES cells were then
used to make mice expressing VEGF120, but not VEGF164 or VEGF188. To create comple
mentary mice expressing VEGF164 or VEGF188 only, a knock-in approach was used: cDNA
sequences corresponding to exons 4,5,7,8 (in the case of VEGF164) or 4-8 (in the case of
VEGF188) were inserted into the genomic Vegfa locus to remove intervening intron sequences
and therefore abolish alternative splicing.14 Characterization ofthe phenotypical alterations present
in the VEGF isoform-specific mice and the cellltissue-specific VEGF mutants has contributed
greatly to our understanding ofVEGF function in organogenesis and in adult life.

Mice that express only the VEGF120 isoform (Vegfa1201120 mice) make normal overall VEGF
levels, which permit the formation of sufficient numbers of endothelial cells and therefore
vasculogenesis. Accordingly, these mice survive to birth. However, they do show defects in many
orgart systems, including the heart,13,15 retina,14,16,17 bone,18,19 kidnero andlung.9 Most Vegfa120/
120 mice die neonatally due to impaired cardiac function, with only 0.5% of animals living to
postnatal day 12.13 An important consideration in interpreting the defects of Vegfa1201120 mice
is that they do not only lack VEGFl64 and VEGF188, but also make an increased amount of
VEGF120 to compensate for the loss of the other two major splice forms. It has therefore been
suggested that the relative balance of the different VEGF isoforms, rather than their absolute
levels, is critical for angiogenic vessel patrerning.16 About halfofthe Vegfa1881188 mice die pre
natally due to severe defects in aortic arch remodeling, and the surviving half show defects in
artery development in the eye and defects in epiphyseal bone vascularization.14,15,21 In contrast to
Vegfa1201120 and Vegfa1881188 mice, mice that only express VEGF164 (Vegfal64l164) or com
pound Vegflz1201188 mice develop normally with no discernible phenotypes.14,16

The vascular phenotypes of VEGF isoform mutants are likely related to the differential
localization ofVEGF isoforms in the extracellular space, which provides a control point for
regulating vascular branching morphogenesis. 16 Microvessels from mouse embryos expressing
only the VEGF120 isoform have an abnormally large diameter and exhibit a decrease in branch
formation, which is linked to a delocalization of secreted VEGF protein in the extracellular
space. In contrast, mice expressing only the heparin-binding VEGF188 isoform exhibit ec
topic vessel branches, which appear long and thin. Intriguingly, the vessel branching and mor
phogenesis defects of Vegflz1201120 and Vegflz1881188 mice are rescued in compound mutant
offspring of these mice that express both the VEGF120 and VEGF188 isoforms, even though
they lack VEGF164 (Vegflz1201188 mice). It therefore appears that the growing vasculature
migrates along positional guidance cues provided by angiogenic VEGF gradients, which are
normally composed of soluble and matrix-binding VEGF isoforms. This VEGF gradient can
either be established by the coexpression ofVEGF120 and VEGF188 or by VEGF164 alone,
as VEGF164 is able to diffuse from the secreting cell, but also binds to and cooperatively
signals with extracellular matrix molecules such as heparin sulfate proteoglycans. At the cellular
level, VEGF gradients promote the formation of endothelial "tip-cells" at the front ofgrowin9vessels, which extend long filopodia presumably to seek out highest VEGF concentrations.16,1

Differential VEGF isoform expression does not only control developmental angiogenesis,
but is likely to contribute also to physiological and pathological vessel growth in human adults.
As an example, the different VEGF isoforms are differentially expressed in humans after
submaximal exercise,zz Moreover, a novel splice variant ofVEGF165 termed VEGF165b may
provide a natural inhibitor ofVEGFl65-induced angiogenesis, but is down-regulated in renal
cell carcinoma, possibly supporting the switch from an anti-angiogenic to a pro-angiogenic
phenotype during tumour development.23 It has recently been demonstrated that VEGFI65,
but not VEGF121 specifically interacts with ~-amyloidplaques in Alzheimer's disease and may
prevent ~-amyloid- induced formation of neurotoxic reactive oxygen species.24
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In order to increase our understanding of the individual roles of the three main VEGF 
isoforms, we have conditionally targeted each of these isoforms to the ubiquitously expressed 
Rosa26\oajiSy creating mice in which any one of the three isoforms can be selectively overexpressed 
in a cell type-specific fashion (Haigh et al, unpublished). Transgene expression is under the 
transcriptional control of the endogenous Rosa26^TomotcT, therefore Cr<?/Z<wP mediated exci-
sion of the ZttvP flanked stop cassette induces expression of each of the VEGF isoforms at the 
same level, and the activity of the individual isoforms can therefore be direcdy compared. We 
are presendy dissecting the individual roles of each of these isoforms using several tissue-specific 
Cre lines to uncover novel roles for the VEGF isoforms in organogenesis and disease. 

VEGF Signalling in the Developing Cardiovasculature 
The phenotypes of the VEGF and VEGF receptor knockouts all demonstrate that VEGF 

signalling is critically important to promote the differentiation, proliferation, migration and 
survival of endothelial cells both during development in the adult. In addition, VEGF signal-
ling plays several distinct roles during heart development. In the following paragraphs, we will 
first describe the cardiovascular phenotypes of the VEGF receptor mutants and then discuss in 
more detail the role of VEGF signalling in the nonendothelial cell types of the cardiovasculature 
and the hematopoetic system (Fig. 1); see also Chapter 3 by M. Fruttiger; Chapter 4 by L.C. 
Goldie, M.K. Nix and K.K. Hirschi; and Chapter 6 by H. Gerhardt). 

Formation of the Cardiovasculature 

Formation of Blood Vessels 
Migrating mesodermal progenitors that are commonly referred to as hemangioblasts arise soon 

after gastrulation and the formation of the primitive streak They establish the blood islands of the 
extra-embryonic yolk sac, which consist of elongated peripheral endothelial precursor cells (angioblasts) 
that surround hematopoietic progenitors (hemoblasts). The angioblasts coalesce into primitive vas-
cular channels in a process termed vasculogenesis.'̂ ^ Subsequendy, the vascular endothelium within 
these early vessels proliferates and migrates to give rise to new vessel sprouts in a process termed 
angiogenesis. Vasoilogenesis and angiogenesis are repeated in the embryo proper. Nascent vessels 
subsequendy remodel and maturate, which involves the recruitment of pericytes or smooth muscle 
cells and the development of supporting basement membranes. 

Formation of Hematopoetic Stem Cells 
In mammals, yolk sac blood islands produce primitive erythrocytes and macrophages as 

well as progenitors that move on to populate an intra-embryonic region giving rise to definitive 
hematopoietic stem cells (HSCs); this region is known as the para-aortic splanchopleura (PAS) 
or aorta-gonads-mesonephros (AGM). The embryonic HSCs populate first the fetal liver and 
then the bone marrow, which, together with thymus and spleen, produces the hematopoietic 
cells of the eyrthroid, myeloid and lymphoid cell lineages in the adult.^'^ 

Formation of the Heart 
The development of the heart involves a complex series of finely orchestrated cellular and 

molecular interactions that commences just after gastndation. Initially, the primitive cardiac 
mesoderm ingresses along with other mesodermal and endodermal progenitors through the 
primitive streak and migrates to the anterior-most region of the embryo. Here, the mesodermal 
progenitors condense between embryonic day (E) 7.0 and 7.5 to form a crescent shaped epi-
thelium often referred to as the cardiac crescent. The endocardium (fixture endothelium of the 
heart) invades the myocardium (the fixture muscle layer of the heart) and the sub-adjacent 
endoderm. From around E8.0, the bilateral cardiac progenitors coalesce at the ventral midline 
and fuse to form a linear heart tube consisting of an inner endocardial tube surrounded by a 
myocardial epithelium. Between E8.0 and E8.5, this linear heart tube begins a series of looping 
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In order to increase our understanding of the individual roles of the three main VEGF
isoforrns, we have conditionally targeted each of these isoforms to the ubiquitously expressed
Rosa2610cus, creating mice in which anyone ofthe three isoforms can be selectively overexpressed
in a cell type-specific fashion (Haigh et al, unpublished). Transgene expression is under the
transcriptional control of the endogenous Rosa26promoter, therefore Cre/LoxP mediated exci
sion of the LoxP flanked stop cassene induces expression ofeach of the VEGF isoforms at the
same level, and the activity of the individual isoforms can therefore be direcdy compared. We
are presendy dissecting the individual roles ofeach ofthese isoforms using several tissue-specific
Cre lines to uncover novel roles for the VEGF isoforms in organogenesis and disease.

VEGF Signalling in the Developing Cardiovasculature
The phenotypes of the VEGF and VEGF receptor knockouts all demonstrate that VEGF

signalling is critically imponant to promote the differentiation, proliferation, migration and
survival of endothelial cells both during development in the adult. In addition, VEGF signal
ling plays several distinct roles during heart development. In the following paragraphs, we will
first describe the cardiovascular phenotypes of the VEGF receptor mutants and then discuss in
more detail the role ofVEGF signalling in the nonendothelial cell types ofthe cardiovasculature
and the hematopoetic system (Fig. 1); see also Chapter 3 by M. Fruniger; Chapter 4 by L.c.
Goldie, M.K. Nix and K.K. Hirschi; and Chapter 6 by H. Gerhardt).

Formation ofthe Cardiovasculature

Formation ofBlood Vessels
Migrating mesodermal progenitors that are commonly referred to as hemangioblasts arise soon

after gastrulation and the formation ofthe primitive streak.25 They establish the blood islands ofthe
exrra-embtyonicyolksac, which consist ofelongatedperipheral endothelial precursor cells (angioblasts)
that surround hematopoietic progenitors (hemoblasts). The angioblasts coalesce into primitive vas
cular channels in a process termed vasculogenesis.25 Subsequently, the vascular endothelium within
these early vessels prolifetates and migrates to give rise to new vessel sprouts in a process termed
angiogenesis. Vasculogenesis and angiogenesis are repeated in the embryo proper. Nascent vessels
subsequently remodel and maturate, which involves the recruitment ofpericyres or smooth muscle
cells and the development ofsupporting basement membranes.26

Formation of Hematopoetic Stem Cells
In mammals, yolk sac blood islands produce primitive errthrocyres and macrophages as

well as progenitors that move on to populate an intra-embryonic region giving rise to definitive
hematopoietic stem cells (HSCs); this region is known as the para-aonic splanchopleura (PAS)
or aorta-gonads-mesonephros (AGM). The embryonic HSCs populate first the fetal liver and
then the bone marrow, which, together with thymus and spleen, produces the hematopoietic
cells of the eyrthroid, myeloid and lymphoid cell lineages in the adult.27

Formation of the Heart
The development of the hean involves a complex series of finely orchestrated cellular and

molecular interactions that commences just after gastrulation.28 Initially, the primitive cardiac
mesoderm ingresses along with other mesodermal and endodermal progenitors through the
primitive sneak and migrates to the anterior-most region ofthe embryo. Here, the mesodermal
progenitors condense between embryonic day (E) 7.0 and 7.5 to form a crescent shaped epi
thelium often referred to as the cardiac crescent. The endocardium (future endothelium of the
hean) invades the myocardium (the future muscle layer of the heart) and the sub-adjacent
endoderm. From around E8.0, the bilateral cardiac progenitors coalesce at the ventral midline
and fuse to form a linear hean tube consisting of an inner endocardial tube surrounded by a
myocardial epithelium. Between E8.0 and E8.5, this linear hean tube begins a series oflooping
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Figure 1. RoleofVEGF in endothelial, hematopoetic and muscle differentiation. In the embryo, 
VEGF signalling promotes differentiation of a KDR+ progenitor cells into the endothelial and 
hematopoetic lineages. Differentiation decisions skewing progression into these lineages may 
depend on VEGF signalling acting in concert with transcriptional regulators. Accordingly, 
VEGF signalling together with TALI is thought to promote a hematopoietic/endothelial cell 
fate development. VEGF plays an autocrine role in adult hematopoetic stem cells, promoting 
both survival and differentiation. Pathological overexpression of VEGF may drive HSC differ-
entiation towards the myeloid or erythroid lineages.VEGF also promotes vessel assembly by 
stimulating the migration of angioblasts and vascular smooth muscle cells, and by supporting 
vascular smooth muscle cell recruitment into nascent vessels. VEGF signaling may also pro-
mote the formation oftwo other muscle cell types, cardiac and skeletal muscle; in adults, VEGF 
supports aspects of muscle cell function, such as protection of muscle cells from ischemia, 
promoting muscle regeneration and regulating cardiac muscle contractility. 

morphogenic events that sets the stage for the formation and positioning of the cardiac cham-
bers that begin functioning to pump blood through the remodeUng developing vasculature. 

Requirements for VEGF Receptors in the Formation 
of a Cardiovascular Circuit 

KDR (FLKl, VEGFR2) 
The essential role of VEGF signaling in the initial stages of cardiovascidar development is 

underscored by the fact that KDR receptor null embryos, which contain the beta-galactosidase 
gene in frame with the ATG in exon 1, die at around E8.5, even earlier than Vegfa-/- embryos; 
death is the residt of the failure of mesodermal progenitors to differentiate into vascular en-
dothelium, endocardium and hematopoietic cells."̂ ^ To better understand the role of KDR in 
vasculogenesis and hematopoiesis, the developmental potential of KDR null ES cells was 
studied in an ES cell-diploid embryo chimera approach. ̂ ^ These studies demonstrated that 
KDR signaling is essential for the migration of hemangioblasts from the primitive streak 
region of the embryo to the yolk sac, where they form blood islands. In vitro differentiation 
assays showed that KDR null ES cells can differentiate into hematopoietic and endothelial 
cells in vitro, although at a reduced frequency, suggesting that the mesodermal progenitors 
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Figure 1. Role ofVEGF in endothelial, hematopoetic and muscle differentiation. In the embryo,
VEGF signalling promotes differentiation of a KDR+ progenitor cells into the endothelial and
hematopoetic lineages. Differentiation decisions skewing progression into these lineages may
depend on VEGF signalling acting in concert with transcriptional regulators. Accordingly,
VEGF signalling together with TAL1 is thought to promote a hematopoietid endothelial cell
fate development. VEGF plays an autocrine role in adult hematopoetic stem cells, promoting
both survival and differentiation. Pathological overexpression of VEGF may drive HSC differ
entiation towards the myeloid or erythroid lineages.VEGF also promotes vessel assembly by
stimulating the migration of angioblasts and vascular smooth muscle cells, and by supporting
vascular smooth muscle cell recruitment into nascent vessels. VEGF signaling may also pro
mote the formation of two other muscle cell types, cardiac and skeletal muscle; in adults, VEGF
supports aspects of muscle cell function, such as protection of muscle cells from ischemia,
promoting muscle regeneration and regulating cardiac muscle contractility.

morphogenic events that sets the stage for the formation and positioning of the cardiac cham
bers that begin functioning to pump blood through the remodeling developing vasculature.

Requirementsfor VEGF Receptors in the Formation
ofa Cardiovascular Circuit

KDR (FLKl, VEGFRl)
The essential role ofVEGF signaling in the initial stages of cardiovascular development is

underscored by the fact that KDR receptor null embryos, which contain the beta-galactosidase
gene in frame with the ATG in exon 1, die at around E8.5, even earlier than Vegfa-/- embryos;
death is the result of the failure of mesodermal progenitors to differentiate into vascular en
dothelium, endocardium and hematopoietic cells.29 To better understand the role of KDR in
vasculogenesis and hematopoiesis, the developmental potential of KDR null ES cells was
studied in an ES cell-diploid embryo chimera approach. 3o These studies demonstrated that
KDR signaling is essential for the migration of hemangioblasts from the primitive streak
region of the embryo to the yolk sac, where they form blood islands. In vitro differentiation
assays showed that KDR null ES cells can differentiate into hematopoietic and endothelial
cells in vitro, although at a reduced frequency,31 suggesting that the mesodermal progenitors
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of hematopoietic and endothelial cells do not require KDR signaling for their formation or 
differentiation, but rather for their migration and expansion. 

FLTl (VEGFRl) 
The role of FLTl has been more controversial, as it has been debated whether this VEGF 

receptor acts as a major transducer of VEGF signals or instead acts as a decoy receptor that 
modulates the amount of VEGF available to KDR. Recent evidence indicates that the conflict-
ing reports may be due, at least in part, to the fact that the functions and signaling properties of 
FLTl differ depending on the developmental stage, cellular context, or alternative splicing. 
FLTl can be produced as a full-length receptor with an intracellular tyrosine kinase domain or 
as a truncated receptor that is either membrane bound via its transmembrane domain or se-
creted. Mice that are homozygous null for FLTl die between E8.5 and E9.0 as a result of 
increased and disorganized blood vessels. This increased and aberrant blood vessel develop-
ment is caused by an increased commitment of mesodermal progenitors to the endothelial/ 
hematopoetic lineage, which has been postulated to restdt from excessive KDR signaling in the 
absence of FLTl. Mice that lack the FLTl tyrosine kinase domain, but express the extracellu-
lar and transmembrane domain of FLTl develop a normal cardiovasculature, supporting the 
idea that during development FLTl signaling is not essential and that the extracellular domain 
of FLTl serves to modulate the amount of VEGF that binds to KDR. More recently, mice 
have been made that lack both the tyrosine kinase domain and transmembrane domain of 
FLTl and produce mainly the soluble FLTl protein.^^ In these mice, VEGF is not recruited 
efficiendy to the plasma membrane and KDR receptor activity is reduced, suggesting that the 
membrane fixation of FLTl is essential to recruit VEGF for efficient KDR stimulation. Likely 
because KDR is necessary for the anterior migration of mesodermal prognitors of the 
cardiovascidature, these mice suffer from embryonic lethality, particularly in a strain with 
high endogenous KDR levels. ̂ ^ However, a proportion of these mice survive embryonic devel-
opment, which suggests that the endogenous soluble form of FLTl, termed sFLTl, is able to 
fulfill some functions encoded by the full-length gene. For example, it has been suggested that 
sFLTl is critical to shape VEGF gradients in the environment of sprouting blood vessels. ̂ ^ In 
adults, FLTl is thought to amplify VEGF-signaling through KDR by cooperative binding of 
VEGF and the other FLTl-specific ligand, placental growth factor (PGF; also known as PlGF). 
This signalling pathway has been suggested to operate in bone marrow-derived circulating 
endothelial progenitors, which play important roles in neo-angiogenesis in the adult. 

NRPl and NRP2 
The neuropilins NRPl and NRP2 are transmembrane glycoproteins with adhesive proper-

ties that also function as axonal receptors for netyonal guidance cues of the semaphorin family 
and for specific VEGF isoforms on endothelial and tumor cells; in blood vessels, they are 
thought to amplify VEGF signaling through KDR.^ '̂̂ ^ Targeted deletion of NRPl results in 
embryonic lethality around El2.5 due to defects in aortic arch remodeling, and impaired blood 
vessel invasion into the neural tube. Compound homozygous null NRPl/NRP2 embryos die 
between E8.5 and E9.0 due to defective yolk sac vascularisation and are intermediate in sever-
ity of cardiovascular defects relative to VEGF and KDR homozygous null embryos. Mice 
that are either compound homozygous for NRPl deficiency and heterozygous for NRP2 defi-
ciency or vice versa die around El0.5, demonstrating gene dosage sensitivity as previously 
demonstrated for VEGF.̂ "^ 

Role of VEGF Signalling in Heart Development 
A small proportion of Vegfal20/120 mice survive to term, but they then succumb to cardiac 

defects that resemble ischemic cardiomyopathy as a result of impaired myocardial angiogen-
esis.̂ ^ The hearts of the Vegfal20/120 mice are enlarged and show an irregular heartbeat with 
dysmorphic, weak contractions. To address the paracrine role of the myocardial VEGF source, 
mice carrying the conditionally targeted Vegfa allele^^ were crossed with the MLC2v-Cre transgenic 
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of hematopoietic and endothelial cells do not require KDR signaling for their formation or
differentiation, but rather for their migration and expansion.

FLT! (VEGFRl)
The role of FLTI has been more controversial, as it has been debated whether this VEGF

receptor acts as a major transducer of VEGF signals or instead acts as a decoy receptor that
modulates the amount ofVEGF available to KDR. Recent evidence indicates that the conflict
ing reports may be due, at least in part, to the fact that the functions and signaling properties of
FLTI differ depending on the developmental stage, cellular context, or alternative splicing.
FLTI can be produced as a full-length receptor with an intracellular tyrosine kinase domain or
as a truncated receptor that is either membrane bound via its transmembrane domain or se
creted. Mice that are homozygous null for FLTI die between E8.5 and £9.0 as a result of
increased and disorganized blood vessels. 32 This increased and aberrant blood vessel develop
ment is caused by an increased commitment of mesodermal progenitors to the endothelial/
hematopoetic lineage, which has been postulated to result from excessive KDR signaling in the
absence ofFLT1. 33 Mice that lack the FLTI tyrosine kinase domain, but express the extracellu
lar and transmembrane domain of FLTI develop a normal cardiovasculature, supporting the
idea that during development FLTI signaling is not essential and that the extracellular domain
ofFLTl serves to modulate the amount ofVEGF that binds to KDR.34 More recently, mice
have been made that lack both the tyrosine kinase domain and transmembrane domain of
FLTI and produce mainly the soluble FLTI protein.35 In these mice, VEGF is not recruited
efficiently to the plasma membrane and KDR receptor activity is reduced, suggesting that the
membrane fIxation ofFLTl is essential to recruit VEGF for efficient KDR stimulation. Likely
because KDR is necessary for the anterior migration of mesodermal prognitors of the
cardiovasculature,36 these mice suffer from embryonic lethality, particularly in a strain with
high endogenous KDR levels. 35 However, a proportion of these mice survive embryonic devel
opment, which suggests that the endogenous soluble form ofFLT1, termed sFLT1, is able to
fulfIll some functions encoded by the full-length gene. For example, it has been suggested that
sFLTl is critical to shape VEGF gradients in the environment ofsprouting blood vessels. 37 In
adults, FLTI is thought to amplifY VEGF-signaling through KDR by cooperative binding of
VEGF and the other FLT1-specifIc ligand, placental growth factor (PGF; also known as PlGF).
This signalling pathway has been suggested to operate in bone marrow-derived circulating
endothelial progenitors, which play important roles in neo-angiogenesis in the adult.38

NRPI and NRP2
The neuropilins NRPI and NRP2 are transmembrane glycoproteins with adhesive proper

ties that also function as axonal receptors for neuronal guidance cues of the semaphorin family
and for specifIc VEGF isoforms on endothelial and rumor cells; in blood vessels, they are
thought to amplifY VEGF signaling through KDR.39,40 Targeted deletion of NRPI results in
embryonic lethality around E12.5 due to defects in aortic arch remodeling, and impaired blood
vessel invasion into the neural tube.41 Compound homozygous null NRPl/NRP2 embryos die
between E8.5 and E9.0 due to defective yolk sac vascularisation and are intermediate in sever
ity of cardiovascular defects relative to VEGF and KDR homozygous null embryos.42 Mice
that are either compound homozygous for NRPI defIciency and heterozygous for NRP2 defI
ciency or vice versa die around ElO.5, demonstrating gene dosage sensitivity as previously
demonstrated for VEGF.42

Role ofVEGF Signalling in Heart Development
A small proportion of Vegfiz1201120 mice survive to term, but they then succumb to cardiac

defects that resemble ischemic cardiomyopathy as a result of impaired myocardial angiogen
esis.13 The hearts of the Vegfiz1201120 mice are enlarged and show an irregular heartbeat with
dysmorphic, weak contractions. To address the paracrine role of the myocardial VEGF source,
mice carrying the conditionally targeted Veg/il allele12 were crossed with the MLC2v-Cre transgenic
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line to specifically delete VEGF in the ventricular myocardium. The observed cardiac phe-
notypes were similar to the ones seen in Vegfal20/120 mice, implying that the myocardium 
provides a critical source of VEGF to support the development of the coronary vasculature. 

Earlier in development, VEGF is specifically expressed in the atrioventricular (AV) field of 
the heart tube, soon after the formation of the endocardial cushions that give rise to the heart 
septa and valves. In support of the idea that VEGF levels are critical for this aspect of heart 
formation, 2-3 fold ubiquitous over-expression of VEGF impairs cardiac septation and leads to 
outflow tract abnormality combined with aberrant trabeculation and myocardial defects. ^ 
The induction of VEGF in myocardial cells with the tetracycline-inducible system has been 
used to demonstrate that VEGF can act as a negative regulator of endocardial-to-mesenchymal 
transformation, which is a critical step in the formation of the endocardial cushions; 
ischemia-induced VEGF up-regulation has therefore been proposed to play a role in congenital 
defects of heart septation. Vegfal20/120 and Vegfal88/188 mice also display defects in aortic 
arch remodeling. ̂ ^ VEGF signaling through KDR and NRPl appears to cooperate with plexin 
D l and its semaphorin lieand SEMA3C to influence the remodeling of vessels in the develop-
ing cardiac outflow tract.^'^^ 

Taken together, these studies on the role of VEGF suggest that altering the level of VEGF or 
the isoform expression profile disrupts vessel formation during heart development at multiple 
levels. Whilst it was originally thought that KDR is expressed predominantly in the endocar-
dial cells, more recent studies suggest that VEGF/KDR signaling also influences muscle cells at 
times of cytotoxic stress in the adult, for example when cardiac muscle cells experience hy-
poxia. Cell fate lineage-marking experiments with the Rosa26--LacZ reporter mouse strain 
and a Cre recombinase gene targeted to the Kdr locus have demonstrated that KDR+ progeni-
tor cells give rise to cardiac muscle cells and also to skeletal muscle cells (Fig. 1). However, the 
role of KDR-signaling in modulating the differentiation of KDR+ myogenic progenitor cell 
populations, in early morphogenic events during heart tube formation and in response to hy-
poxic stress remains to be genetically determined. 

Role of VEGF in Vascular Smooth Muscle Cells 
In vitro differentiation of embryonic stem (ES) cells has provided a valuable tool to elucidate 

the molecular mechanisms involved in cell fate differentiation decisions of KDR+ mesodermal 
progenitor populations (see Chapter 5 by L.C. Goldie, M.K. Nix and K.K. Hirschi). In particu-
lar, ES cell differentiation has been used to identify clonal KDR+ hemangioblast cell populations 
that can give rise to both endothelial and hematopoietic progenitors. More recendy, it has been 
demonstrated that KDR+ cells derived from ES cells can differentiate into both endothelial and 
smooth muscle actin-positive cells, which assemble into blood vessels when culmred on an appro-
priate collagen matrix.^^ The addition of VEGF to these ES cell cultures enhanced the formation 
of endothelial cells, whereas the addition of PDGFBB enhanced the formation of smooth muscle 
cells. The ES-cell derived KDR+ cells could also give rise to both vascular endothelium and smooth 
muscle cells in xenograft models. ̂ "̂  An ES cell-based study has recendy looked at the combinato-
rial effects of KDR and the transcriptional regulator TALI during vascular and hematopoietic 
development. In this smdy, KDR+ mesodermal progenitor cells and hemangioblast colony form-
ing cells gave rise to smooth muscle cells, and TALI inhibited the formation of smooth muscle 
ceUs; moreover, expression of TALI in a KDR null background rescued both endothelial and 
hematopoietic differentiation. This work along with other experiments has lead to a model in 
which KDR marks a mesodermal precursor cell population that forms KDR+ progeny, but can 
also give rise to nonKDR expressing cell types, such as smooth muscle, cardiac and skeletal muscle 
cells^^ (Fig. 1). Mesodermal cells that retain KDR expression have a strong potential to develop 
into vascular endothelial cells, or may adopt hematopoietic activity in the presence of transcrip-
tional regulators such as TALI and RUNXl ?^ The presence of KDR on cultured vascular smooth 
muscle cells was su^ested to stimulate their migration in response to VEGF.̂ "̂  
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line43 to specifically delete VEGF in the ventricular myocardium.44 The observed cardiac phe
notypes were similar to the ones seen in Vegfa1201120 mice, implying that the myocardium
provides a critical source ofVEGF to support the development of the coronary vasculature.

Earlier in development, VEGF is specifically expressed in the atrioventricular (AV) field of
the heart tube, soon after the formation of the endocardial cushions that give rise to the heart
septa and valves.45 In support of the idea that VEGF levels are critical for this aspect of heart
formation, 2-3 fold ubiquitous over-expression ofVEGF impairs cardiac septation and leads to
outflow tract abnormality combined with aberrant trabeculation and myocardial defects.45

The induction ofVEGF in myocardial cells with the tetracycline-inducible system has been
used to demonstrate that VEGF can act as a negative regulator ofendocardial-to-mesenchymal
transformation, which is a critical step in the formation of the endocardial cushions;
ischemia-induced VEGF ~-regulationhas therefore been proposed to playa role in congenital
defects ofheart se~tation. VegJa1201120 and VegJa1881188 mice also display defects in aortic
arch remodeling.1 VEGF signaling through KDR and NRPI appears to cooperate with plexin
Oland its semaphorin li~d SEMA3C to influence the remodeling ofvessels in the develop
ing cardiac outflow tract. 7,48

Taken together, these studies on the role ofVEGF suggest that altering the level ofVEGF or
the isoform expression proflle disrupts vessel formation during heart development at multiple
levels. Whilst it was originally thought that KDR is expressed predominantly in the endocar
dial cells, more recent studies suggest that VEGF/KDR signaling also influences muscle cells at
times of cytotoxic stress in the adult, for example when cardiac muscle cells experience hy
poxia.49 Cell fate lineage-marking experiments with the Rosa26-LacZ reporter mouse strain
and a ere recombinase gene targeted to the Kdr locus have demonstrated that KDR+ progeni
tor cells give rise to cardiac muscle cells and also to skeletal muscle cells (Fig. 1).50 However, the
role of KDR-signaling in modulating the differentiation of KDR+ myogenic progenitor cell
populations, in early morphogenic events during heart tube formation and in response to hy
poxic stress remains to be genetically determined.

Role ofVEGF in Vascular Smooth Muscle Cells
In vitro differentiation ofembryonic stem (ES) cells has provided a valuable tool to elucidate

the molecular mechanisms involved in cell fate differentiation decisions of KDR+ mesodermal
progenitor populations (see Chapter 5 by L.c. Goldie, M.K Nix and KK Hirschi). In particu
lar, ES cell differentiation has been used to identifY clonal KDR+ he~ioblastcell populations
that can give rise to both endothelial and hematopoietic progenitors.51 More recently, it has been
demonstrated that KDR+ cells derived from ES cells can differentiate into both endothelial and
smooth muscle actin-positive cells, which assemble into blood vessels when cultured on an appro
priate collagen matrix.52 The addition ofVEGF to these ES cell cultures enhanced the formation
ofendothelial cells, whereas the addition ofPDGFBB enhanced the formation ofsmooth muscle
cells. The ES-cell derived KDR+ cells could also give rise to both vascular endothelium and smooth
muscle cells in xenograft models.52 An ES cell-based study has recently looked at the combinato
rial effects of KDR and the transcriptional regulator TALI during vascular and hematopoietic
development. In this study, KDR+ mesodermal progenitor cells and hemangioblast colony form
ing cells gave rise to smooth muscle cells, and TALI inhibited the formation of smooth muscle
cells; moreover, expression of TALI in a KDR null background rescued both endothelial and
hematopoietic differentiation. This work along with other experiments has lead to a model in
which KDR marks a mesodermal precursor cell population that forms KDR+ progeny, but can
also ~ve rise to nonKDR expressing cell types, such as smooth muscle, cardiac and skeletal muscle
cells 3 (Fig. 1). Mesodermal cells that retain KDR expression have a strong potential to develop
into vascular endothelial cells, or may adopt hematopoietic activity in the presence of transcrip
tional regulators such as TALI and RUNXI.53 The presence ofKDR on cultured vascular smooth
muscle cells was suggested to stimulate their migration in response to VEGF,54
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VEGF Signaling in the Hematopoietic System 
As described above, VEGF signaling is essential during die initial stages of hematopoietic 

differentiation in the embryo. To determine the role of VEGF in adidt hematopoietic stem 
cells (HSCs), conditional null VEGF transgenic mice were crossed to mice carrying a Cre 
recombinase transgene under the control of an alpha-interferon inducible promoter {MX-Cre)?^ 
This allowed the selective ablation of VEGF in bone marrow cell isolates and HSCs after 
administration of a-interferon to the culture medium. In these experiments, VEGF-deficient 
HSCs and bone marrow mononuclear cells failed to repopulate lethally irradiated hosts, de-
spite the coadministration of a large excess of wild-type supporting cells. These findings dem-
onstrated that a wild-type stromal cell microenvironment is insufficient to rescue engraftment 
of VEGF-deficient HSC in the bone marrow. VEGF therefore controls HSC survival during 
hematopoietic repopulation via an internal autocrine-loop mechanism (Fig. 1). VEGF-deficient 
bone marrow cells also failed to form colonies in vitro, but this defect was rescued by addition 
of VEGF to the culture medium. A similar rescue effect was observed in vivo, when 
VEGF-deficient HSCs were transduced with retroviral vectors expressing VEGF, as this re-
stored their ability to repopulate lethally irradiated host mice. 

The use of VEGF-selective small molecule receptor antagonists, which can enter the HSC, 
suggested that both KDR and FLTl play a role in the VEGF repopulation potential of the 
HSC. However, in another study it was found that adult mouse hematopoietic stem cells are 
normally KDR or KDR°^, and that KDR^ cells have no long-term reconstitution capacity.^ 
These observations may be reconciled in a model in which KDR is essential for the develop-
ment of HSCs during early embryonic development, but is redundant with FLTl for HSCs in 
adult mouse bone marrow. In agreement with this idea, the enforced expression of PGF in 
VEGF-deficient bone marrow cells revealed that activation of FLTl is fully sufficient to rescue 
HSC survival in vitro and hematopoietic repopulation in vivo. Further support for a model 
in which FLTl is required during bone marrow repopulation was provided by experiments 
using monoclonal antibodies blocking murine FLTl. '̂'̂  In order to resolve the controversy 
surrounding the essential role of the VEGF receptors in HSC fimction, similar cell specific 
ablation experiments will need to be performed using conditional null receptor alleles. To 
determine the requirement for VEGF and its receptors in more mature hematopoietic cell 
populations, mice carrying conditional VEGF/VEGF-receptor alleles have to be mated to he-
matopoietic lineage-restricted Cre lines. 

High levels of systemic VEGF can compromise the adult immune system (Fig. 1). For 
example, long-term continuous-infiision of recombinant VEGF protein or administration of 
adenoviral VEGF-expressing vectors to adult mice inhibits dendritic cell development, but 
increases the production of B cells and immature myeloid cells. Moreover, continuous ad-
ministration of recombinant VEGF or the ubiquitous induction of VEGF in adult mice at 
pathological levels mimics the profound thymic atrophy observed in tumor-bearing mice and 
inhibits the production of T-cells.^ '̂̂ ^ These effects may contribute to the ability of tumors to 
evade normal immune surveillance. The molecular mechanisms behind these adverse effects in 
the hematopoietic system remains poorly understood, underscoring the need to unravel the 
effects of VEGF signalling in the hematopoietic system. 

VEGF and the Development of Endoderm-Derived Organs 
The ability of vascular endothelium and therefore VEGF signaling to modulate the devel-

opment of two endoderm-derived organs has been well documented: in two recent hallmark 
publications, the vascular endothelium was demonstrated to play an essential role in the induc-
tion of both liver and pancreas.^'^^ 

Liver 
In a novel liver primordial explant system, it was demonstrated that there is a failure of liver 

morphogenesis in KDR-deficient tissues, which lack endothelium, and it was concluded that 
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VEGF Signaling in the Hematopoietic System
As described above, VEGF signaling is essential during the initial stages of hematopoietic

differentiation in the embryo. To determine the role of VEGF in adult hematopoieric stem
cells (HSCs), conditional null VEGF transgenic mice were crossed to mice carrying a Cre
recombinase transgene under the control ofan alpha-interferon inducible promoter (A1X_Cre).55
This allowed the selective ablation of VEGF in bone marrow cell isolates and HSCs after
administration of a.-interferon to the culture medium. In these experiments, VEGF-deficient
HSCs and bone marrow mononuclear cells failed to repopulate lethally irradiated hosts, de
spite the coadministration of a large excess ofwild-type supporting cells. These findings dem
onstrated that a wild-type stromal cell microenvironment is insufficient to rescue engraftment
ofVEGF-deficient HSC in the bone marrow. VEGF therefore controls HSC survival during
hematopoietic repopulation via an internal amocrine-Ioop mechanism (Fig. 1). VEGF-deficient
bone marrow cells also failed to form colonies in vitro, but this defect was rescued by addition
of VEGF to the culture medium. A similar rescue effect was observed in vivo, when
VEGF-deficient HSCs were transduced with retroviral vectors expressing VEGF, as this re
stored their ability to repopulate lethally irradiated host mice.

The use ofVEGF-selective small molecule receptor antagonists, which can enter the HSC,
suggested that both KDR and FLTI playa role in the VEGF repopulation potential of the
HSC.55 However, in another study it was found that adult mouse hematopoietic stem cells are
normally KDR or KDR1ow, and that KDR+ cells have no long-term reconstitution capacity.56

These observations may be reconciled in a model in which KDR is essential for the develop
ment ofHSCs during early embryonic development, but is redundant with FLTI for HSCs in
adult mouse bone marrow. In agreement with this idea, the enforced expression of PGF in
VEGF-deficient bone marrow cells revealed that activation ofFLTl is fully sufficient to rescue
HSC survival in vitro and hematopoietic repopulation in vivo.55 Further support for a model
in which FLTI is required during bone marrow repo~ulation was provided by experiments
using monoclonal antibodies blocking murine FLTI. 7 In order to resolve the controversy
surrounding the essential role of the VEGF receptors in HSC function, similar cell specific
ablation experiments will need to be performed using conditional null receptor alleles. To
determine the requirement for VEGF and its receptors in more mature hematopoietic cell
populations, mice carrying conditional VEGFIVEGF-receptor alleles have to be mated to he
matopoietic lineage-restricted Cre lines.

High levels of systemic VEGF can compromise the adult immune system (Fig. 1). For
example, long-term continuous-infusion of recombinant VEGF protein or administration of
adenoviral VEGF-expressing vectors to adult mice inhibits dendritic cell development, but
increases the production of B cells and immature myeloid cells.58 Moreover, continuous ad
ministration of recombinant VEGF or the ubiquitous induction of VEGF in adult mice at
pathological levels mimics the profound thymic atrophy observed in tumor-bearing mice and
inhibits the production ofT-cells.58,59 These effects may contribute to the ability of tumors to
evade normal immune surveillance. The molecular mechanisms behind these adverse effects in
the hematopoietic system remains poorly understood, underscoring the need to unravel the
effects ofVEGF signalling in the hematopoietic system.

VEGF and the Development of Endoderm-Derived Organs
The ability ofvascular endothelium and therefore VEGF signaling to modulate the devel

opment of two endoderm-derived organs has been well documented: in two recent hallmark
publications, the vascular endothelium was demonstrated to play an essential role in the induc
tion of both liver and pancreas.60,61

Liver
In a novel liver primordial explant system, it was demonstrated that there is a failure ofliver

morphogenesis in KDR-deficient tissues, which lack endothelium, and it was concluded that
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vasculogenic endothelial cells/nascent blood vessels release critical mediators essential for the 
earliest stages of hepatogenesis. The effects of VEGF on the liver may not be limited to liver 
endothelial cells, as there have been reports describing VEGF receptors on liver stellate cells, 
which play a role in liver regeneration in response to injury. High levels of genetically induced 
or tumor-produced VEGF can change the architecture of the adult liver, resulting in a liver 
'peliosis-like' phenotype that is characterized by enlarged hepatic sinusoids, blood pooline, 
detached sinusoidal endothelial cells and a total disruption of normal liver architecture. ' 
This phenotype recapitulates the liver pathologies seen in some cancer patients with a high 
tumor burden. On the other hand, systemically administered VEGF at moderate levels can act 
on the sinusoidal vasculature (via FLTl) to enhance secretion of hepatocyte growth factor 
(HGF), which has a protective effect on hepatocytes under times of cytotoxic stress. 

Pancreas 
In both frog and transgenic mouse models, blood vessel endothelium induces insulin ex-

pression in isolated endoderm; moreover, removal of the dorsal aorta prevents insulin expres-
sion in frogs, whilst expression of VEGF under the control of the Pdxl promoter causes ectopic 
vascularization in the posterior foregut, which was accompanied by ectopic insulin expression 
and islet hyperplasia. These studies underscore the fact that blood vessels are not only essen-
tial for metabolic sustenance, but also provide inductive signals essential for organogenesis. 
The nature of these vessel-derived factors remains to be determined. Recently, VEGF has been 
conditionally deleted in the endocrine pancreas using a Pdxl Cre line and in p-cells using the 
RIP Cre mouse line. ' Neither approach overdy affected pancreatic islet formation, but af-
fected the fine-tuning of blood glucose regulation. However, the P-cell specific ablation of 
VEGF in the RIP-Tag2 model of tumorigenesis demonstrated the essential role of VEGF in 
the angiogenic switch necessary for neoplastic progression. ^ 

Lung 
That VEGF is an important growth factor during lung maturation was demonstrated by 

several different mouse mutants, including Vegfal20/120 mice,^ mice lacking the VEGF 
transcriptional regulator HIF2A, ^ and mice carrying a mutation in the hypoxia response 
element within the 5' UTR of the Vegfa gene. The upregulation of the VEGF 188 isoform 
is temporally and spatially associated with the maturation of alveolar epithelium in the lung. 
The phenotype of mice lacking VEGF 188 {Vegfal20/120 mice) suggested that this isoform 
is produced by the pulmonary epithelium to mediate the assembly and/or stabilization of the 
highly organized vessel network, which in turn is critical for alveolar development. Specifi-
cally, the lungs of Vegfal20/120 mice are significantly less developed at birth when compared 
with to their control littermates, as they show a significant reduction in air space and capil-
laries; moreover, bronchioles and larger vessels are located unusually close to the pleural 
surface, pulmonary epithelium is less branched and the formation of both primary and sec-
ondary septa is reduced. Lungs from Vegfal20/120 mice at postnatal day 6 showed similar 
defects, with retarded alveolarization and capillary growth. Administration of VEGF into 
the amniotic cavity of prematurely born mice can increase surfactant protein production of 
type 2 pneumocytes, suggesting that VEGF has therapeutic potential to encourage lung 
maturation in preterm infants. On the other hand, the constitutive expression of VEGF 
during development increases the growth of pulmonary vessels, disrupts branching morpho-
genesis in the lung and inhibits of type I pneumocyte differentiation.^^ Inducible lung-specific 
VEGF expression in the neonate up till six weeks of age using a tetracycline inducible ap-
proach caused pulmonary hemorrhage, hemosiderosis, alveolar remodeling changes, and in-
flammation.^^ Using a similar VEGF inducible system in the lung with slightly later times of 
VEGF induction demonstrated that VEGF-induced lung inflammation resembles the lung 
pathology of patients with asthma, raising the possibility that VEGF inhibition in the lung 
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vasculogenic endothelial cells/nascent blood vessels release critical mediators essential for the
earliest stages of hepatogenesis.60 The effects ofVEGF on the liver may not be limited to liver
endothelial cells, as there have been reports describing VEGF receptors on liver stellate cells,62
which playa role in liver regeneration in response to injury. High levels of genetically induced
or tumor-produced VEGF can change the architecture of the adult liver, resulting in a liver
'peliosis-like' phenotype that is characterized by enlarged hepatic sinusoids, blood poolin~,

detached sinusoidal endothelial cells and a total disruption of normal liver architecture.59, 3

This phenotype recapitulates the liver pathologies seen in some cancer patients with a high
tumor burden. On the other hand, systemically administered VEGF at moderate levels can act
on the sinusoidal vasculature (via FLTl) to enhance secretion of hepatocyte growth factor
(HGF), which has a protective effect on hepatocytes under times of cytotoxic stress.64

Pancreas
In both frog and transgenic mouse models, blood vessel endothelium induces insulin ex

pression in isolated endoderm; moreover, removal of the dorsal aorta prevents insulin expres
sion in frogs, whilst expression ofVEGF under the control ofthe Pd.xl promoter causes ectopic
vascularization in the posterior foregut, which was accompanied by ectopic insulin expression
and islet hyperplasia.6 These studies underscore the fact that blood vessels are not only essen
tial for metabolic sustenance, but also provide inductive signals essential for organogenesis.
The nature of these vessel-derived factors remains to be determined. Recently, VEGF has been
conditionally deleted in the endocrine pancreas using a Pd.xl Cre line and in 13-cells using the
RIP Cre mouse line.65,66 Neither approach overtly affected pancreatic islet formation, but af
fected the fine-tuning of blood glucose regulation.66 However, the 13-cell specific ablation of
VEGF in the RIP-Tag2 model of tumorigenesis demonstrated the essential role ofVEGF in
the angiogenic switch necessary for neoplastic progression.65

Lung
That VEGF is an important growth factor during lung maturation was demonstrated by

several different mouse mutants, including Vegfa120/120 mice,9 mice lacking the VEGF
transcriptional regulator HIF2A,67 and mice carrying a mutation in the hypoxia response
element within the 5' UTR of the Vegfa gene.68 The upregulation of the VEGF188 isoform
is temporally and spatially associated with the maturation of alveolar epithelium in the lung.
The phenotype of mice lacking VEGF188 (Vegfa120/120 mice) suggested that this isoform
is produced by the pulmonary epithelium to mediate the assembly and!or stabilization of the
highly organized vessel network, which in turn is critical for alveolar development. Specifi
cally, the lungs of Vegfa120/120 mice are significantly less developed at birth when compared
with to their controllittermates, as they show a significant reduction in air space and capil
laries; moreover, bronchioles and larger vessels are located unusually close to the pleural
surface, pulmonary epithelium is less branched and the formation of both primary and sec
ondary septa is reduced. Lungs from Vegfa120/120 mice at postnatal day 6 showed similar
defects, with retarded alveolarization and capillary growth. Administration ofVEGF into
the amniotic cavity of prematurely born mice can increase surfactant protein production of
type 2 pneumocytes, suggestin~ that VEGF has therapeutic potential to encourage lung
maturation in preterm infants. On the other hand, the constitutive expression ofVEGF
during development increases the growth ofpulmonary vessels, disrupts branching morpho
genesis in the lung and inhibits of type I pneumocyte differentiation.69 Inducible lung-specific
VEGF expression in the neonate up till six weeks of age using a tetracycline inducible ap
proach caused pulmonary hemorrhage, hemosiderosis, alveolar remodeling changes, and in
flammation.7° Using a similar VEGF inducible system in the lung with slightly later times of
VEGF induction demonstrated that VEGF-induced lung inflammation resembles the lung
pathology of patients with asthma, raising the possibiliry that VEGF inhibition in the lung
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may be of therapeutic benefit in the treatment of asthma or other helper T cell (TH-2) 
mediated inflammatory disorders elsewhere in the body/^ 

VEGF in Mesoderm-Derived Organs 

Kidney 
The main functional unit of the kidney is the glomerular filtration barrier consisting of 

visceral epithelial cells termed podocytes, fenestrated endothelial cells and an intervening glom-
erular basement membrane. This filtration barrier is responsible for the purification of the 
blood; it allows water and small solutes to pass freely into the urinary space, but ensures reten-
tion of critical blood proteins such as albumin and blood clotting factors. In the developing 
glomerulus, all three main VEGF isoforms are highly expressed in presumptive and mature 
podocytes. Gene targeting in the mouse has demonstrated that VEGF is required for the 
development and maintenance of the glomerular filtration barrier. Podocyte-specific deletion 
of one conditional Vegfa allele develop symptoms that resemble glomerular endotheliosis, with 
excessive protein content in the urine. Podocyte-specific deletion of both conditional Vegfa 
alleles leads to congenital nephropathy and perinatal lethality. Vegfa 120/120 mice display 
smaller glomeruli and have fewer capillary loops.'̂ ^ Conversely, podocyte-specific over-expression 
of VEGF 164 causes a phenotype that resembles HIV-associated collapsing glomerulopathy.''^^ 
For a more detailed review of VEGF and its receptors in glomerular development and patholo-
gies see the review article by Eremina and Quaggin.^ 

Skeletal Muscle 
As mentioned above, cell fate lineage-marking experiments have demonstrated that KDR+ 

progenitor cells can give rise to skeletal muscle cells during development (Fig. 1).^^ In the 
adult, VEGF expression is markedly enhanced in regenerating muscle fibres,''^ and it is thought 
that VEGF may direcdy act on skeletal muscle cells.^ KDR and FLTl are both expressed by a 
myoblast cell line termed C2C12. Treatment of C2C12 cells with VEGF results in a significant 
induction of myoglobin mRNA, and VEGF-induced myoglobin mRNA expression is com-
pletely abolished when VEGF treatment was combined with administration of a VEGF-receptor 
tyrosine kinase inhibitor. In addition, ischemic muscles expressing exogenously administered 
VEGF vectors become deeply red in color, due predominately to up-regulation of myoglobin 
expression in the skeletal muscle rather than increased vascularisation or vascular leakage. 
Given these intriguing findings, VEGF signaling may have a broader role in muscle cell biol-
ogy than was originally assumed (Fig. 1). Given the fact that VEGF therapy is already being 
used in several clinical trials for treating hindlimb and cardiac ischemia with mixed degrees of 
success, more work needs to be done using in vivo models to elucidate the biological role of 
VEGF in muscle cell development and in pathological conditions. 

Bone 
During endochondral bone formation, the cartilage anlagen develop as an avascular tissue 

until around El4.5 in the mouse, when proliferating chondrocytes begin to hypertrophy and 
secrete pro-angiogenic factors such as VEGF (see Chapter 7 by C. Maes and G. Carmeliet).^''^^ 
The up-regulation of VEGF correlates with the time of angiogenic invasion into the cartilage 
anlagen and sets in motion a complex developmental process, in which the cartilage is remod-
eled into trabecular bone. Inhibition of VEGF by administration of soluble chimeric VEGF 
receptor protein to 24-day-old mice was fotmd to inhibit blood vessel invasion into the hyper-
trophic zone of long bone growth plates, impaired trabecular bone formation and caused an 
expansion of the hypertrophic zone.'̂ ^ Initial attempts to conditionally delete VEGF in the 
developing cartilage using a collagen-2 promoter-driven Cre gene resulted in similar pheno-
types in heterozygous null mice; however the ectopic expression of CRE in the myocardium in 
this particular transgenic line compromised VEGF expression during heart development and 
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may be of therapeutic benefit in the treatment of asthma or other helper T cell (TH-2)
mediated inflammatory disorders elsewhere in the body. 71

VEGF in Mesoderm-Derived Organs

Kidney
The main functional unit of the kidney is the glomerular filtration barrier consisting of

visceral epithelial cells termed podoeytes, fenestrated endothelial cells and an intervening glom
erular basement membrane. This filtration barrier is responsible for the purification of the
blood; it allows water and small solutes to pass freely into the urinary space, but ensures reten
tion of critical blood proteins such as albumin and blood cloning factors. In the developing
glomerulus, all three main VEGF isoforms are highly expressed in presumptive and mature
podoeytes.72 Gene targeting in the mouse has demonstrated that VEGF is required for the
development and maintenance of the glomerular filtration barrier. Podoeyte-specific deletion
ofone conditional Vegfa allele develop ~mptoms that resemble glomerular endotheliosis, with
excessive protein content in the urine.7 Podoeyte-specific deletion of both conditional Vegfa
alleles leads to congenital nephropathy and perinatallethality.?3 Vegfa1201120 mice display
smaller glomeruli and have fewer capillary loops.20 Conversely, podoeyte-specific over-expression
ofVEGF164 causes a phenotype that resembles HIV-associated collapsing glomerulopathy.73
For a more detailed review ofVEGF and its receptors in glomerular development and patholo
gies see the review article by Eremina and Quaggin.74

SkeletalMuscle
As mentioned above, cell fate lineage-marking experiments have demonstrated that KDR+

progenitor cells can give rise to skeletal muscle cells during development (Fig. 1).50 In the
adult, VEGF expression is markedly enhanced in regenerating muscle fibres,75 and it is thought
that VEGF may directly act on skeletal muscle cells.76 KDR and FLTI are both expressed by a
myoblast cell line termed C2C12. Treatment ofC2C12 cells with VEGF results in a significant
induction of myoglobin mRNA, and VEGF-induced myoglobin mRNA expression is com
pletely abolished when VEGF treatment was combined with administration ofa VEGF-receptor
tyrosine kinase inhibitor. In addition, ischemic muscles expressing exogenously administered
VEGF vectors become deeply red in color, due predominately to up-regulation of myoglobin
expression in the skeletal muscle rather than increased vascularisation or vascular leakage.75
Given these intriguing findings, VEGF signaling may have a broader role in muscle cell biol
ogy than was originally assumed (Fig. 1). Given the fact that VEGF therapy is already being
used in several clinical trials for treating hindlimb and cardiac ischemia with mixed degrees of
success, more work needs to be done using in vivo models to elucidate the biological role of
VEGF in muscle cell development and in pathological conditions.

Bone
During endochondral bone formation, the cartilage anlagen develop as an avascular tissue

until around E14.5 in the mouse, when proliferating chondroeytes begin to hypenrophy and
secrete pro-angiogenic factors such as VEGF (see Chapter 7 by C. Maes and G. Carmeliet).77.78
The up-regulation ofVEGF correlates with the time of angiogenic invasion into the canilage
anlagen and sets in motion a complex developmental process, in which the cartilage is remod
eled into trabecular bone. Inhibition ofVEGF by administration of soluble chimeric VEGF
receptor protein to 24-day-old mice was found to inhibit blood vessel invasion into the hyper
trophic zone of long bone growth plates, impaired trabecular bone formation and caused an
expansion of the hypenrophic zone.77 Initial attempts to conditionally delete VEGF in the
developing canilage using a collagen-2 promoter-driven ere gene resulted in similar pheno
types in heterozygous null mice; however the ectopic expression ofCRE in the myocardium in
this panicular transgenic line compromised VEGF expression during heart development and
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therefore caused embryonic lethality in homozygously targeted mice^ (see above). More re-
cendy, a different Cre line, also driven by the collagen 2 promoter, was used to ablate the 
conditional VEGF allele specifically and selectively in cartilage; the resultant VEGF mutants 
lacked angiogenic invasion into the developing cartilage, and, in addition, showed extensive 
chondrocyte death/^ This observation raised the possibility that VEGF promotes the survival 
and differentiation of chondrocytes firstly by attracting a blood supply, and secondly in a cell 
autonomous mechanism that operates independently of blood vessels. Analysis of Vegfal20/ 
120 mice indicated an essential role of the VEGF 164 and VEGF 188 isoforms in the initial 
invasion and remodeling of growth plate during bone formation.^^'^^ Vegfal88/188 mice, on 
the other hand, display knee joint dysplasia and dwarfism due to disrupted development of the 
growth plates and secondary ossification centers. At the cellular level, this phenotype is in part 
caused by impaired vascularization of the epiphysis, which increases hypoxia and therefore 
causes massive chondrocyte death in the interior of the epiphyseal cartilage. The VEGF 188 
isoform alone is not only inefficient in promoting epiphyseal vascularisation, but is also insuf-
ficient to regulate chondrocyte proliferation and survival responses to hypoxia.^^ Taken to-
gether, these studies suggest that VEGF regulates the differentiation of hypertrophic 
chondrocytes, osteoblasts and osteoclasts. However, the VEGF receptors that regulate bone cell 
responses to VEGF remain to be identified. 

VEGF in Ectoderm-Derived Organs (Skin and Nervous System) 

Skin 
The main source of VEGF production in the skin is the epidermis, consisting of 

keratinocytes.^^ In order to determine the role of keratinocyte-derived VEGF in skin develop-
ment as well as in adult skin function and pathologies, the conditional Vegfa allele has been 
inactivated in epidermal keratinocytes with the K5 Cre mouse line, in which CRE recombinase 
expression is driven by the keratin 5 promoter. ̂ '̂̂ ^ These skin-specific VEGF mutant mice 
formed a normal skin capillary system and displayed normal skin and hair development, dem-
onstrating that keratinocyte-derived VEGF is not essential for skin development. However, 
healing of fiill-thickness skin wounds in adtdt animals lacking epidermal VEGF expression was 
delayed, and these animals showed a marked resistance to skin carcinoma formation induced 
by chemical or genetic means. ̂ ^ Vice versa, over-expression of VEGF in epidermal keratinocytes 
under the control of the keratin 5 regulatory sequences increased susceptibility to chemically 
induced carcinogenesis. Other model systems relying on the transgenic delivery of VEGF to 
the skin have resulted in an inflammatory skin condition with many of the cellular and mo-
lecular features of psoriasis. ̂ ^ These studies have underscored the contribution of VEGF sig-
nalling to several skin pathologies. 

Nervous System 
There are several intriguing similarities between the nervous system and the vasculature. 

For example, both organ systems form dense networks throughout the entire body and, in both 
cases, initially primitive networks undergo remodeling and maturation processes to refine their 
hierarchical organization and integration with other tissues; moreover, both organ systems use 
signalling ligands and receptors from shared protein families.^ '̂ ^ Of particular interest is the 
presence of NRPl on both neurons and endothelial cells, as it plays a pivotal role in neuronal 
guidance by acting as a semaphorin receptor and also acts as a cofactor for VEGF 164-mediated 
KDR signaling. More recently, the role of semaphorins in the vasculature and of VEGF in the 
nervous system has become the focus of much research activity. For example, the administra-
tion of VEGF to the developing CNS improved intraneural angiogenesis, which in turn pro-
moted neurogenesis, and the application of VEGF to experimental models of nerve injury 
enhanced nerve regeneration after axotomy. '̂ ^ Several in vitro experiments demonstrated 
more direct effects of VEGF in several aspects of neuronal biology, consistent with a model of 
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therefore caused embryonic lethaliry in homozygously targeted mice78 (see above). More re
cently, a different Cre line, also driven by the collagen 2 promoter, was used to ablate the
conditional VEGF allele specifically and selectively in cartilage; the resultant VEGF mutants
lacked angiogenic invasion into the developing cartilage, and, in addition, showed extensive
chondrocyte death.79 This observation raised the possibility that VEGF promotes the survival
and differentiation of chondrocytes firstly by attracting a blood supply, and secondly in a cell
autonomous mechanism that operates independently of blood vessels. Analysis of Vegfa120/
120 mice indicated an essential role of the VEGF164 and VEGF188 isoforms in the initial
invasion and remodeling of growth plate during bone formation. 18,19 Vegfa188/188 mice, on
the other hand, display knee joint dysplasia and dwarfism due to disrupted development ofthe
growth plates and secondary ossification centers. At the cellular level, this phenotype is in part
caused by impaired vascularization of the epiphysis, which increases hypoxia and therefore
causes massive chondrocyte death in the interior of the epiphyseal cartilage. The VEGF188
isoform alone is not only inefficient in promoting epiphyseal vascularisation, but is also insuf
ficient to regulate chondrocyte proliferation and survival responses to hypoxia. 21 Taken to

gether, these studies suggest that VEGF regulates the differentiation of hypertrophic
chondrocytes, osteoblasts and osteoclasts. However, the VEGF receptors that regulate bone cell
responses to VEGF remain to be identified.

VEGF in Ectoderm-Derived Organs (Skin and Nervous System)

Skin
The main source of VEGF production in the skin is the epidermis, consisting of

keratinocytes.8o In order to determine the role ofkeratinocyte-derived VEGF in skin develop
ment as well as in adult skin function and pathologies, the conditional Vegfa allele has been
inactivated in epidermal keratinocytes with the K5 Cre mouse line, in which CRE recombinase
expression is driven by the keratin 5 promoter. 12,81 These skin-specific VEGF mutant mice
formed a normal skin capillary system and displayed normal skin and hair development, dem
onstrating that keratinocyte-derived VEGF is not essential for skin development. However,
healing offull-thickness skin wounds in adult animals lacking epidermal VEGF expression was
delayed, and these animals showed a marked resistance to skin carcinoma formation induced
by chemical or genetic means.81 Vice versa, over-expression ofVEGF in epidermal keratinocytes
under the control of the keratin 5 regulatory sequences increased susceptibility to chemically
induced carcinogenesis.82 Other model systems relying on the transgenic delivery ofVEGF to
the skin have resulted in an inflammatory skin condition with many of the cellular and mo
lecular features of psoriasis.83 These studies have underscored the contribution ofVEGF sig
nalling to several skin pathologies.

Nervous System
There are several intriguing similarities between the nervous system and the vasculature.

For example, both organ systems form dense networks throughout the entire body and, in both
cases, initially primitive networks undergo remodeling and maturation processes to refine their
hierarchical organization and integration with other tissues; moreover, both organ systems use
signalling ligands and receptors from shared protein families. 84,85 Of particular interest is the
presence of NRPI on both neurons and endothelial cells, as it plays a pivotal role in neuronal
guidance by acting as a semaphorin receptor and also acts as a cofactor for VEGF164-mediated
KDR signaling. More recently, the role ofsemaphorins in the vasculature and ofVEGF in the
nervous system has become the focus of much research activity. For example, the administra
tion ofVEGF to the developing CNS improved intraneural angiogenesis, which in turn pro
moted neurogenesis, and the application of VEGF to experimental models of nerve injury
enhanced nerve regeneration after axotomy.86,87 Several in vitro experiments demonstrated
more direct effects ofVEGF in several aspects of neuronal biology, consistent with a model of
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a direct autocrine effect of VEGF on neurons and glial cells. For example, VEGF was shown to 
rescue neuronal cultures from ischemic and glutamate induced neurotoxicity and to act like a 
neurotrophic factor in stimulating axonal outgrowth and glial growth. ^' 

VEGF/KDR signalling has been targeted in neural progenitor cells and their progeny with 
a nestin promoter-driven Cre recombinase transgene to inactivate a conditional null Vegfa al-
lele ^ in combination with a hypomorphic Ve^a allele,^^ as well as inactivating a conditional 
null Kdr allele. Mice with intermediate levels of VEGF activity showed decreased blood ves-
sel branching and a reduced vascular density in the cortex and retina, and this impaired the 
structural organization of the cortex and retinal thickening.^^ Severe reductions in VEGF levels 
decreased vascularity severely and resulted in hypoxia, which led to the degeneration of the 
cerebral cortex and caused neonatal lethality. ̂ '̂̂  In contrast, the deletion of KDR in neurons 
did not obviously impair neuronal development, suggesting that the major developmental role 
of VEGF in the nervous system is that of providing a paracrine factor for the vasculature. 
However, VEGF 164 does control specific aspects of neuronal patterning, as it is essential for 
the migration of facial branchiomotor neuron cell bodies.^^ Interestingly, initial experiments 
suggest that NRPl, rather than a NRPl/KDR complex, controls the VEGF response in this 
neuronal migration pathway (Q. Schwarz and C. Ruhrberg, personal communication). 

Despite the lack of an obvious neuronal phenotype of mice specifically lacking 
KDR-expression in the nervous system, we have recendy isolated definitive neuronal stem 
cells (dNSCs) from embryonic and adult brains of these mice and cultured these cells in 
vitro to produce neurospheres. Interestingly, dNSCs isolated from the KDR null mutant 
brains showed a 50% reduction in the capacity to form neurospheres and a dramatic increase 
in the number of dNSCs undergoing apoptosis. These results imply that in an environ-
ment where growth factors are limited, KDR plays a cell autonomous role in NSC survival 
that is normally overcome in vivo, i.e. in the brains of mice lacking KDR.^^ Further support 
for an important role of environmental issues in VEGF signaling and neuronal function has 
come from studies that have demonstrated that hippocampal sources of VEGF-A may link 
neurogenesis with enhanced learning and memory potential. ̂ ^ In this study, enriched exter-
nal environments result in increased hippocampal VEGF expression, increased neurogenesis 
and improved cognitive performance. Exogenously administered retroviral sources of VEGF 
alone caused similar affects on learning and memory. This is mediated in part by direct 
signaling through KDR present on rat hippocampal neurons. 

From a clinical perspective, altered VEGF levels and vascular development have been asso-
ciated with neurodegenerative disorders, ischemic cerebral and spinal cord injury, and diabetic 
and ischemic neuropathy. '̂ '̂  VEGF has also recently been implicated in playing a causal role 
in the pathogenesis of amyotrophic lateral sclerosis (ALS). In a mouse model of ALS, injec-
tions of lentiviral vectors expressing VEGF into various muscles delayed disease onset and 
disease progression and extended the survival time by 30% in ALS prone mice.^^ VEGF is 
thought to modulate neuronal development and fiinction indirectly through its paracrine ef-
fects on the vasculature, which provides essential neurotrophic support during nervous system 
development and homeostasis. More recendy, it has been demonstrated that transgenic expres-
sion of KDR on motor neurons prolonged the survival of mice that are genetically prone to 
develop ALS. For a more extensive review on the role of VEGF signaling in the nervous 
system please refer to Chapter 8 by J.M. Rosenstein, J.M. Krum and C. Ruhrberg. 

Future Perspectives 
The phenotypical consequences of altering the overall levels of VEGF and/or its isoforms 

have made it very clear that this growth factor plays many diverse and essential roles in normal 
organogenesis beyond its initial role in the establishment of the cardiovasculature. It is there-
fore not surprising that aberrant VEGF signaling has been implicated in various human patho-
logical conditions, including the growth and metastasis of mmors, deregulated immune cell 
surveillance, intraocular neovascular syndromes, enhanced inflammatory responses in arthritis 
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a direct autocrine effect ofVEGF on neurons and glial cells. For example, VEGF was shown to
rescue neuronal cultures from ischemic and glutamate induced neurotoxicity and to act like a
neurotrophic factor in stimulating axonal outgrowth and glial growth. 88,89

VEGF/KDR signalling has been targeted in neural progenitor cells and their progeny with
a nestin promoter-driven ere recombinase transgene to inactivate a conditional null Vegfit al
lelel2 in combination with a hypomorphic VegJa allele,90 as well as inactivating a conditional
null Kdr allele.91 Mice with intermediate levels ofVEGF activity showed decreased blood ves
sel branching and a reduced vascular density in the cortex and retina, and this impaired the
structural organization ofthe cortex and retinal thickening.91 Severe reductions in VEGF levels
decreased vascularity sevetely and resulted in h~oxia, which led to the degeneration of the
cerebral cortex and caused neonatal lethality. 91,9 In contrast, the deletion ofKDR in neurons
did not obviously impair neuronal development, suggesting that the major developmental role
of VEGF in the nervous system is that of providing a paracrine factor for the vasculature.
However, VEGF164 does control specific aspects of neuronal parterning, as it is essential for
the migration of facial branchiomotor neuron cell bodies.93 Interestingly, initial experiments
suggest that NRPl, rather than a NRPlIKDR complex, controls the VEGF response in this
neuronal migration pathway (Q. Schwarz and C. Ruhrberg, personal communication).

Despite the lack of an obvious neuronal phenotype of mice specifically lacking
KDR-expression in the nervous system, we have recently isolated definitive neuronal stem
cells (dNSCs) from embryonic and adult brains of these mice and cultured these cells in
vitro to produce neurospheres. Interestingly, dNSCs isolated from the KDR null mutant
brains showed a 50% reduction in the capacity to form neurospheres and a dramatic increase
in the number of dNSCs undergoing apoptosis. 94 These results imply that in an environ
ment where growth factors are limited, KDR plays a cell autonomous role in NSC survival
that is normally overcome in vivo, i.e. in the brains of mice lacking KDR 91 Further support
for an important role of environmental issues in VEGF signaling and neuronal function has
come from studies that have demonstrated that hippocampal sources ofVEGF-A may link
neurogenesis with enhanced learning and memory potential.95 In this study, enriched exter
nal environments result in increased hippocampal VEGF expression, increased neurogenesis
and improved cognitive performance. Exogenously administered retroviral sources ofVEGF
alone caused similar affects on learning and memory. This is mediated in part by direct
signaling through KDR present on rat hippocampal neurons.

From a clinical perspective, altered VEGF levels and vascular development have been asso
ciated with neurodegenerative disorders, ischemic cerebral and spinal cord injury, and diabetic
and ischemic neuropathy.%,97 VEGF has also recently been implicated in playing a causal role
in the pathogenesis of amyotrophic lateral sclerosis (ALS).68 In a mouse model ofALS, injec
tions of lentiviral vectors expressing VEGF into various muscles delayed disease onset and
disease progression and extended the survival time by 30% in ALS prone mice.98 VEGF is
thought to modulate neuronal development and function indirectly through its paracrine ef
fects on the vasculature, which provides essential neurotrophic support during nervous system
development and homeostasis. More recently, it has been demonstrated that transgenic expres
sion of KDR on motor neurons prolonged the survival of mice that are genetically prone to
develop ALS.99 For a more extensive review on the role ofVEGF signaling in the nervous
system please refer to Chapter 8 by J.M. Rosenstein, J.M. Krum and C. Ruhrberg.

Future Perspectives
The phenotypical consequences of altering the overall levels ofVEGF and/or its isoforms

have made it very clear that this growth factor plays many diverse and essential roles in normal
organogenesis beyond its initial role in the establishment of the cardiovasculature. It is there
fore not surprising that aberrant VEGF signaling has been implicated in various human patho
logical conditions, including the growth and metastasis of tumors, deregulated immune cell
surveillance, intraocular neovascular syndromes, enhanced inflammatory responses in arthritis
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and brain edema, as well as neurological disorders such as cerebral and spinal trauma, ischemic 
and diabetic neuropathy and amyotrophic lateral sclerosis. A better understanding of the physi-
ological role of VEGF signaling during normal organogenesis will undoubtedly lead to novel 
insights into the pathenogenesis of these diseases, and it may even lead to novel therapeutic 
approaches to combat these life threatening and debilitating diseases. The multitude of pheno-
types that have been documented as a result of altering VEGF levels in the mouse have already 
provided a great deal of insight into several human pathologies ranging from cancer progres-
sion to amyotrophic lateral sclerosis. Some of the immediate challenges for the future include: 
(a) to obtain a better understanding of the molecular mechanism of VEGF signaling plays in 
vascular endothelium and hematopoietic cells (i. e. identification of direct signaling targets, 
transcriptional modulators and target genes); and (b) to understand the role of VEGF in modu-
lating nonendothelial/nonhematopoietic cell types (i.e., through the analysis of cell/tissue spe-
cific knock-outs of VEGF receptors). More long-term challenges include the molecular charac-
terization of signaling pathways that can modulate the activity of VEGF and the development 
of effective therapeutic approaches to modulate VEGF signaling in human diseases. 
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and brain edema, as well as neurological disorders such as cerebral and spinal trauma, ischemic
and diabetic neuropathy and amyotrophic lateral sclerosis. A better understanding ofthe physi
ological role ofVEGF signaling during normal organogenesis will undoubtedly lead to novel
insights into the pathenogenesis of these diseases, and it may even lead to novel therapeutic
approaches to combat these life threatening and debilitating diseases. The multitude ofpheno
types that have been documented as a result ofaltering VEGF levels in the mouse have already
provided a great deal of insight into several human pathologies ranging from cancer progres
sion to amyotrophic lateral sclerosis. Some of the immediate challenges for the future include:
(a) to obtain a better understanding of the molecular mechanism ofVEGF signaling plays in
vascular endothelium and hematopoietic cells (i. e. identification of direct signaling targets,
transcriptional modulators and target genes); and (b) to understand the role ofVEGF in modu
lating nonendothelial/nonhematopoietic cell types (i.e., through the analysis of cell/tissue spe
cific knock-outs ofVEGF receptors). More long-term challenges include the molecular charac
terization ofsignaling pathways that can modulate the activity ofVEGF and the development
of effective therapeutic approaches to modulate VEGF signaling in human diseases.
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CHAPTER 6 

VEGF and Endothelial Guidance 
in Angiogenic Sprouting 
Holger Gerhardt* 

Abstract 

The cellular actions of VEGF need to be coordinated to guide vascular patterning during 
sprouting angiogenesis. Individual endothelial tip cells lead and guide the blood vessel 
sprout, while neighbouring stalk cells proliferate and form the vascular lumen. Recent 

studies illustrate how endothelial DLL4/NOTCH signalling, stimulated by VEGF, regulates 
the sprouting response by limiting tip cell formation in the stalk. The spatial distribution of 
VEGF, in turn, regulates the shape of the ensuing sprout by directing tip cell migration and 
determining stalk cell proliferation. 

Key Messages 
• Angiogenesis is a guided process. 
• Endothelial tip cells lead each vascular sprout. 
• VEGF induces tip cell formation. 
• VEGF gradients are formed by heparin-binding isoforms. 
• VEGF gradients guide tip cell migration and gauge stalk cell proliferation. 
• VEGF and NOTCH signalling cooperate to select and guide endothelial tip cells in retinal 

development. 

Introduction 
The term angiogenesis summarizes a set of morphogenic events that expand and fine-tune 

the initial, more primitive, embryonic vascular network into a hierarchical network of arteri-
oles, venules and highly branched capillaries to provide efficient blood supply and organ spe-
cific vascular functions. These "angiogenic" events include sprouting morphogenesis, 
intussuseptive growth, splitting, remodelling, stabilization and differentiation into arterioles, 
venules and capillaries. At the cellular level, angiogenesis involves at least two distinct cell 
types, endothelial cells and supporting mural cells (pericytes and vascidar smooth muscle cells), 
and requires a number of different cellular functions, such as migration, proliferation, cell 
survival, differentiation and specialization. A plethora of factors are involved at different levels, 
either stimulating or inhibiting angiogenesis. However, vascular endothelial growth factor (VEGF 
or VEGFA) plays a key role in most, if not all morphogenic events during angiogenesis (re-
viewed in ref 2). 

More than a decade of research on VEGF and angiogenesis has provided evidence that 
VEGF has multiple roles in endothelial cells, controlling both physiological and pathological 
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angiogenesis. A major challenge is therefore to clarify how the different cellular functions of 
VEGF are concerted into precise morphogenic events. For example, how are the proliferative 
and migratory responses of endothelial cells to VEGF integrated during sprouting angiogenesis 
to facilitate the protrusion of a new, diameter-controlled vascular tube? Why do endothelial 
cells in some instances proliferate, and in others migrate? What controls the direction of the 
migratory response to VEGF? Which cells are susceptible to regression in the absence of VEGF 
as a survival signal? How does VEGF stimulate arterial identity in some endothelial cells, while 
inducing fenestration in others? Clearly, with every new function of VEGF that is discovered, 
the number of new questions is steadily increasing. Possible scenarios that may explain the 
diversity of the cellidar responses to VEGF include the presence of specific receptors or recep-
tor/coreceptor pairs, a possible morphogen function with concentration-dependent effects, or 
the context of the endothelial cells in their microenvironment. In the present chapter, I will 
discuss recent experimental advances that explain how some of the cellular functions in re-
sponse to VEGF are orchestrated to promote guided vascular sprouting. 

Mechanics of Angiogenic Sprouting 
In order to extend a new cellular tube from a preexisting (quiescent) vascular network, the 

endothelial cells must be coordinated in their response. Endothelial cells in a culture dish 
proliferate and migrate in response to VEGF stimulation. When wounded in a so-called "scratch 
assay", the monolayer will close again by both proliferation and migration. VEGF stimulation 
accelerates this process. A confluent monolayer of endothelial cells may in some aspects re-
semble a quiescent vessel wall. Unlike the closure of an endothelial (or epithelial) monolayer, 
the formation of a new sprout requires selection of a distinct site on the vessel where endothe-
lial cells start to invade the surrounding tissue or matrix, whereas other cells along the vessel 
stay put (Fig. lA). In theory, if all cells begin to migrate, the vessel should disintegrate. Con-
versely, if all cells were to proliferate, the vessel would likely only increase in diameter. Thus the 
first process in angiogenic sprouting must be the selection of a distinct site on the mother vessel 
where sprout formation is initiated. This selection process will have to be reiterated as the new 
sprout elongates, branches and connects with other sprouts to form an expanding network. 
Proliferation will need to occur to provide more cells for sustained sprouting. These basic 
principles may not only apply to angiogenic sprouting in vertebrates, but more generally to 
different types of tubular sprouting processes, whereever they occur throughout development 
in the animal kingdom. For example, tubular sprouting in the Drosophila trachea has been 
studied in great detail, and we can learn by comparison. 

Cell specification is one of the fundamental principles during formation of the Drosophila 
tracheal system. Each sprout is headed by a specialized tip cell, the fate of which is controlled 
by a number of different signalling pathways containing DPP, NOTCH and FGFR (reviewed 
in ref 3). In this system, the sprouting process is induced by FGF secreted from distinct cell 
clusters in the vicinity of the tracheal cells. The tip cells extend dynamic filopodia towards the 
FGF source and migrate in a directional fashion up the FGF gradients. In contrast, the follow-
ing cells do not adopt the tip cell phenotype, but form the stalk during the sprouting process. 
Genetic studies and mosaic analysis have clarified that the tip cell fate is inhibited in stalk cells 
through signals that negatively regulate the FGFR signaling pathway (sprouty) as well as 
bi-directional signalling between tip and stalk through the DELTA/NOTCH pathway (re-
viewed in ref. 3). Overexpression of the FGFR in all tracheal cells results in ectopic filopodia 
extension from the stalk, indicating that FGFR levels and activity underly the distinction be-
tween tip and stalk cell behaviour and fate. ' 

In attempts to understand the process of angiogenic sprouting, early imaging of salamander 
tails in the 1930s provided the first notion of dynamic protrusive behaviour at the tip of each 
vascular sprout; subsequendy, detailed images of vascular sprouts in the developing CNS iden-
tified elaborate filopodia extension from the sprout tip, leading the authors to speculate that 
specific tip cells, which extend these filopodia, function to read guidance cues in the tissue 
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FGF source and migrate in a directional fashion up the FGF gradients. In contrast, the follow
ing cells do not adopt the tip cell phenotype, but form the stalk during the sprouting process.
Genetic studies and mosaic analysis have clarified that the tip cell fate is inhibited in stalk cells
through signals that negatively regulate the FGFR signaling pathway (sproury) as well as
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In attempts to understand the process ofangiogenic sprouting, early imaging ofsalamander
tails in the 1930s provided the first notion of dynamic protrusive behaviour at the tip of each
vascular sprout; subsequently, detailed images ofvascular sprouts in the developing CNS iden
tified elaborate filopodia extension from the sprout tip, leading the authors to speculate that
specific tip cells, which extend these filopodia, function to read guidance cues in the tissue
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Figure 1. Schematic illustration of the cellular mechanisms that pattern vascular sprouting. A) 
Graded distribution of VEGF; sequential steps from left to right illustrate the induction of a tip cell 
(green) by VEGF (orange), polarization of a tip cell with rapid directed migration (blue arrow, left 
panel), and proliferation (pink nuclei) of the stalk cells (white). Polarization of the tip cell in a 
steep VEGF gradient leads to long, directed filopodia extension towards higher VEGF concen-
tration. Polarized proliferation occurs with the division axis perpendicular to the long axis of the 
vessel. The pulling tip cell likely helps to polarize the stalk cell division. B) Diffuse distribution 
of VEGF, like in Vegfal20/120 m\ce, leads to the undirected extension of short filopodia exten-
sion, although tip cell induction does occur. Tip cell migration is slow and many stalk cells 
proliferate due to widespread VEGF. Stalk cell proliferation is not polarized, causing vessel 
dilation/hypertrophy. C) Loss of DLL4/NOTCH signaling leads to excessive sprouting through 
increased tip cell numbers. NOTCH signaling normally inhibits the tipcell response in stalk cells. 
Tip cell numbers further increase through slightly elevated proliferation. 

during the sprouting process (refs. 6-8, and references therein). Notably, these observations 
were made before VEGF was discovered, and long before we learned how VEGF guides angio-
genic sprouting by directing endothelial tip cell migration along extracellular gradients of 
heparin-binding isoforms. ' 

The ultrastructure of endothelial tip cells and their filopodia in contact with surrounding 
tissue was studied in the rat cerebral cortex in 1982. The same team later used HRP injection 
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Figure 1. Schematic illustration of the cellular mechanisms that pattern vascular sprouting. A)
Graded distribution ofVEGF; sequential steps from left to right illustrate the induction of a tip cell
(green) by VEGF (orange), polarization of a tip cell with rapid directed migration (blue arrow, left
panel), and proliferation (pink nuclei) of the stalk cells (white). Polarization of the tip cell in a
steep VEGF gradient leads to long, directed filopodia extension towards higher VEGF concen
tration. Polarized proliferation occurs with the division axis perpendicular to the long axis of the
vessel. The pulling tip cell likely helps to polarize the stalk cell division. B) Diffuse distribution
of VEGF, like in Vegfa120/120 mice, leads to the undirected extension of short filopodia exten
sion, although tip cell induction does occur. Tip cell migration is slow and many stalk cells
proliferate due to widespread VEGF. Stalk cell proliferation is not polarized, causing vessel
dilationlhypertrophy. C) Loss of DLL4/NOTCH signaling leads to excessive sprouting through
increased tip cell numbers. NOTCH signaling normally inhibits the tip cell response in stalk cells.
Tip cell numbers further increase through slightly elevated proliferation.

during the sprouting process (refs. 6-8, and references therein). Notably, these observations
were made before VEGF was discovered,9 and long before we learned how VEGF guides angio
genic sprouting by direetin~ endothelial tip cell migration along extracellular gradients of
heparin-binding isoforms. 1O, 1

The ultrastructure of endothelial tip cells and their filopodia in contact with surrounding
tissue was studied in the rat cerebral cortex in 1982.7 The same team later used HRP injection
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and correlative microscopy to study tip cell filopodia and vascular lumen formation in regions 
where two sprouts connect, leading the authors to suggest that filopodia are important in anasto-
mosis. Tip cell filopodia where also found to lead sprouts and engage in sprout anastomosis in 
an angiogenesis model in vitro ̂ ^ and later also observed during sprouting angiogenesis in the 
chicken yolk sac^ and CNS. ' Risau and colleagues su^ested through studies of the developing 
CNS that VEGF, expressed in the ventricular zone, may fixnction to direct the vessel tips during 
the sprouting process. Earlier, Ausprunk and Folkman had provided evidence that proliferation 
is largely confined to the stalk region during angiogenic sprouting. Using irradiation to block 
proliferation, Folkman and colleagues also discovered that sprouting can in principle progress 
without cell division, indicating that the driving force for sprout elongation is likely a pulling 
force exerted by the tip cells, rather than a pushing force originating from dividing stalk cells. 
However, sustained sprouting beyond two days in the cornea pocket angiogenesis assay requires 
that cell numbers are replenished by division. Thus the mechanism of angiogenic sprouting in-
volves (a) the local induction and selection of tip cells, (b) the directed migration of tip cells along 
a sufficiendy adhesive substrate to provide the pulling force, and (c) the balanced proliferation of 
stalk cells during sprout elongation (Fig. lA). Finally, the migration and explorative behaviour of 
the tip cells must cease upon anastomosis of two sprouts to establish a stable new connection 
between two branches of the growing vascular plexus. 

Before I discuss how VEGF might affect each of these processes, I will briefly consider the 
composition and architecture of the tissue attracting the new vessel sprouts. Evidendy, there 
will be tissue specific difierences, and these are important for vascular patterning, as each organ 
brings its own requirement for efficient nutrient supply and oxygenation, but also creates physical 
constraints for blood vessels to restrain their growth and maintain adequate organ function. 
The postnatal retina of rodents provides an excellent model system to understand the interac-
tion of tip and stalk cells with the surrounding tissue and to illustrate how VEGF expression, 
deposition and signalling controls guided vascular patterning within tissues. 

The Mouse Retina Model 
The retina comprises a sensory outpost of the brain, and as such may be regarded as a model 

for angiogenesis in the developing CNS in general. However, unlike most other parts of the 
CNS, the retina of rodents becomes vascularized only after birth (for recent comprehensive 
reviews of retinal vascular development and the retina as a model for angiogenesis research, see 
refs. 17,18). Vessels emerge from a capillary ring at the optic disk and sprout radially just 
underneath the inner limiting membrane, the vitreal surface of the retina. The sprouting ves-
sels form an elaborate network that reaches the retinal periphery about one week after birth. 
The vessels are guided by a network of astrocytes, which forms only days before the vessels 
grow. Genetic manipulation of the astrocyte density results in a similar alteration of vascular 
density, illustrating the close relationship of astrocytes and vessels. ̂ '̂̂ ^ In fact, astrocytic net-
work formation is a prerequisite for retinal angiogenesis at this stage. This is further supported 
by the fact that animals without retinal astrocytes also lack retinal vessels throughout evolution. 
The speed and accuracy of primary plexus formation along the astrocytic network is truly 
remarkable and requires tight regulation, as delayed or impaired retinal angiogenesis leads to an 
invasion of hyaloid vessels from the vitreous into the retina, and the ensuing abberant retinal 
vasculature may cause retinal scarring and detachment. 

Detailed analysis of the physical association of the vascular sprouts with the underlying astro-
cytic network showed that the endothelial tip cells elongated their filopodia almost exclusively 
along the astrocyte surface. ' Indeed, filopodia without astrocyte contact failed to stretch to-
wards the retinal periphery in a directed fashion, suggesting that the astrocyte surface has adhesive 
properties. Dorrell and colleagues proposed that R-cadherin may mediate at least part of this 
adhesive fimction,^^ however, unequivocal evidence hereof is lacking so far. Rather, we have found 
that R-cadherin deficient mice show no defects in tip cell filopodia alignment or vascular devel-
opment in the retina (H. Gerhardt, J. Hakansson and H. Semb, unpublished observations). 

VEGF and Endothelial Guidance in Angiogenic Sprouting 71

and correlative microscopy to study tip cell filopodia and vascular lumen formation in regions
where two sprouts connect, leading the authors to suggest that ffiopodia are important in anasto
mosis. 12 Tip cell fuopodia where also found to lead sprouts and engage in sprout anastomosis in
an angiogenesis model in vitro13 and later also observed during sprouting angiogenesis in the
chicken yolk sac l and CNS. 14,15 Risau and colleagues suggested through studies ofthe developing
CNS that VEGF, expressed in the ventricular wne, may function to direct the vessel tips during
the sprouting process. 15 Earlier, Ausprunk and Folkman had provided evidence that proliferation
is largely confmed to the stalk region during angiogenic sprouting.16 Using irradiation to block
proliferation, Folkman and colleagues also discovered that sprouting can in principle progress
without cell division, indicating that the driving force for sprout elongation is likely a pulling
force exerted by the tip cells, rather than a pushing force originating from dividing stalk cells.
However, sustained sprouting beyond two days in the cornea pocket angiogenesis assay requires
that cell numbers are replenished by division. Thus the mechanism of angiogenic sprouting in
volves (a) the local induction and selection oftip cells, (b) the directed migration oftip cells along
a sufficiently adhesive substrate to provide the pulling force, and (c) the balanced proliferation of
stalk cells during sprout elongation (Fig. lA). Finally, the migration and explorative behaviour of
the tip cells must cease upon anastomosis of two sprouts to establish a stable new connection
between two branches of the growing vascular plexus.

Befote I discuss how VEGF might affect each of these processes, I will briefly consider the
composition and architecture of the tissue attracting the new vessel sprouts. Evidently, there
will be tissue specific differences, and these are important fot vascular patterning, as each organ
brings its own requirement for efficient nutrient supply and oxygenation, but also creates physical
constraints for blood vessels to restrain their growth and maintain adequate organ function.
The postnatal retina of rodents provides an excellent model system to understand the interac
tion of tip and stalk cells with the surrounding tissue and to illustrate how VEGF expression,
deposition and signalling controls guided vascular patterning within tissues.

The Mouse Retina Model
The retina comprises a sensory outpost ofthe brain, and as such may be regarded as a model

for angiogenesis in the developing CNS in general. However, unlike most other parts of the
CNS, the retina of rodents becomes vascularized only after birth (for recent comprehensive
reviews of retinal vascular development and the retina as a model for angiogenesis research, see
refs. 17,18). Vessels emerge from a capillary ring at the optic disk and sprout radially just
underneath the inner limiting membrane, the vitreal surface of the retina. The sprouting ves
sels form an elaborate network that reaches the retinal periphery about one week after birth.
The vessels are guided by a network of astrocytes, which forms only days before the vessels
grow. Genetic manipulation of the astrocyte density results in a similar alteration of vascular
density, illustrating the close relationship of astrocytes and vessels. 1O,19 In fact, astroeytic net
work formation is a prerequisite for retinal angiogenesis at this stage. This is further supported
by the fact that animals without retinal astrocytes also lack retinal vessels throughout evolution.
The speed and accuracy of primary plexus formation along the astrocytic network is truly
remarkable and requires tight regulation, as delayed or impaired retinal angiogenesis leads to an
invasion of hyaloid vessels from the vitreous into the retina, and the ensuing abberant retinal
vasculature may cause retinal scarring and detachment.

Detailed analysis of the physical association ofthe vascular sprouts with the underlying astro
cytic network showed that the endothelial tip cells elongated their ffiopodia almost exclusively
along the astrocyte surface. IO,20 Indeed, ffiopodia without astrocyte contact failed to stretch to
wards the retinal periphery in a directed fashion, suggesting that the astrocyte surface has adhesive
properties. Dorrell and colleagues proposed that R-cadherin may mediate at least part of this
adhesive function,20 however, unequivocal evidence hereofis lacking so far. Rather, we have found
that R-cadherin deficient mice show no defects in tip cell ffiopodia alignment or vascular devel
opment in the retina (H. Gerhardt, J. Hakansson and H. Semb, unpublished observations).
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The astrocytes themselves appear to respond to endotheUal tip cell contact by undergoing 
maturation and remodeling."^^ In the mature retinal network, the vascular surface is completely 
covered by astrocytic endfeet, and their inimate relationship makes an important contribution 
to the induction and maintenance of the blood retina barrier. ̂ '̂ ''̂ ^ At the time when the initial 
vascular plexus has reached the periphery, a wave of secondary angiogenesis is initiated from 
veins and capillaries in their vicinity. The new sprouts elongate along the retinal radial glia 
(Mueller glia) to branch and anastomose into two consecutive plexuses in the inner and outer 
plexiforme layers. 

VEGF Gradients Guide Tip Cell Migration 
The extracellular distribution of growth factors is often tighdy controlled to ensure spatial pat-

terning of the appropriate tissue response. In angiogenesis, the extracellular distribution ofVEGF is 
controlled at the level of transcription, isoform splicing, cell surface retention and likely uptake and 
degradation to result in extracellular gradient formation for proper vascular patterning. 

Eli Keshet and colleagues studied the mouse retina and later the human retina in detail and 
discovered that astrocytes produce ample amounts 

of VEGF.2 '̂25 j ^ 
was also in this tissue that 

Keshet first identified hypoxia-dependent regulation of VEGF expression. In situ hybridisation 
for VEGF mRNA reveals an intriguing picture, with VEGF expression confined largely to the 
avascular periphery throughout retinal development (see Chapter 3 by M. Fruttiger). The avas-
cular periphery shrinks as the retinal plexus advances, and so does the zone of high VEGF 
expression.^^ Thus VEGF production is spatially graded and ideally suited to provide direc-
tionality to the migratory response of the endothelial tip cells. In addition, VEGF gradient 
formation is supported by the distinct retention properties of the different VEGF isoforms (for 
details on VEGF isoforms see Chapter 1 by Y.S. Ng). 

The longer splice isoforms (VEGF 164 and VEGF 188 in the mouse) contain C-terminal 
basic amino acids sequences that interact with negatively charged heparan sulfate side chains 
on the cell surface or in the extracellular matrix. The shorter VEGF 120 lacks this C-terminal 
retention motif, but still binds and activates the FLTl/VEGFRl and KDRArEGFR2 recep-
tors. A detailed study of mice genetically engineered to produce only single isoforms, in lieu of 
several alternatively spliced isoforms, confirmed that the heparin-binding isoforms are secreted, 
but retained close to producing cells and thereby display a graded protein distribution around 
the site of production. ̂ ^ Accordingly, retinal astrocytes secrete and retain VEGF protein in 
their environment in a graded fashion. Intriguingly, endothelial tip cells express KDR mRNA 
in abundance and localize the receptor protein to both their cell body as well as their fdopo-
dia.'̂ '̂ ^ Thus, in analogy to axonal growth cones, which carry receptors during neuronal guid-
ance, the endothelial tip cell filopodia with their receptors are ideally suited to perform the 
sensing function originally postulated by Marin-Padilla.^ Indeed, we observed in a series of 
gain and loss of fiinction studies that the extracellular VEGF distribution is essential for the 
length and orientation of tip cell filopodia in vivo (see below). 

Endothelial tip cells are most prominently found in the periphery of the developing vascu-
lar plexus, where most of the new sprouts are forming. Tip cell formation and sprouting 
co-distribute with areas of highest VEGF concentration, suggesting that tip cell formation and 
filopodia protrusion may be induced by VEGF. Indeed, we observed induction of new tip cells 
and excessive filopodia formation on hyaloid vessels exposed to high VEGF levels in transgenic 
animals overexpressing individual VEGF isoforms from the lens crystallin promoter. ̂ ^ Con-
versely, sequestration of endogenous VEGF by intraocular injection of soluble FLTl rapidly 
leads to loss of tip cell filopodia. ̂ ^ Also, neutralizing antibodies to KDR, but not FLTl inhibit 
filopodia formation, indicating that VEGF mediates tip cell induction and fdopodia extension 
via acuvauon of KDR^^ However, FLTl may help to shape the extracellular VEGF gradient, 
as the soluble form of FLTl (sFLTl) might act as a VEGF sink, keeping VEGF levels low close 
to the vessel stalk cells. 
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The astroeytes themselves appear to respond to endothelial tip cell contact by undergoing
maturation and remodeling.21 In the mature retinal network, the vascular surface is completely
covered by astroeytic endfeet, and their inimate relationship makes an imponant contribution
to the induction and maintenance of the blood retina barrier.22,23 At the time when the initial
vascular plexus has reached the periphery, a wave of secondary angiogenesis is initiated from
veins and capillaries in their vicinity. The new sprouts elongate along the retinal radial glia
(Mueller glia) to branch and anastomose into two consecutive plexuses in the inner and outer
plexiforme layers.

VEGF Gradients Guide Tip Cell Migration
The extracellular distribution ofgrowth factors is often tightly controlled to ensure spatial pat

terning ofthe appropriate tissue response. In angiogenesis, the extracellular distribution ofVEGF is
controlled at the level oftranscription, isoform splicing, cell surface retention and likely uptake and
degradation to result in extracellular gradient formation for proper vascular patrerning.

Eli Keshet and colleagues studied the mouse retina and later the human retina in detail and
discovered that astroeytes produce ample amounts ofVEGF.24

,25 It was also in this tissue that
Keshet first identified hypoxia-dependent regulation ofVEGF expression. In situ hybridisation
for VEGF mRNA reveals an intriguing picture, with VEGF expression confined largely to the
avascular periphery throughout retinal development (see Chapter 3 by M. Fruttiger). The avas
cular periphery shrinks as the retinal plexus advances, and so does the zone of high VEGF
expression.21 Thus VEGF production is spatially graded and ideally suited to provide direc
tionality to the migratory response of the endothelial tip cells. In addition, VEGF gradient
formation is supponed by the distinct retention properties of the different VEGF isoforms (for
details on VEGF isoforms see Chapter 1 by Y.S. Ng).

The longer splice isoforms (VEGF164 and VEGF188 in the mouse) contain C-terminal
basic amino acids sequences that interact with negatively charged heparan sulfate side chains
on the cell surface or in the extracellular matrix. The shorter VEGF120 lacks this C-terminal
retention motif, but still binds and activates the FLTINEGFRI and KDRNEGFR2 recep
tors. A detailed study ofmice genetically engineered to produce only single isoforms, in lieu of
several alternatively spliced isoforms, confirmed that the heparin-binding isoforms are secreted,
but retained close to producing cells and thereby display a graded protein distribution around
the site of production. 11 Accordingly, retinal astroeytes secrete and retain VEGF protein in
their environment in a graded fashion. Intriguingly, endothelial tip cells express KDR mRNA
in abundance and localize the receptor protein to both their cell body as well as their ftIopo
dia.2,10 Thus, in analogy to axonal growth cones, which carry receptors during neuronal guid
ance, the endothelial tip cell ftIopodia with their receptors are ideally suited to perform the
sensing function originally postulated by Marin-Padilla.8 Indeed, we observed in a series of
gain and loss of function studies that the extracellular VEGF distribution is essential for the
length and orientation of tip cell filopodia in vivo (see below).

Endothelial tip cells are most prominently found in the periphery of the developing vascu
lar plexus, where most of the new sprouts are forming. Tip cell formation and sprouting
co-distribute with areas ofhighest VEGF concentration, suggesting that tip cell formation and
filopodia protrusion may be induced by VEGF. Indeed, we observed induction ofnew tip cells
and excessive filopodia formation on hyaloid vessels exposed to high VEGF levels in transgenic
animals overexpressing individual VEGF isoforms from the lens crystallin promoter. lO Con
versely, sequestration of endogenous VEGF by intraocular injection of soluble FLTI rapidly
leads to loss of tip cell ftIopodia. lO Also, neutralizing antibodies to KDR, but not FLTI inhibit
filopodia formation, indicating that VEGF mediates tip cell induction and ftIopodia extension
via activation ofKDR. lO However, FLTI may help to shape the extracellular VEGF gradient,
as the soluble form of FIX1 (srLTl) might act as a VEGF sink, keeping VEGF levels low close
to the vessel stalk cells.26
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Although all VEGF isoforms appear to induce filopodia formation, the eflFects on filopodia 
morphology and vascular patterning are stricdy isoform specific. For example, Ruhrberg and 
colleagues found that mouse hindbrains expressing solely VEGF 188 contained many tip cells 
that extended numerous long filopodia, whereas tip cells were sparser and tip cell filopodia 
shorter in the presence of VEGF 120 only.̂ ^ Correlating with the tip cell phenotype, VEGF 120 
induced the formation of a poorly branched network of vessels with enlarged diameter. Vice 
versa, mice producing only VEGF 188 developed a highly branched network of thin vessels. 
Finally, mice producing only VEGF 164, which is a heparin-binding isoform that is also diffus-
ible, developed vessels that were indistinguishable from those in wild type littermates. 

Close examination of the site of VEGF expression, and the localization of the VEGF protein, 
had demonstrated for the first time that VEGF 120 diffiised over considerable distance within 
tissues, whereas the heparin binding isoforms build a steep extracellular VEGF gradient. Ruhrberg 
and colleagues therefore concluded that diffusible VEGF 120 reached the endothelium over large 
distances and stimulated continued proliferation of endothelial cells, which in turn increased 
vessel diameter, whereas VEGF 188 gradients were so steep that vessels branched excessively." '̂̂  ̂  

A close examination of vascular patterning in the retinas of Vegfal20/12(kmcc illustrated 
that tip-cell migration and expansion of the retinal vascular plexus is dramatically reduced as a 
consequence of a shallow VEGF gradient. ̂ ^ Interestingly, the length of the tip cell filopodia 
closely correlated with the speed of retinal plexus migration and the assumed gradient in all 
experimental observations. Indeed, vessels in mice that carry only one Vegfal20 allele instead 
of the correcdy spliced wild type allele {Vegfa+/120 mice), already show reduced tip cell migra-
tion, filopodia shortening and perturbed vessel branching. 

Further mechanistic insight into the role of VEGF gradients in tip cell migration emerged 
through a series of experiments involving intraocular VEGF injection. Injection of the 
heparin-binding VEGF 164 isoform rapidly reduced tip cell migration, shortened tip cell filopo-
dia and enlarged stalk diameter, features that were highly reminiscent of the phenotype of mice 
expressing VEGF 120 only. Taken together, these results suggested that the key parameter for 
tip cell migration, tip cell polarization and directional filopodia extension was the precisely 
controlled extracellular localization of VEGF. 

RT-PCR revealed that the heparin-binding VEGF 164 is the dominant VEGF isoform in 
the retina. Thus the normal endogenous distribution of VEGF is likely controlled by retention 
of this growth factor close to the site of production to build the extracellular VEGF gradient. 
This gradient is required for proper tip cell polarization, directed filopodia extension and mi-
gration, following the basic principles of chemotaxis (Figs. 1A,B). 

Balancing Tip Cell Migration and Stalk Cell Migration 
through Extracellular VEGF Gradients 

The proliferation of stalk cells is also controlled by VEGF distribution (Fig. 1). Here, the 
local availability of VEGF within the plexus appears to determine cell division. In a normal, 
unperturbed retina, only a limited zone of the peripheral vascular plexus behind the sprouting 
front shows significant endothelial cell proliferation, as judged by BrdU incorporation, Ki67 or 
phospho-histone 3 labelling. Injection of VEGF, however, leads to widespread proliferation 
throughout the vascular plexus. This clearly shows that most endothelial cells in the growing 
vascular plexus, irrespective of their differentiation status and smooth muscle coverage, can in 
principle respond to VEGF by proliferation. During normal development, the amotmt ofVEGF 
produced correlates closely with local perfiision and oxygen supply, as Vegfa gene transcription 
is controlled by hypoxia. As mentioned above, the avascidar periphery in the retina is hypoxic 
and produces very high levels of VEGF. Within the plexus, on the other hand, VEGF produc-
tion is largely downregulated. However, local differences in perfusion and oxygenation result in 
a residual amount of VEGF production. Low oxygenation of venous blood correlates with 
higher VEGF production from astrocytes around the venous area, while astrocytes close to 
arteries produce litde or no VEGF.^'' The distribution of endothelial proliferation follows this 
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Although all VEGF isoforms appear to induce filopodia formation, the effects on filopodia
morphology and vascular patterning are strictly isoform specific. For example, Ruhrberg and
colleagues found that mouse hindbrains expressing solely VEGF188 contained many tip cells
that extended numerous long filopodia, whereas tip cells were sparser and tip cell frlopodia
shorter in the presence of VEGF120 only. 11 Correlating with the tip cell phenotype, VEGF120
induced the formation of a poorly branched network of vessels with enlarged diameter. Vice
versa, mice producing only VEGF188 developed a highly branched network of thin vessels.
Finally, mice producing only VEGFI64, which is a heparin-binding isoform that is also diffus
ible, developed vessels that were indistinguishable from those in wild type littermates.

Close examination ofthe site ofVEGF expression, and the localization of the VEGF protein,
had demonstrated for the first time that VEGF120 diffused over considerable disrance within
tissues, whereas the heparin binding isoforrns build a steep extracellularVEGF gradient. Ruhrberg
and colleagues therefore concluded that diffusible VEGF120 reached the endothelium over large
disrances and stimulated continued proliferation of endothelial cells, which in turn increased
vessel diameter, whereas VEGF188 gradients were so steep that vessels branched excessively.2,11

A close examination of vascular patterning in the retinas of Vegft120/12Omice illustrated
that tip-cell migration and expansion of the retinal vascular plexus is dramatically reduced as a
consequence of a shallow VEGF gradient. lO Interestingly, the length of the tip cell filopodia
closely correlated with the speed of retinal plexus migration and the assumed gradient in all
experimental observations. Indeed, vessels in mice that carry only one Vegft120 allele instead
of the correctly spliced wild type allele (Vegft+/120 mice), already show reduced tip cell migra
tion, filopodia shortening and petturbed vessel branching.

Further mechanistic insight into the role ofVEGF gradients in tip cell migration emerged
through a series of experiments involving intraocular VEGF injection. Injection of the
heparin-bindingVEGF164 isoform rapidly reduced tip cell migration, shortened tip cell filopo
dia and enlarged stalk diameter, features that were highly reminiscent of the phenotype ofmice
expressing VEGF120 only. Taken together, these results suggested that the key parameter for
tip cell migration, tip cell polarization and directional filopodia extension was the precisely
controlled extracellular localization ofVEGF.

RT-PCR revealed that the heparin-binding VEGF164 is the dominant VEGF isoform in
the retina. Thus the normal endogenous distribution ofVEGF is likely controlled by retention
of this growth factor close to the site of production to build the exttacellular VEGF gradient.
This gradient is required for proper tip cell polarization, directed ftlopodia extension and mi
gration, following the basic principles of chemotaxis (Figs. lA,B).

Balancing Tip Cell Migration and Stalk. Cell Migration
through Extracellular VEGF Gradients

The proliferation of stalk cells is also controlled by VEGF distribution (Fig. 1). Here, the
local availabiliry ofVEGF within the plexus appears to determine cell division. In a normal,
unperturbed retina, only a limited zone of the peripheral vascular plexus behind the sprouting
front shows significant endothelial cell proliferation, as judged by BrdU incorporation, Ki67 or
phospho-histone 3 labelling. Injection of VEGF, however, leads to widespread proliferation
throughout the vascular plexus. This clearly shows that most endothelial cells in the growing
vascular plexus, irrespective of their differentiation status and smooth muscle coverage, can in
principle respond to VEGF by proliferation. During normal development, the amount ofVEGF
produced correlates closely with local perfusion and oxygen supply, as Vegft gene transcription
is controlled by hypoxia. As mentioned above, the avascular periphery in the retina is hypoxic
and produces very high levels ofVEGF. Within the plexus, on the other hand, VEGF produc
tion is largely downregulated. However, local differences in perfusion and oxygenation result in
a residual amount of VEGF production. Low oxygenation of venous blood correlates with
higher VEGF production from astroeytes around the venous area, while astroeytes close to
arteries produce little or no VEGFY The distribution ofendothelial proliferation follows this
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pattern exactly, with significant levels in veins and the surrounding plexus and essentially no 
proliferation in and around arteries. 

Intriguingly, it is the relative difference in VEGF production around arteries and veins 
compared to the VEGF levels in front of the sprouting tip region that appears to regulate the 
patterning of the primary plexus ahead of the remodeling veins and arteries. Where the differ-
ence is greater, around the arterial regions, the implied long-range gradient of extracellular 
VEGF should be steep and result in the directed extension of long filopodia and rapid tip cell 
advancement over the retinal surface. Near veins, where this gradient is expected to be less 
steep, tip cell advancement and polarity should be comparably reduced. The opposite would be 
true for proliferation of the stalk cells, resulting low stalk cell proliferation in the former case, 
and higher stalk cell proliferation in the latter case. Taken together, these findings illustrate 
how the spatial VEGF distribution might balance and regulate the VEGF responses of tip and 
stalk cells and thus shapes the morphology of nascent vessels (Figs. lA, B). 

We were able to validate the concept that the spatial distibution of VEGF controls endothe-
lial responses to VEGF further by hyperoxia and hypoxia treatment of neonatal mice. Exposure 
to lower than normal oxygen levels increased VEGF production and therefore raised the level 
of residual VEGF available to the vascular plexus, but left the avascular periphery unperturbed; 
in contrast, exposure to higher than normal oxygen levels had the opposite effect. Conceptu-
ally, high oxygen should thus steepen the gradient, whereas hypoxia should decrease it. Consis-
tent with this idea, high oxygen levels enhancd tip cell migration and reduced stalk cell prolif-
eration. Hypoxia in turn reduced tip cell migration and increased stalk cell proliferation, resulting 
in the formation of a vascular plexus that appeared very similar to the one observed in mice 
expressing VEGF 120 only. Together, these data illustrate not only how important the extracel-
lular distribution of VEGF is for vascular patterning, but also how the regulation of VEGF 
production and retention contributes to extracellular gradient formation to balance tip and 
stalk cell proliferation. 

Recent data from Bautch and colleagues added another dimension to the conttol of stalk 
cell proliferation by VEGF disttibution. Monitoring endothelial cell division in mouse embry-
onic stem cell-derived embryoid bodies, they found that stalk cells normally divided with their 
plane of cytokinesis perpendicular to the vessel long axis. This polarized cell division pro-
moted vessel elongation during sprouting. Interestingly, stalk cell polarization occured inde-
pendendy of flow, but was instead regulated by heparin-binding VEGF isoforms. Bautch and 
colleagues had earlier suggested that cell proliferation and VEGF gradient formation in the 
embryoid body system is regulated by FLTl, in particular the soluble form, which acts as an 
extracellular VEGF sink around established vessels.^ ' ^ They then showed that diffusible 
VEGF 120 and loss of soluble FLTl both led to randomization of the cell division axis, and 
thus resulted in abberant vessels with enlarged diameter. 

Based on the results described above, it is tempting to speculate that the vascular abnormali-
ties in mice expressing VEGF 120 as the only VEGF isoform are caused by a combination of 
loss of tip cell polarization and increased stalk cell proliferation, as well as the loss of polariza-
tion of stalk cell cytokinesis (Fig. IB). 

Precisely heparin-binding isoforms polarize the division axis of stalk cells remains unclear. 
Many studies illusttate that endothelial cell shape, polarity and division axis can be regulated by 
flow through shear stress. While this is highly unlikely to occur in the sprouting regions, where 
both flow and pressure are low, it is possible that the pulling force generated by the tip cells (see 
above) is transmitted to the stalk cells to polarize their division axis. Thus, the loss of tip cell 
polarization and directed migration in the absence of VEGF gradients could direcdy be respon-
sible for a loss of stalk cell polarization. Further studies are required to investigate this link 
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pattern exactly, with significant levels in veins and the surrounding plexus and essentially no
proliferation in and around arteries.

Intriguingly, it is the relative difference in VEGF production around arteries and veins
compared to the VEGF levels in front of the sprouting tip region that appears to regulate the
patterning of the primary plexus ahead of the remodeling veins and arteries. Where the differ
ence is greater, around the arterial regions, the implied long-range gradient of extracellular
VEGF should be steep and result in the directed extension oflong filopodia and rapid tip cell
advancement over the retinal surface. Near veins, where this gradient is expected to be less
steep, tip cell advancement and polarity should be comparably reduced. The opposite would be
true for proliferation of the stalk cells, resulting low stalk cell proliferation in the former case,
and higher stalk cell proliferation in the latter case. Taken together, these findings illustrate
how the spatial VEGF distribution might balance and regulate the VEGF responses of tip and
stalk cells and thus shapes the morphology of nascent vessels (Figs. lA, B).

We were able to validate the concept that the spatial distibution ofVEGF controls endothe
lial responses to VEGF further by hyperoxia and hypoxia treatment ofneonatal mice. Exposure
to lower than normal oxygen levels increased VEGF production and therefore raised the level
of residual VEGF available to the vascular plexus, but left the avascular periphery unperturbed;
in contrast, exposure to higher than normal oxygen levels had the opposite effect. Conceptu
ally, high oxygen should thus steepen the gradient, whereas hypoxia should decrease it. Consis
tent with this idea, high oxygen levels enhancd tip cell migration and reduced stalk cell prolif
eration. Hypoxia in turn reduced tip cell migration and increased stalk cell proliferation, resulting
in the formation of a vascular plexus that appeared very similar to the one observed in mice
expressing VEGF120 only. Together, these data illustrate not only how important the extracel
lular distribution ofVEGF is for vascular patterning, but also how the regulation ofVEGF
production and retention contributes to extracellular gradient formation to balance tip and
stalk cell proliferation.

Recent data from Bautch and colleagues added another dimension to the control of stalk
cell proliferation by VEGF distribution. Monitoring endothelial cell division in mouse embry
onic stem cell-derived embryoid bodies, they found that stalk cells normally divided with their
plane of cytokinesis perpendicular to the vessel long axis.28 This polarized cell division pro
moted vessel elongation during sprouting. Interestingly, stalk cell polarization occured inde
pendently of flow, but was instead regulated by heparin-binding VEGF isoforms. Bautch and
colleagues had earlier suggested that cell proliferation and VEGF gradient formation in the
embryoid body system is regulated by FLT1, in particular the soluble form, which acts as an
extracellular VEGF sink around established vessels.26,29 They then showed that diffusible
VEGF120 and loss of soluble FLTI both led to randomization of the cell division axis, and
thus resulted in abberant vessels with enlarged diameter.

Based on the results described above, it is tempting to speculate that the vascular abnormali
ties in mice expressing VEGF120 as the only VEGF isoform are caused by a combination of
loss of tip cell polarization and increased stalk cell proliferation, as well as the loss of polariza
tion of stalk cell cytokinesis (Fig. lB).

Precisely heparin-binding isoforms polarize the division axis of stalk cells remains unclear.
Many studies illustrate that endothelial cell shape, polarity and division axis can be regulated by
flow through shear stress.30 While this is highly unlikely to occur in the sprouting regions, where
both flow and pressure are low, it is possible that the pulling force generated by the tip cells (see
above) is transmitted to the stalk cells to polarize their division axis. Thus, the loss of tip cell
polarization and directed migration in the absence ofVEGF gradients could directly be respon
sible for a loss of stalk cell polarization. Further studies are required to investigate this link.
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Tip Cell Fortnation following VEGF Stimulation Is Controlled 
by DU4/NOTCH1 Signaling 

The concept of endothelial tip and stalk cells has helped to direct current research towards 
identifying distinct cellular responses of different endothelial cell populations and their inte-
gration during angiogenic sprouting. Which signals select a tip cell from a given endothelial 
cell population, and what stops the stalk cells from responding in a similar fashion? Clearly 
both types of endothelial cells are stimulated by the same growth factor, VEGF, and both 
respond through KDR signaling, yet their behaviour is very different. Our initial characteriza-
tion of the tip cell illustrated that tip and stalk cells carry a differential transcriptional signa-
ture. Today, we know only a handful of genes that are expressed preferentially in the tips, 
including Kdr, Pdgfb (encoding the patelet-derived growth factor B), Apln (encoding apelin), 
D114 (encoding delta-like 4). 

In vitro, VEGF induces a large number of genes in endothelial cells from various origins. 
One of the genes induced by VEGF is the NOTCH ligand DLL4. In situ hybridization sug-
gested that / ) / / ^ expression is restricted to developing arteries and the tips of vascular sprouts. ' 
A number of recent studies have now addressed the function of DLL4/NOTCH signaling in 
angiogenesis. Very similar to VEGF, DLL4 levels apmear to require very tight regulation, as 
haploinsufficiency for Z)//^ causes embryonic lethality. ^̂ ^ Interestingly, loss of DLL4/NOTCH 
signaling in angiogenesis assays in vitro and in mouse and zebrafish in vivo leads to ectopic 
sprouting and increased tip cell numbers^^' ^ (Fig. IC). Monitoring NOTCH signaling activ-
ity through NOTCH target genes and a transgenic NOTCH reporter in the mouse retina, we 
observed strong NOTCH signaling in the sprouting zone. As observed for D114 expression, 
NOTCH reporter activity displayed a "salt and pepper" distribution pattern among the endot-
helial cells in the sprouting zone. Intriguingly, Dll4 mRNA was almost never observed to be 
strongly expressed in two neighboring cells at any given time, independent of their position at 
the tip or in the stalk of the sprouts. Loss of NOTCH activity recapitulates the phenotype 
caused by loss of DLL4, with strongly increased filopodia protrusions, increased tip cell num-
bers, excessive sprouting and fusion. These data suggested that DLL4/NOTCH signaling con-
trols protrusive activity. The fact that VEGF induces Dll4 expression, ' ^ and the observation 
of increased filopodia formation, sprouting and branching specifically in the region exposed to 
VEGF in mouse mutants together suggest that DLL4/NOTCH signalling functions to limit 
tip cell formation in the vascular zone exposed to VEGF. 

DLL4, like other NOTCH ligands, activates the NOTCH receptor in a cell-cell contact 
dependent manner. A series of protease cleavage events of both the ligand and the receptor is 
required for signaling. Gamma secretase is the last cleavase during receptor activation, severing 
the intracellular NOTCH domain from the transmembrane region. '̂ The NOTCH intrac-
ellular domain (NICD) is translocated to the nucleus, where it binds to RBPJ (previous names: 
RbpSuh and CBFl) to activate transcription of target genes, including members of the HES 
and HEY family of transcriptional repressors (reviewed in refs. 45,46). Short-term inhibition 
of gamma secretase in the retina rapidly increases filopodia formation, in particular from cells 
situated in the stalk, suggesting that NOTCH is required in stalk cells to suppress protrusive 
activity. Moreover, expression of the tip cell marker Pdgfb becomes widespread at the front, 
suggesting that the tip cell program is activated in stalk cells. Mosaic analysis in mouse retina 
and zebrafish showed that cells unable to receive NOTCH signaling are more likely to adopt a 
tip cell phenotype, whereas activation of NOTCH prohibits cells from becoming tip cells. ' ^ 
These data argue for a model in which individual cells that are stimulated by VEGF compete 
for the leadership position, i. e. the tip cell phenotype. 

How the competitive advantage of one cell over the other is established remains unclear. 
Eichmann and coworkers suggested that KDR levels determine the tip cell response and are 
controlled by NOTCH signaling."^^ This hypothesis is indeed attractive, as a negative feedback 
loop in which VEGF induces DLL4, which in turn activates NOTCH in neighboring cell to 
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Tip Cell Formation following VEGF Stimulation Is Controlled
by Dll4/NOTCHl Signaling

The concept of endothelial tip and stalk cells has helped to direct current research towards
identifying distinct cellular responses of different endothelial cell populations and their inte
gration during angiogenic sprouting. Which signals select a tip cell from a given endothelial
cell population, and what stops the stalk cells from responding in a similar fashion? Clearly
both types of endothelial cells are stimulated by the same growth factor, VEGF, and both
respond through KDR signaling, yet their behaviour is very different. Our initial characteriza
tion of the tip cell illustrated that tip and stalk cells carry a differential transcriptional signa
ture. Today, we know only a handful of genes that are expressed preferentially in the tips,
including Kdr, Pdgfb (encoding the pateler-derived growth factor B), Apln (encoding apelin),
D1l4 (encoding delta-like 4).

In vitro, VEGF induces a large number of genes in endothelial cells from various origins.
One of the genes induced by VEGF is the NOTCH ligand DLL4. In situ hybridization SU\?
gested that DIl4expression is restricted to developing arteries and the tips ofvascular sprouts.31, 2

A number of recent studies have now addressed the function ofDLL4/NOTCH signaling in
angiogenesis. Very similar to VEGF, DLL4 levels apgear to require very tight regulation, as
haploinsufficiency for DIl4causes embryonic lethality. -35 Interestingly, loss ofD LL4/NOTCH
signaling in angiogenesis assays in vitro36 and in mouse and zebrafish in vivo leads to ectopic
sprouting and increased tip cell numbers37-41 (Fig. Ie). Monitoring NOTCH signaling activ
ity through NOTCH target genes and a transgenic NOTCH reporter in the mouse retina, we
observed strong NOTCH signaling in the sprouting wne. As observed for DIl4 expression,
NOTCH reporter activity displayed a "salt and pepper" distribution pattern among the endot
helial cells in the sprouting wne. Intriguingly, DIl4 mRNA was almost never observed to be
strongly expressed in two neighboring cells at any given time, independent of their position at
the tip or in the stalk of the sprouts. Loss of NOTCH activity recapitulates the phenotype
caused by loss ofDLL4, with strongly increased filopodia protrusions, increased tip cell num
bers, excessive sprouting and fusion. These data suggested that DLL4/NOTCH signaling con
trols protrusive activity. The fact that VEGF induces DIl4 expression,39,42 and the observation
of increased filopodia formation, sprouting and branching specifically in the region exposed to
VEGF in mouse mutants together suggest that DLL4/NOTCH signalling functions to limit
tip cell formation in the vascular wne exposed to VEGF.

DLL4, like other NOTCH ligands, activates the NOTCH receptor in a cell-cell contact
dependent manner. A series of protease cleavage events of both the ligand and the receptor is
required for signaling. Gamma secretase is the last cleavase during rece€tor activation, severing
the intracellular NOTCH domain from the transmembrane region.43, 4The NOTCH intrac
ellular domain (NICD) is translocated to the nucleus, where it binds to RBP] (previous names:
RbpSuh and CBF I) to activate transcription of target genes, including members of the HES
and HEY family of transcriptional repressors (reviewed in refs. 45,46). Short-term inhibition
ofgamma secretase in the retina rapidly increases H1opodia formation, in particular from cells
situated in the stalk, suggesting that NOTCH is required in stalk cells to suppress protrusive
activity. Moreover, expression of the tip cell marker Pdgfb becomes widespread at the front,
suggesting that the tip cell program is activated in stalk cells. Mosaic analysis in mouse retina
and zebrafish showed that cells unable to receive NOTCH signaling are more likely to adoJ?t a
tip cell phenotype, whereas activation ofNOTCH prohibits cells from becoming tip cells. ,40
These data argue for a model in which individual cells that are stimulated by VEGF compete
for the leadership position, i. e. the tip cell phenotype.

How the competitive advantage of one cell over the other is established remains unclear.
Eichmann and coworkers suggested that KDR levels determine the tip cell response and are
controlled by NOTCH signalingY This hypothesis is indeed attractive, as a negative feedback
loop in which VEGF induces DLL4, which in turn activates NOTCH in neighboring cell to



76 VEGF in Development 

suppress KDR levels and thus KDR activity, would suffice to pattern the endothelial popula-
tion into tip and stalk cells. In the analogous case of the Drosophila trachea, FGFR levels 
(breathless) are indeed capable of selecting the tip cells in response to FGF (branchless) stimu-
lation." '̂̂  Alternative mechanisms are possible, in particular as coreceptors for VEGF may regu-
late the downstream activity and specificity of the KDR signaling pathway. 

Importantly, excessive numbers of tip cells subsequent to DLL4 or NOTCH inhibition 
increase vessel sprouting and branching, and therefore also vascular density; however, the ensu-
ing vascular network is poorly functional. Both in the retina, and in tumour models, the tissue 
becomes hypoxic and undersupplied, despite the increased vascular density. In fact, two papers 
from Regeneron and Genentech demonstrated that tumour growth is strongly reduced as a 
result of poor vascular function in D114 heterozygous mutant mice. '̂ Finally, Leslie and 
colleagues illustrated that DLL4/NOTCH signaling also functions to terminate tip cell protru-
sive acitivity once two tip cells fuse in the dorsal longitudinal anastomosing vessel of zebrafish.^^ 

Conclusions 
VEGF stimulates endothelial cells to sprout and proliferate to form new vessel structures. 

VEGF induces DLL4, which functions to pattern the endothelial population into tip and stalk 
cells. The tip cells then migrate along the VEGF gradients, whereas stalk cell proliferate in a 
polarized fashion to supply further endothelial cells. The balance between migration and polar-
ized proliferation controls the length and diameter of the stalk (Figs. lA-C). VEGF gradients, 
arising through regulated retention of VEGF on the cell surface and in the extracellular matrix, 
govern these polarization processes. In the future, it will be interesting to examine how matrix 
molecules participate in these mechanisms and how VEGF retention and DLL4/NOTCH 
signalling influence each other in the patterning process. 
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cells. The tip cells then migrate along the VEGF gradients, whereas stalk cell proliferate in a
polarized fashion to supply further endothelial cells. The balance between migration and polar
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Abstract 

The majority of bones in the skeleton develop through the process of endochondral 
ossification. During this process, avascular cartilage becomes gradually replaced by 
highly vascularized bone tissue. VEGF is an essential mediator of all 3 key vascular-

ization stages of endochondral bone development, and, in addition, exerts multiple nonvascular 
functions during each of these stages by acting direcdy upon the involved bone cells. In this 
chapter, we will discuss the various lines of evidence which demonstrate that the three major 
VEGF isoforms are essential to coordinate bone vascularization, cartilage morphogenesis and 
ossification during endochondral bone formation. 

Key Messages 
• VEGF is expressed by bone cells (osteoclasts, osteoblasts, and chondrocytes) involved in the 

process of endochondral ossification. 
• VEGF receptors are expressed by endothelial cells and bone cells during endochondral 

ossification. 
• VEGF controls the timely invasion of endothelial cells and osteoclasts/chondroclasts into 

developing long bones during primary ossification. 
• VEGF regulates the proliferation, differentiation and/or survival of osteoclasts, osteoblasts 

and chondrocytes. 
• The matrix-binding VEGF isoforms mediate metaphyseal angiogenesis and thereby regu-

late both trabecular bone formation and growth plate morphogenesis during endochondral 
bone formation. 

• The soluble VEGF isoforms are required for epiphyseal vascularization and secondary ossi-
fication in growing long bones. 

Introduction 
The assembly of the skeleton during embryonic development relies on the formation of 

as many as 206 separate bones at sites distributed all over the body. Two distinct mechanisms 
are responsible for bone formation: intramembranous and endochondral ossification. Dur-
ing intramembranous ossification, bones develop direcdy from soft connective tissue. First, 
mesenchymal precursor cells aggregate at the site of the future bone formation, and they 
then differentiate into osteoblasts. The osteoblasts deposit bone matrix (osteoid) rich in type I 
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collagen, which later becomes mineralized. Terminally differentiated osteoblasts become 
entrapped in the bone as osteocytes. This type of bone deposition occurs in close spatial 
interaction with vascular tissue, but little is known about the role of VEGF in this process. 
Truly membranous bones are the flat bones of the skull (calvarial bones and mandibles) and 
parts of the clavicles. The long bones of the axial and appendicular skeleton also develop 
from mesenchymal condensations, but here these cells differentiate into chondrocytes to 
form a cartilaginous model of the future bone, the cartilage anlagen. This avascular cartilage 
subsequently becomes replaced by highly vascularized bone tissue through the process of 
endochondral ossification, which encompasses 3 key vascularization stages: (i) initial vascu-
lar invasion of the cartilage anlagen to establish the primary center of ossification (diaphysis) 
(Fig. 1A-C,G); (ii) capillary invasion at the growth plate (metaphysis) to mediate rapid bone 
lengthening (Fig. 1D-F,H); and (iii) vascularization of the cartilage ends (epiphysis) to ini-
tiate secondary ossification (Fig. 1D-F,I). 

In the late 1990's several in vitro experiments established that VEGF and its receptors are 
expressed in specific bone cell types, and a strong regulation of VEGF expression by 
osteo-modulators was observed. These earliest findings suggested a possible role for VEGF 
in bone formation in vivo. However, a generalized mouse knock-out model of VEGF could 
not be employed to determine the role of VEGF in bone development, due to lethality of 
even heterozygous VEGF knock-out embryos at a stage preceding the onset of skeletal devel-
opment. Therefore, alternative approaches had to be used to explore the physiological role of 
VEGF in bone development. The first evidence for an important role for VEGF in postnatal 
metaphyseal bone development was found in juvenile mice after administration of a soluble 
truncated chimeric VEGF receptor, which consists of the FLTl extracellular domain fused 
to an IgG-Fc domain and sequesters VEGF protein with high affinity.^ In this model, VEGF 
inactivation suppressed blood vessel invasion at the growth plate and concomitantly inhib-
ited endochondral bone formation. Another strategy to block VEGF fimction whilst cir-
cumventing the early embryonic lethality of VEGF null mice entailed the Cr^/Z^xP-mediated 
conditional inactivation of the VEGF gene {Vegfa) in type II collagen expressing 
chondrocytes.^' Finally, expression of only one of the major VEGF isoforms also rescued the 
embryonic lethality of VEGF null mice, and was therefore able to reveal the specific contri-
butions of these isoforms to bone development. ' Altogether, these models have exposed 
multiple essential roles of VEGF in the sequential stages of endochondral bone formation 
(Fig. 1), as will be discussed. 

In mice, the Vegfa gene encodes 3 major alternatively spliced isoforms: VEGF 120, VEGF 164 
and VEGF 188 (see Chapter 1 by Y.S. Ng). VEGF 120 has a low aifinity for heparin and is consid-
ered to be a freely diffusible protein. In contrast, VEGF 164 and even more so VEGF 188 bind 
heparin with high affinity; this is thought to facilitate their binding to heparan sulfate-containing 
proteoglycans on the cell surface and in the extracellular matrix (ECM), firom which they can be 
released by proteolytic enzymes such as matrix metalloproteinases (MMPs). All VEGF isoforms 
are capable of binding the VEGF receptor tyrosine kinases FLTl and KDR. In contrast, 
VEGF 164, but not VEGF 120 has been shown to bind to NRPl and NRP2. 

In this chapter, we will describe how VEGF expression by several different bone cell types 
mediates a multitude of effects during endochondral ossification. In particular, we focus on the 
role of VEGF as an essential mediator of all 3 key vascularization stages during endochondral 
bone development, and describe how VEGF exerts multiple nonvascular functions during each 
of these stages by acting direcdy upon the involved bone cells. Moreover, we will discuss how 
the study of bone development in transgenic mice expressing solely VEGF 120 {Vegfal20/120), 
VEGF164 (Vegfal64/164) or VEGF188 {Vegfal88/188) revealed differential requirements for 
the VEGF isoforms at different stages of bone formation. 
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collagen, which later becomes mineralized. Terminally differentiated osteoblasts become
entrapped in the bone as osteoeytes. This type of bone deposition occurs in close spatial
interaction with vascular tissue, but little is known about the role ofVEGF in this process.
Truly membranous bones are the flat bones of the skull (calvarial bones and mandibles) and
parts of the clavicles. The long bones of the axial and appendicular skeleton also develop
from mesenchymal condensations, but here these cells differentiate into chondrocytes to

form a cartilaginous model of the future bone, the cartilage anlagen. This avascular cartilage
subsequently becomes replaced by highly vascularized bone tissue through the process of
endochondral ossification, which encompasses 3 key vascularization stages: (i) initial vascu
lar invasion of the cartilage anlagen to establish the primary center of ossification (diaphysis)
(Fig. 1A-C,G); (ii) capillary invasion at the growth plate (metaphysis) to mediate rapid bone
lengthening (Fig. 1D-F,H); and (iii) vascularization of the cartilage ends (epiphysis) to ini
tiate secondary ossification (Fig. 1D-F,I).

In the late 1990's several in vitro experiments established that VEGF and its receptors are
expressed in specific bone cell types, and a strong regulation of VEGF expression by
osteo-modulators was observed. These earliest findings suggested a possible role for VEGF
in bone formation in vivo. However, a generalized mouse knock-out model ofVEGF could
not be employed to determine the role ofVEGF in bone development, due to lethality of
even heterozygous VEGF knock-out embryos at a stage preceding the onset ofskeletal devel
opment. Therefore, alternative approaches had to be used to explore the physiological role of
VEGF in bone development. The first evidence for an important role for VEGF in postnatal
metaphyseal bone development was found in juvenile mice after administration of a soluble
truncated chimeric VEGF receptor, which consists of the FLT1 extracellular domain fused
to an IgG-Fc domain and sequesters VEGF protein with high affinity.l In this model, VEGF
inactivation suppressed blood vessel invasion at the growth plate and concomitantly inhib
ited endochondral bone formation. Another strategy to block VEGF function whilst cir
cumventing the early embryonic lethality ofVEGF null mice entailed the ere!LoxP-mediated
conditional inactivation of the VEGF gene (Vegfa) in type II collagen expressing
chondroeytes. 2

,3 Finally, expression ofonly one of the major VEGF isoforms also rescued the
embryonic lethality ofVEGF null mice, and was therefore able to reveal the specific contri
butions of these isoforms to bone development.4

-6 Altogether, these models have exposed
multiple essential roles ofVEGF in the sequential stages of endochondral bone formation
(Fig. 1), as will be discussed.

In mice, the Vegfiz gene encodes 3 major alternatively spliced isoforrns: VEGF120, VEGFl64
and VEGF188 (see Chapter 1 byY.S. Ng). VEGF120 has a low affinity for heparin and is consid
ered to be a freely diffusible protein. In contrast, VEGF164 and even more so VEGF188 bind
heparin with high affinity; this is thought to facilitate their binding to heparan sulfate-containing
proteoglycans on the cell surface and in the extracellular matrix (ECM), from which they can be
released by proteolytic enzymes such as matrix metalloproteinases (MMPs). All VEGF isoforrns
are capable of binding the VEGF receptor tyrosine kinases FLT1 and KDR. In contrast,
VEGF164, but not VEGF120 has been shown to bind to NRP1 and NRP2.

In this chapter, we will describe how VEGF expression by several different bone cell types
mediates a multitude ofeffects during endochondral ossification. In particular, we focus on the
role ofVEGF as an essential mediator of all 3 key vascularization stages during endochondral
bone development, and describe how VEGF exerts multiple nonvascular functions during each
of these stages by acting directly upon the involved bone cells. Moreover, we will discuss how
the study ofbone development in transgenic mice expressing solely VEGF120 (Vegfa120/120),
VEGF164 (Vegfal64/164) or VEGF188 (Vegfa188/188) revealed differential requirements for
the VEGF isoforms at different stages of bone formation.
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EKpression and Regulation of VEGF and VEGF Receptors in Bone 
Cell Types 

VEGF and its receptors are expressed by several different bone cell types involved in endo-
chondral ossification. 

Chondrocytes 
Chondrocytes in the cartilage template and later in the growth plate first proliferate, and 

then progressively differentiate into mature hypertrophic cells. Several autocrine and/or paracrine 
factors have been implicated in chondrocyte development, including parathyroid hormone 
related protein (PTHRP; now known as parathyroid hormone like peptide, PTHLH), Indian 
hedgehog (IHH), bone morphogenetic proteins (BMPs) and fibroblast growth factors (FGFs). 
PTHRP and IHH form a negative feedback signaling pathway to control the pace of chondro-
cyte development in the growth plate. IHH also coordinates chondrocyte and osteoblast differ-
entiation, together with the transcription factor RUNX2 (runt related transcription factor; also 
known as core binding factor 1, CBFAl).^'^ 

Hypertrophic chondrocytes, but not immature chondrocytes, consistendy express high levels 
of VEGF in vivo. One factor that may control this VEGF expression is RU>DC2.̂  By expressing 
VEGF and other angiogenic stimulators, hypertrophic cartilage becomes a target for capillary 
invasion and angiogenesis. In contrast, immature cartil^e remains avascular due to the produc-
tion of angiogenic inhibitors. As a result, the center of the developing epiphyseal growth plate 
becomes hypoxic, ̂ ^ but chondrocytes are well capable of surviving this challenge. For example, 
bovine articular chondrocytes are able to survive under oxygen tensions ranging from <0.1% to 
20% for at least 7 days in vitro, with no evident differences in cell division or differentiation.^ ^ In 
response to this physiological hypoxia, immamre chondrocytes in the center of the epiphysis 
upregulate VEGF. Accordingly, VEGF mRNA and protein levels are increased by hypoxia in 
cultured embryonic limbs and primary chondrocytes in vitro. ' In general, hypoxia induces the 
expression of VEGF and other genes involved in angiogenesis and glucose metabolism via two 
transcriptional regulators, the hypoxia-inducible factors HIFIA and HIF2A (previously known 
as HIFl alpha and HIF2 alpha; see Chapter 3 by M. Fruttiger). In agreement, inactivation of 
HIFIA in epiphyseal chondrocytes abolished the upregulation of VEGF in response to hypoxia 
in vitro. Mice with inactivation of HIFIA in cartilage nevertheless showed increased VEGF 
expression in the epiphysis, su^esting that HIF2A and/or other factors may compensate for 
HIFIA loss or contribute to VEGF upregulation in vivo.^^ Studies on the VEGF receptor profile 
in chondrocytes showed that immature epiphyseal chondrocytes in vivo express the two VEGF 
isoform-specific receptors NRPl and NRP2, but no detectable levels of FLTl or KDR were 
found. ̂ '̂  Expression of KDR has however been reported in some other cartilage types, such as the 
permanent thyroid cartilage of humans and culmred hypertrophic chondrocytes of chicken. ̂ '̂̂  

Osteoblasts 
Osteoblasts share a common mesenchymal precursor with chondrocytes, and specific regu-

latory factors direct the osteo-chondroprogenitors to either one of these lineages. As such, 
RUNX2 dominates the control of osteoblast differentiation. Mature osteoblasts produce bone 
matrix and abundantly express type I collagen. In a later differentiation stage, osteoblasts min-
eralize the osteoid and are typified by expression of osteocalcin. 

Several groups reported that osteoblastic cells of mouse, rat or human origin express VEGF 
and its receptors, with highest expression levels being found at the late differentiation stages.^^' 
As observed in chondrocytes, VEGF production in osteoblasts is stimulated by hypoxia in a 
process diat involves HIFIA and HIF2A^^-^^ Furthermore, VEGF expression in osteoblasts is 
also induced by several osteotropic factors, including BMPs, transforming growth factor beta 
(TGFB), prostaglandins, insulin-like growth factor 1 (IGFl), platelet-derived growth factor 
(PDGF), fibroblast growth factor 2 (FGF2) and lalpha,25-dihydroxyvitamin D3, but it is 
inhibited by bone catabolic factors such as glucocorticoids. 
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Expression and Regulation ofVEGF and VEGF Receptors in Bone
Cell Types

VEGF and its receptors are expressed by several different bone cell rypes involved in endo
chondral ossification.

Chondroeytes
Chondroeyres in the cartilage template and later in the growth plate first proliferate, and

then progressively differentiate into mature hypertrophic cells. Several autocrine and/or paracrine
factors have been implicated in chondroeyre development, including parathyroid hormone
related protein (PTHRP; now known as parathyroid hormone like peptide, PTHLH), indian
hedgehog (IHH), bone morphogenetic proteins (BMPs) and fibroblast growth factors (FGFs).
PTHRP and IHH form a negative feedback signaling pathway to control the pace ofchondro
eyre development in the growth plate. IHH also coordinates chondroeyre and osteoblast differ
entiation, together with the transcription factor RUNX2 (runt related transcription factor; also
known as core binding factor I, CBFAI).7·8

Hypertrophic chondroeyres, but not immature chondroeyres, consistently express high levels
ofVEGF in vivo. One faeror that may control this VEGF expression is RUNX2.9 By expressing
VEGF and other angiogenic stimulators, hypertrophic cartilage becomes a target for capillary
invasion and angiogenesis. In contrast, immature cartilage remains avascular due to the produc
tion of angiogenic inhibitors. As a result, the center of the developing epiphyseal growth plate
becomes hypoxic,1O but chondroeyres are well capable of surviving this challenge. For example,
bovine articular chondroeytes are able to survive under oxygen tensions ranging from <0.1% to
20% for at least 7 days in vitro, with no evident differences in cell division or differentiation. II In
response to this physiological hypoxia, immature chondroeyres in the center of the epiphysis
upregulate VEGF. Accordingly, VEGF mRNA and protein levels are increased by hypoxia in
cultured embryonic limbs and primary chondroeyres in vitto. 5•

12 In general, hypoxia induces the
expression ofVEGF and other genes involved in angiogenesis and glucose metabolism via two
transcriptional regulators, the hypoxia-inducible factors HIFIA and HIF2A (previously known
as HIFI alpha and HIF2 alpha; see Chapter 3 by M. Fruttiger). In agreement, inactivation of
HIFIA in epiphyseal chondroeyres abolished the upregulation ofVEGF in response to hypoxia
in vitro. 12 Mice with inactivation of HIFIA in cartilage nevertheless showed increased VEGF
expression in the epiphysis, suggesting that HIF2A and/or other factors may compensate for
HIF IA loss or contribute to VEGF upregulation in vivo. 10 Studies on the VEGF receptor profile
in chondroeyres showed that immature epiphyseal chondroeyres in vivo express the two VEGF
isoform-specific receptors NRPI and NRP2, but no detectable levels of FLTI or KDR were
found. 3•5 Expression ofKDR has however been reported in some other cartilage rypes, such as the
permanent thyroid cartilage ofhumans and cultured hypertrophic chondroeyres of chicken. 13,14

Osteoblasts
Osteoblasts share a common mesenchymal precursor with chondroeyres, and specific regu

latory factors direct the osteo-chondroprogenitors to either one of these lineages. As such,
RUNX2 dominates the control ofosteoblast differentiation. Mature osteoblasts produce bone
matrix and abundantly express rype I collagen. In a later differentiation stage, osteoblasts min
eralize the osteoid and are rypified by expression of osteocalcin.

Several groups reported that osteoblastic cells ofmouse, rat or human origin express VEGF
and its receptors, with highest expression levels being found at the late differentiation stages. 15

•
16

As observed in chondroeyres, VEGF production in osteoblasts is stimulated by hypoxia in a
process that involves HIFIA and HIF2A 17-19 Furthermore, VEGF expression in osteoblasts is
also induced by several osteotropic factors, including BMPs, transforming growth factor beta
(TGFB), prostaglandins, insulin-like growth factor 1 (IGFI), platelet-derived growth factor
(PDGF), fibroblast growth factor 2 (FGF2) and lalpha,25-dihydroxyvitarnin D 3, but it is
inhibited by bone catabolic factors such as glucocorticoids.
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Osteoclasts 
Osteoclasts are large, multinucleated cells that are endowed with the unique capacity^ to de-

grade mineralized tissues, a process in which secreted MMPs play an important role. The devel-
opment of osteoclasts is a complex multi-step process that involves at least two crucial signaling 
molectdes expressed by osteoblasts and osteoblast progenitors: macrophage-colony stimulating 
factor (CSFl; previously known as M-CSF) and receptor activator of nuclear factor kappa B 
ligand (RANKL; now also known as tumor necrosis factor superfamily member 11, TNFSF11). 

Osteoclasts share a common hematopoietic precursor with monocytes and macrophages, 
and like them express FLTl as their main VEGF receptor.̂ '̂ ''̂ ^ However, expression of KDRby 
cultured osteoclasts has also been reported.^ '̂ ^ Primary cultures of osteoclasts prepared from 
murine bone marrow were found to express VEGF by RT-PCR,^5 but diese results have to be 
confirmed by additional experimental approaches, as these cultures also contained other bone 
marrow derived cells. 

VEGF Is Required for the Formation of the Primary 
Ossification Center 

Embryonic long bones first develop as avascidar cartilage anlagen, but following the forma-
tion of a bone collar around the cartilage, vascular invasion takes place. Concomitant with 
vascular invasion, the hypertrophic cartilage matrix is degraded by invading osteoclasts and/or 
chondroclasts, and osteoblasts and marrow cells start to populate the primary ossification cen-
ter. Blocking physically the vascular invasion of hypertrophic cartilage in embryonic day (E)14 
skeletal explants halts bone development, indicating that the development of cartilage anlagen 
into proper long bones depends on the invasion of endothelial cells. The vasculature is not 
only critical to supply oxygen, nutrients and growth enhancing molecules, but is also consid-
ered to be a major source of progenitors for the specific cell types that form bone and marrow. 
Several lines of evidence indicate that the timely invasion of endothelial cells and osteoclasts/ 
chondroclasts during early bone development is dependent on VEGF, particularly VEGF 164, 
through its direct actions on both endothelial cells and bone cells (Fig. IG). 

VEGF Controls the Initial Vascular Invasion during Formation 
of the Primary Ossification Center 

At the time when the primary ossification center develops, VEGF is produced by perichon-
drial cells, possibly osteoblasts, and by diaphyseal hypertrophic chondrocytes (see below). '̂ '̂  
Vegfa transcription is thought to be induced by RUNX2, given that expression of VEGF and 
its receptors is impaired in the bones of RUNX2-deficient mice. Moreover, these mice show no 
vascular invasion into any skeletal element, consistent with the idea that VEGF is a critical 
vascular growth factor during bone formation.^ This idea is particularly supported by the 
observation that the formation of the primary ossification center is delayed in cartilage ex-
plants ctdtured with a VEGF-inhibiting soluble chimeric FLTl protein. The initial vascular 
invasion and the formation of the primary ossification center are also delayed in Vegfal20/120 
and Vegfal88/188 mice, but not in Vegfa 164/164 mice^, suggesting that specifically the VEGF 164 
isoform is needed for this process. '̂  This could be due to its interaction with NRPl. Alterna-
tively, not the VEGF 164 isoform in particular, but rather a combination of soluble and bound 
VEGF molecules may be needed to coordinate the initial capillary invasion into the cartilage 
anlagen, perhaps to form a chemoattractive gradient for ingrowing vessels. A similar mecha-
nism has been proposed for angiogenesis in other organs (see Chapter 6 by H. Gerhardt). 
VEGF is also a chemoattractant for osteoclasts invading into developing bones. This process 
involves MMPs, raising the possibility that release of matrix-bound VEGF from the hyper-
trophic cartilage matrix by the action of MMPs may account for the close association of vascu-
lar and osteoclastic invasion. "̂ '̂̂ ^ 
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Osteoclasts
Osteoclasts are large, multinucleated cells that are endowed with the unique cafracity to de

grade mineralized tissues, a process in which secreted MMPs play an important role. 0The devel
opment of osteoclasts is a complex multi-step process that involves at least two crucial signaling
molecules expressed by osteoblasts and osteoblast progenitors: macrophage-colony stimulating
factor (CSFl; previously known as M-CSF) and receptor activator of nuclear faeror kappa B
ligand (RANKL; now also known as tumor necrosis factor superfamily member 11, TNFSF11).21

Osteoclasts share a common hematopoietic precursor with monoeytes and macrophages,
and like them express FLTI as their main VEGF receptor.22,23 However, expression ofKDR by
cultured osteoclasts has also been reported.24,25 Primary cultures of osteoclasts prepared from
murine bone marrow were found to express VEGF by RT_PCR,25 but these results have to be
confirmed by additional experimental approaches, as these cultures also contained other bone
marrow derived cells.

VEGF Is Required for the Formation of the Primary
Ossification Center

Embryonic long bones first develop as avascular cartilage anlagen, but following the forma
tion of a bone collar around the cartilage, vascular invasion takes place. Concomitant with
vascular invasion, the hypertrophic cartilage matrix is degraded by invading osteoclasts and!or
chondrodasts, and osteoblasts and marrow cells start to populate the primary ossification cen
ter. Blocking physically the vascular invasion ofhypertrophic cartilage in embryonic day (E)14
skeletal explants halts bone development, indicating that the development ofcartilage anlagen
into proper long bones depends on the invasion of endothelial cells.26 The vasculature is not
only critical to supply oxygen, nutrients and growth enhancing molecules, but is also consid
ered to be a major source of progenitors for the specific cell types that form bone and marrow.
Several lines of evidence indicate that the timely invasion of endothelial cells and osteoclastsl
chondroclasts during early bone development is dependent on VEGF, particularly VEGFI64,
through its direct actions on both endothelial cells and bone cells (Fig. IG).

VEGF Controls the Initial Vascular Invasion during Formation
ofthe Primary Ossification Center

At the time when the primary ossification center develops, VEGF is produced by perichon
drial cells, possibly osteoblasts, and by diaphyseal hypertrophic chondroeytes (see below).4,27
Vegfa transcription is thought to be induced by RUNX2, given that expression ofVEGF and
its receptors is impaired in the bones ofRUNX2-deficient mice. Moreover, these mice show no
vascular invasion into any skeletal element, consistent with the idea that VEGF is a critical
vascular growth factor during bone formation. 9 This idea is particularly supported by the
observation that the formation of the primary ossification center is delayed in cartilage ex
plants cultured with a VEGF-inhibiting soluble chimeric FLTI protein.26 The initial vascular
invasion and the formation of the primary ossification center are also delayed in Veg(a120/120
and Vegfa188/188 mice, but not in ~egfal64/164 mice, suggesting that specifically the VEGF164
isoform is needed for this process.4,5 This could be due to its interaction with NRP1. Alterna
tively, not the VEGF164 isoform in particular, but rather a combination ofsoluble and bound
VEGF molecules may be needed to coordinate the initial capillary invasion into the cartilage
anlagen, perhaps to form a chemoattractive gradient for ingrowing vessels. A similar mecha
nism has been proposed for angiogenesis in other organs (see Chapter 6 by H. Gerhardt).
VEGF is also a chemoattractant for osteoclasts invading into developing bones. This process
involves MMPs, raising the possibility that release of matrix-bound VEGF from the hyper
trophic cartilage matrix by the action of MMPs may account for the close association ofvascu
lar and osteoclastic invasion. 28-30
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Nonvascular Roles of VEGF during the Formation of the Primary 
Ossification Center 

VEGF appears to have also nonvascular roles in the initiation of bone development (Table 1), 
as supported by several observations: Firsdy, ossification is reduced in embryonic metatarsals 
cidtured with a soluble FLTl chimera that inhibits VEGF.'̂  Secondly, bone collar formation 
and cartilage calcification are decreased in embryonic Vegfal20/120 and Vegfal88/188 bones at 
a stage preceding vascularization. '̂  Moreover, the analysis of Vegfa^^^ hones revealed re-
tarded terminal differentiation of hypertrophic chondrocytes and reduced expression of several 
markers for osteoblast and chondrocyte differentiation. Thirdly, the various bone cell types 
involved all express VEGF receptors: Hypertrophic chondrocytes express NRPl , perichondrial 
cells in vivo as well as osteoblastic cells in vitro express NRPl, NRP2, FLTl and KDR, and 
osteoclasts express FLTL^^'^^'^^Aldioughdie precise effect of VEGF in vivo on the cell types 
involved in the initial stages of bone development is not yet fully understood, these findings 
suggest that VEGF isoforms take part in the timely differentiation of osteoblasts and 
chondrocytes. Interestingly, the expression of VEGF and NRPl is already detected in the limb 
bud mesenchyme at El0.5 and at the periphery of the (pre)cartilage anlagen at El2.5.^'^^ 
Although unresolved at present, these data do raise the possibility that VEGF may function at 
even earlier stages in bone development, at the time when the cartilage condensations form. 

VEGF Is Required for Metaphyseal Bone Development 
and Longitudinal Bone Growth 

Longitudinal bone growth is mediated largely by the events occurring at the metaphyseal 
growth plate. The tight coupling between metaphyseal vascularization and endochondral bone 
development may be explained by the ability of blood vessels to function as a conduit which (i) 
allows cell types essential for bone morphogenesis, i.e., osteoclasts and osteoblasts, to migrate 
to the growth plate; (ii) removes end products of the resorption process; and (iii) supplies cells 
in the developing bone with oxygen, nutrients and growth factors/hormones required for their 
activity. Metaphyseal angiogenesis is induced by the matrix-binding VEGF isoforms and is an 
essential prerequisite for trabecular bone formation and growth plate morphogenesis. In addi-
tion, VEGF has been shown to direcdy affect osteoblasts and osteoclasts (Fig. IH; Table 1). 

The Role of VEGF in Metaphyseal Vascularization 
During longitudinal bone growth, it is of utmost importance that the key mechanisms of 

endochondral ossification are rigorously coordinated, and the analysis of several different mouse 
models has demonstrated that VEGF-mediated metaphyseal angiogenesis plays a critical role in 
this process. Disruption of VEGF function in developing bones has been achieved by injection 

Table 1. VEGF effects during the three key stages of endochondral bone development 

VEGF Effects POC Development Longitudinal Bone Growth SOC Development 

Vascular Vascular invasion Metaphyseal vascularization Epiphyseal vascularization 
Nonvascular HC differentiation (*) HC apoptosis and resorption (*) Chondrocyte proliferation 

OB development/ OB and OC activity and differentiation 
activity 
OC recruitment/activity Chondrocyte survival 

(*) The direct effect of VEGF in these processes has not unambiguously been shown in vitro. 
Abbreviations: POC: primary ossification center; SOC: secondary ossification center; HC: hypertrophic 
chondrocyte; OB: osteoblast; OC: osteoclast. 
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Nonvascular Roles ofVEGFduring the Formation ofthe Primary
Ossification Center

VEGF appears to have also nonvascular roles in the initiation ofbone development (Table 1),
as supported by several observations: Firstly, ossification is reduced in embryonic metatarsals
cultured with a soluble FLTI chimera that inhibits VEGF.4 Secondly, bone collar formation
and cartilage calcification are decreased in embryonic Vegfiz120/120 and Ve(';188/188 bones at
a stage preceding vascularization.4,5 Moreover, the analysis of Vegfit120/2 bones revealed re
tarded terminal differentiation ofhypertrophic chondrocytes and reduced expression ofseveral
markers for osteoblast and chondrocyte differentiation. Thirdly, the various bone cell types
involved all express VEGF receptors: Hypertrophic chondrocytes express NRP1, perichondrial
cells in vivo as well as osteoblastic cells in vitro express NRP1, NRP2, FLTI and KDR, and
osteodasts express FLTI. 23,27,31 Although the precise effect ofVEGF in vivo on the cell types
involved in the initial stages of bone development is not yet fully understood, these findings
suggest that VEGF isoforms take part in the timely differentiation of osteoblasts and
chondrocytes. Interestingly, the expression ofVEGF and NRP1 is already detected in the limb
bud mesenchyme at EI0.5 and at the periphery of the (pre)eartilage anlagen at EI2.5.2,32

Although unresolved at present, these data do raise the possibility that VEGF may function at
even earlier stages in bone development, at the time when the cartilage condensations form.

VEGF Is Required for Metaphyseal Bone Development
and Longitudinal Bone Growth

Longitudinal bone growth is mediated largely by the events occurring at the metaphyseal
growth plate. The tight coupling between metaphyseal vascularization and endochondral bone
development may be explained by the ability ofblood vessels to function as a conduit which (i)
allows cell types essential for bone morphogenesis, i.e., osteodasts and osteoblasts, to migrate
to the growth plate; (ii) removes end products of the resorption process; and (iii) supplies cells
in the developing bone with oxygen, nutrients and growth factors/hormones required for their
activity. Metaphyseal angiogenesis is induced by the matrix-binding VEGF isoforms and is an
essential prerequisite for trabecular bone formation and growth plate morphogenesis. In addi
tion, VEGF has been shown to directly affect osteoblasts and osteodasts (Fig. IH; Table 1).

The Role ofVEGF in Metaphyseal Vascularization
During longitudinal bone growth, it is of utmost importance that the key mechanisms of

endochondral ossification are rigorously coordinated, and the analysis ofseveral different mouse
models has demonstrated that VEGF-mediated metaphyseal angiogenesis plays a critical role in
this process. Disruption ofVEGF function in developing bones has been achieved by injection

Table 1. VEGF effects during the three key stages of endochondral bone development

VEGF Effects POe Development Longitudinal Bone Growth soc Development

Vascular
Nonvascular

Vascular invasion
HC differentiation (*)

OB development/
activity
OC recruitment/activity

Metaphyseal vascularization
HC apoptosis and resorption (*)

OB and OC activity

Epiphyseal vascularization
Chondrocyte proliferation
and differentiation

Chondrocyte survival

(*) The direct effect of VEGF in these processes has not unambiguously been shown in vitro.
Abbreviations: POC: primaryossification center; SOC: secondaryossification center; HC: hypertrophic
chondrocyte; OB: osteoblast; OC: osteoclast.
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of a soluble truncated chimeric VEGF receptor/ by targeted inactivation of the VEGF-isoforms 
VEGF 164 and VEGF 188 leaving only expression of the soluble isoform VEGF 120, ' and by 
conditional deletion of a single Vegfa allele in cells expressing type II collagen. In all three 
instances, (partial) loss of VEGF function impaired metaphyseal bone vascularization. Specifi-
cally, vascularization was decreased and disorganized near the growth plate and, concomitandy, 
trabecular bone formation and bone growth were impaired. Typically, the hypertrophic chon-
drocyte zone of the growth plate was enlarged, due to reduced resorption and/or apoptosis. 
Thus, in metaphyseal bone development, VEGF functions to attract vessels to the growth plate, 
which is accompanied by hypertrophic chondrocyte apoptosis, cartilage resorption by osteo-
clasts/chondroclasts, and trabecular bone formation by osteoblasts. 

Remarkably, a similar bone phenotype characterized by an enlarged hypertrophic chon-
drocyte zone was observed in mice deficient in MMP9 and/or MMP13.^^'^^ This led to the 
hypothesis that MMP9 is produced by osteoclasts/chondroclasts to release ECM-bound VEGF 
from the chondrocyte matrix and thereby attract blood vessels (and more resorptive cells) to 
the growth plate (Fig. IH).^ In support of this model, Vegfal64/164 d^nd Vegfal88/188 mice 
have no enlarged hypertrophic zone, nor do they display any other metaphyseal defect.^ 
Thus, expression of either of the matrix-binding isoforms, VEGF 164 or VEGF 188, is neces-
sary and sufficient to provide the signals required for normal metaphyseal vessel invasion 
and endochondral ossification (Fig. IH). This observation suggests that the controlled VEGF 
release from the cartilage matrix favors organized directional angiogenesis, most likely by 
creating a VEGF gradient (see Chapter 6 by H. Gerhardt).^ Alternatively, or additionally, 
VEGF signaling through NRPl may be required as the impaired metaphyseal development 
is seen exclusively in Vegfal20/120 mice and VEGF 120 does not bind this receptor. Mice 
deficient in NRPl die before the onset of bone development due to cardiovascular defects, 
but the analysis of conditional knockout mice with NRPl inactivation exclusively in carti-
lage or bone may reveal a role for VEGF isoform signaling through NRPl in bone cells. 

Nonvascular Roles of VEGF during Longitudinal Bone Growth 
Recent studies have suggested that VEGF may influence bone formation by directly affect-

ing osteoblasts, as VEGF stimulates osteoblast differentiation and migration in vitro. ' ' 
Moreover, adenovirus-mediated VEGF gene transfer induces bone formation by increasing 
osteoblast number and osteoid forming activity in vivo. VEGF signaling has also been impli-
cated in osteoclastogenesis and subsequent cartilage/bone resorption: Firsdy, VEGF direcdy 
enhances the resorption activity and survival of mature osteoclasts in vitro. ̂  Secondly, RANKL 
induces osteoclast differentiation from spleen- or bone marrow-derived precursors in culture 
when provided in combination with either VEGF or CSFl. Thirdly, VEGF, like CSFl, rescues 
osteoclast recruitment, survival and activity in osteopetrotic op/op mice, which carry an inacti-
vating point mutation in the Csfl eene that results in low numbers of macrophages and a 
complete lack of mature osteoclasts. Like monocytes and macrophages, osteoclasts predomi-
nantly express FLTl rather than KDR (see above).^^'^^ Moreover, FLTl ligands are 
chemoattractive for both monocytes and osteoclasts.'^^'^^ 

VEGF A£Fects Epiphyseal Cartilage Development and Formation 
of the Secondary Ossification Center 

Because developing epiphyseal cartilage is avascular, its oxygenation is critically dependent on 
the vascular network overlying the cartilaginous surface, which is derived mainly from the epi-
physeal arteries. These peripheral vessels later invade the cartilage to initiate the development of 
the secondary ossification center (Fig. ID-F). Recent studies have implicated the soluble VEGF 
isoforms in epiphyseal vascularization and secondary ossification.^ In addition, VEGF was shown 
to act as a survival factor for chondrocytes in the hypoxic epiphysis (Fig. II; Table 1). '̂̂  
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ofa soluble truncated chimeric VEGF receptor, 1 by targeted inactivation ofthe VEGF-isoforms
VEGF164 and VEGF188 leaving only expression of the soluble isoform VEGF120,4,6 and by
conditional deletion of a single Vegfa allele in cells expressing type II collagen.2 In all three
instances, (partial) loss ofVEGF function impaired metaphyseal bone vascularization. Specifi
cally, vascularization was decreased and disorganized near the growth plate and, concomitantly,
trabecular bone formation and bone growth were impaired. Typically, the hypertrophic chon
drocyte wne of the growth plate was enlarged, due to reduced resorption and/or apoptosis.
Thus, in metaphyseal bone development, VEGF functions to attract vessels to the growth plate,
which is accompanied by hypertrophic chondrocyte apoptosis, cartilage resorption by osteo
clasts/chondroclasts, and trabecular bone formation by osteoblasts.

Remarkably, a similar bone phenotype characterized by an enlarged h?lertrophic chon
drocyte wne was observed in mice deficient in MMP9 and/or MMPI3.3 - 5This led to the
hypothesis that MMP9 is produced by osteoclasts/chondroclasts to release ECM-bound VEGF
from the chondrocyte matrix and thereby attract blood vessels (and more resorptive cells) to
the growth plate (Fig. 1H).8 In support of this model, VegJa164/164 and VegJa188/188 mice
have no enlarged hypertrophic wne, nor do they display any other metaphyseal defect.5

Thus, expression ofeither of the matrix-binding isoforms, VEGF164 or VEGF 188, is neces
sary and sufficient to provide the signals required for normal metaphyseal vessel invasion
and endochondral ossification (Fig. IH). This observation suggests that the controlled VEGF
release from the cartilage matrix favors organized directional angiogenesis, most likely by
creating a VEGF gradient (see Chapter 6 by H. Gerhardt).36 Alternatively, or additionally,
VEGF signaling through NRPI may be required as the impaired metaphyseal development
is seen exclusively in Vegfa120/120 mice and VEGF120 does not bind this receptor. Mice
deficient in NRPI die before the onset of bone development due to cardiovascular defects,
but the analysis of conditional knockout mice with NRPI inactivation exclusively in carti
lage or bone may reveal a role for VEGF isoform signaling through NRPI in bone cells.

Nonvascular Roles ofVEGF during Longitudinal Bone Growth
Recent studies have suggested that VEGF may influence bone formation by directly affect

ing osteoblasts, as VEGF stimulates osteoblast differentiation and migration in vitro. 15,31,37
Moreover, adenovirus-mediated VEGF gene transfer induces bone formation by increasing
osteoblast number and osteoid forming activity in vivo. 38 VEGF signaling has also been impli
cated in osteoclastogenesis and subsequent cartilage/bone resorption: Firstly, VEGF directly
enhances the resorption activity and survival ofmature osteoclasts in vitro.24 Secondly, RANKL
induces osteoclast differentiation from spleen- or bone marrow-derived precursors in culture
when provided in combination with either VEGF or CSF1. Thirdly, VEGF, like CSF1, rescues
osteoclast recruitment, survival and activity in osteopetrotic oplop mice, which carty an inacti
vating point mutation in the CsfJ Bene that results in low numbers of macrophages and a
complete lack of mature osteoclasts. Like monocytes and macrophages, osteoclasts predomi
nantly express FLTI rather than KDR (see above).22,23 Moreover, FLTI ligands are
chemoattractive for both monocytes and osteoclasts.29,39

VEGF Affects Epiphyseal Cartilage Development and Formation
of the Secondary Ossification Center

Because developing epiphyseal cartilage is avascular, its oxygenation is critically dependent on
the vascular network overlying the cartilaginous surface, which is derived mainly from the epi
physeal arteries. These peripheral vessels later invade the cartilage to initiate the development of
the secondary ossification center (Fig. 1D-F).40 Recent studies have implicated the soluble VEGF
isoforms in epiphyseal vascularization and secondary ossification.5In addition, VEGF was shown
to act as a survival factor for chondrocytes in the hypoxic epiphysis (Fig. 11; Table 1).3.5
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The Role of VEGF in Epiphyseal Vascularization and the Initiation 
of Secondary Ossification 

Vegfal88/188 mice form an abnormal capillary network overlying the epiphyses, a defect 
that is associated with increased hypoxia and massive apoptotic cell death in the interior of 
the cartilage. Chondrocytes located in the adjacent peripheral areas display an imbalance in 
their proliferation/differentiation rate. Impaired epiphyseal vascularization and chondrocyte 
development are most likely the cause of the strongly reduced long bone growth in Vegfal88/ 
188 mice, which display a dwarfed phenotype. Thus, the soluble VEGF isoforms are essen-
tial for epiphyseal vascularization, epiphyseal cartilage development and formation of the 
secondary ossification center. Based on these findings, we suggest a model in which the 
progressive growth of the avascular epiphyseal cartilage results in a state of increased hypoxia 
that up regulates VEGF expression (Fig. II); soluble VEGF isoforms then diffuse from the 
hypoxic center towards the periphery to induce epiphyseal vessel outgrowth and thus reduce 
hypoxic stress. Subsequently, VEGF induces invasion of vessels into the cartilage to initiate 
secondary ossification. The presence of only VEGF 188 is insufficient to stimulate epiphy-
seal vascularization, probably because this isoform binds tightly to matrix components and 
cellular surfaces, thereby failing to diffuse towards the periphery. Alternatively, the pheno-
type could be due to reduced VEGF signaling through NRPl, as it is not presendy known if 
VEGF 188 binds NRPl . However, this latter hypothesis seems less likely, since mice express-
ing only VEGF 120 show normal epiphyseal vascularization, even though VEGF 120 does 
not bind NRPl.^ Epiphyseal vascular invasion and the subsequent development of the sec-
ondary ossification center are also impaired in mice lacking MTl-MMP, '̂ suggesting that 
vascular invasion depends on both the degradation of the matrix by M T l - M M P and the 
attraction of blood vessels by VEGF. Interestingly, MTl-MMP upregulates VEGF expres-
sion in human breast carcinoma MCF7 cells,"̂ ^ but whether it also influences VEGF expres-
sion in cartilage is currently unknown. 

Nonvascular Roles of VEGF in Epiphyseal Chondrocyte Development 
and Survival 

In addition to its effects on epiphyseal vascularization, VEGF also directly affects chon-
drocyte development and survival in hypoxic cartilage. Firstly, VEGF is likely to act together 
with other factors, such as the PTHRP pathway (see above), to regulate the balance of chon-
drocyte proliferation and differentiation in the epiphysis (Fig. II). This activity may be due 
to VEGF isoform signaling through NRPl , as this receptor is expressed on epiphyseal 
chondrocytes.^'^ Secondly, both Vegfal88/188 mice and mice with a complete inactivation 
of VEGF specifically in type II collagen-expressing cells show aberrant chondrocyte death, a 
phenotype similar to that seen in mice lacking HIFIA in cartilage.^'5'^^ In vitro cultures of 
Vegfa 188/188 embryonic limbs revealed that expression of VEGF 188 is not sufficient to 
protect chondrocytes against hypoxia-induced apoptosis, but supplementing recombinant 
VEGF 164 rescued this defect. Thus, VEGF 164 acts as a survival factor for hypoxic 
chondrocytes, possibly downstream of HIFIA.^'^*^^ The role of HIFIA in cartilage survival 
may therefore be at least in part due to its ability to upregulate VEGF, combined with the 
induction of anaerobic glycolytic metabolism. 

Conclusions and Future Perspectives 
In this chapter, we have described the multiple essential roles that VEGF fulfills to support 

skeletal development. However, many mechanistic aspects of VEGF function in bone develop-
ment remain to be elucidated, and the potential contribution of reduced VEGF signaling in 
bones to human disease has not yet been examined. 
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The Role ofVEGF in Epiphyseal Vascularization and the Initiation
ofSecondary Ossification

Vegfa188/188 mice form an abnormal capillary network overlying the epiphyses, a defect
that is associated with increased hypoxia and massive apoptotic cell death in the interior of
the cartilage. Chondrocytes located in the adjacent peripheral areas display an imbalance in
their proliferation/differentiation rate. Impaired epiphyseal vascularization and chondrocyte
development are most likely the cause ofthe strongly reduced long bone growth in Vegfa188/
188 mice, which display a dwarfed phenotype. Thus, the soluble VEGF isoforms are essen
tial for epiphyseal vascularization, epiphyseal cartilage development and formation of the
secondary ossification center.5 Based on these findings, we suggest a model in which the
progressive growth of the avascular epiphyseal cartilage results in a state of increased hypoxia
that upregulates VEGF expression (Fig. II); soluble VEGF isoforms then diffuse from the
hypoxic center towards the periphery to induce epiphyseal vessel outgrowth and thus reduce
hypoxic stress. Subsequently, VEGF induces invasion of vessels into the cartilage to initiate
secondary ossification. The presence of only VEGF188 is insufficient to stimulate epiphy
seal vascularization, probably because this isoform binds tightly to matrix components and
cellular surfaces, thereby failing to diffuse towards the periphery. Alternatively, the pheno
type could be due to reduced VEGF signaling through NRP1, as it is not presently known if
VEGF188 binds NRPl. However, this latter hypothesis seems less likely, since mice express
ing only VEGF120 show normal epiphyseal vascularization, even though VEGF120 does
not bind NRP1.5 Epiphyseal vascular invasion and the subsequent develofment of the sec
ondary ossification center are also impaired in mice lacking MT1-MMp'41, 2 suggesting that
vascular invasion depends on both the degradation of the matrix by MT1-MMP and the
attraction of blood vessels by VEGF. Interestingly, MT1-MMP upregulates VEGF expres
sion in human breast carcinoma MCF7 cells,43 but whether it also influences VEGF expres
sion in cartilage is currently unknown.

Nonvascular Roles ofVEGF in Epiphyseal Chondrocyte Development
and Survival

In addition to its effects on epiphyseal vascularization, VEGF also directly affects chon
drocyte development and survival in hypoxic cartilage. Firstly, VEGF is likely to act together
with other factors, such as the PTHRP pathway (see above), to regulate the balance ofchon
drocyte proliferation and differentiation in the epiphysis (Fig. 11).5 This activity may be due
to VEGF isoform signaling through NRP 1, as this receptor is expressed on epiphyseal
chondrocytes.3,5 Secondly, both Vegfa188/188 mice and mice with a complete inactivation
ofVEGF specifically in type II collagen-expressing cells show aberrant chondrocyte death, a
phenotype similar to that seen in mice lacking HIF1A in cartilage.3,5,10 In vitro cultures of
Vegfa 188/188 embryonic limbs revealed that expression of VEGF188 is not sufficient to
protect chondrocytes against hypoxia-induced apoptosis, but supplementing recombinant
VEGF164 rescued this defect. Thus, VEGF164 acts as a survival factor for hypoxic
chondrocytes, possibly downstream of HIF1A.35,10 The role of HIF1A in canilage survival
may therefore be at least in part due to its ability to upregulate VEGF, combined with the
induction of anaerobic glycolytic metabolism.44

Conclusions and Future Perspectives
In this chapter, we have described the multiple essential roles that VEGF fulfills to suppon

skeletal development. However, many mechanistic aspects ofVEGF function in bone develop
ment remain to be elucidated, and the potential contribution of reduced VEGF signaling in
bones to human disease has not yet been examined.
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Novel Mouse Models to Understand VEGF Signaling in Bone Development 
Whilst it is now evident that VEGF is essential to drive vascularization during endochon-

dral bone development, the in vivo studies performed have also underscored our limited knowl-
edge of the bone's vascular system itself and of its role in regulating the behavior of bone cells. 
For example, we don t know much about the types of blood vessels involved (capillaries, venous 
sinusoids, arteries), nor about the presence and role of pericytes or other peri-vascular cells. It is 
also still largely unclear how epiphyseal vascularization and the formation of vascular canals 
relate to secondary ossification. Moreover, we need to understand better the resorption pro-
cesses that accompany vascular invasion. For instance, the contribution of specific proteases 
that release VEGF from the matrix at particular stages of endochondral bone development 
could be fiirther addressed by the analysis of mice with specific mutations in MMP genes. The 
role of the VEGF-responsive cell types involved, such as endothelial cells and (other) resorbing 
cells, could be addressed by specifically targeting VEGF receptors. 

Importantly, it has become clear that VEGF also exerts direct effects on several key bone cell 
types during endochondral bone development. These direct effects are still incompletely un-
derstood, for two reasons: Firstly, in vivo models have often been difficult to analyze, as the 
alteration of the VEGF expression levels or the VEGF isoform balance almost inevitably causes 
angiogenic defects, which in turn affect bone development. Secondly, in vitro models are lim-
ited in their capacity to accurately reproduce the complex differentiation processes that occur 
in vivo. However, the combination of both approaches, together with the use of transgenic 
mice carrying cell type-specific, temporally restricted or even cellular differentiation stage-specific 
knockout alleles for VEGF and its receptors, including the isoform-specific VEGF receptors, 
will provide this critical information. Aspects to be addressed include the precise effects, mecha-
nisms of action and regulation of VEGF in osteoblasts, osteoclasts, and chondrocytes. Particu-
larly regarding the regulation of VEGF in cartilage, much remains to be learned about the role 
of the hypoxia regulatory pathway. Inactivation of von Hippel Lindau (VHL), a mediator of 
HIF degradation, in murine cartilage was recently shown to alter chondrocyte proliferation, 
further underscoring that components of the hypoxia regulatory pathway play important physi-
ological roles in cartilage, either direcdy and/or by affecting VEGF levels. ^ Furthermore, it 
will be interesting to see whether this pathway also plays a role in other bone cells. Finally, it 
will be exciting to explore if VEGF contributes to the very early stages of skeletal development, 
prior to vascular invasion and ossification, and whether VEGF r^;ulates the development of joints. 

From Mice to Men: A Role for VEGF Misexpression in Growth Disorders? 
Animal studies have shown that the precise level of VEGF is critically important for embry-

onic development. Interestingly, the phenotypes of Vegfal88/188 and Vegfal20/120 mice sug-
gest that altering the relative levels of the VEGF isoforms—without affecting the total level of 
VEGF—impairs developmental processes such as vascular network formation and skeletal de-
velopment and growth. In particidar, normal levels of the VEGF 164 isoform appear to be 
critical for normal bone development in mice. However, it has not yet been examined if subtle 
variations in VEGF or VEGF isoform expression levels affect the development of the human 
skeleton. For example, it is conceivable that allelic variations in the human VEGFA gene pro-
moter or abnormal VEGFA mRNA splicing affect either VEGF expression or the production 
of the VEGF 165 isoform (the human ortholog of murine VEGF 164). Hypothetically, such 
changes might cause or increase the risk of growth defects, or add to the severity of skeletal 
disorders caused by mutation in other genes (e.g., FGF receptor 3 or PTH/PTHRP receptor). 
It will be particularly important to examine if VEGFA gene polymorphisms are linked to the 
pathogenesis of human dwarfing syndromes or other skeletal pathologies, because low VEGF 
levels are already known to predispose humans and mice to motor neuron degeneration (see 
Chapter 8 by J. Krum, J. Rosenstein and C. Ruhrberg), and loss of VEGF 164 expression acts 
as a modifier of DiGeorge syndrome, a disease with vascular and craniofacial abnormalities. ' ^ 
Studying the role of VEGF in bone development may also provide the basis for new therapies 
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cesses that accompany vascular invasion. For instance, the contribution of specific proteases
that release VEGF from the matrix at particular stages of endochondral bone development
could be further addressed by the analysis ofmice with specific mutations in MMP genes. The
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Importantly, it has become clear that VEGF also exerts direct effects on several key bone cell
types during endochondral bone development. These direct effects are still incompletely un
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alteration ofthe VEGF expression levels or the VEGF isoform balance almost inevitably causes
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will be interesting to see whether this pathway also plays a role in other bone cells. Finally, it
will be exciting to explore ifVEGF contributes to the very early stages ofskeletal development,
prior to vascular invasion and ossification, and whether VEGF regulates the development ofjoints.

From Mice to Men: A Rolefor VEGF Misexpression in Growth Disorders:
Animal studies have shown that the precise level ofVEGF is critically important for embry

onic development. Interestingly, the phenotypes of VegJa1881188 and VegJa1201120 mice sug
gest that altering the relative levels of the VEGF isoforms-without affecting the total level of
VEGF-impairs developmental processes such as vascular network formation and skeletal de
velopment and growth. In particular, normal levels of the VEGF164 isoform appear to be
critical for normal bone development in mice. However, it has not yet been examined ifsubtle
variations in VEGF or VEGF isoform expression levels affect the development of the human
skeleton. For example, it is conceivable that allelic variations in the human VEGFA gene pro
moter or abnormal VEGFA mRNA splicing affect either VEGF expression or the production
of the VEGF165 isoform (the human ortholog of murine VEGF164). Hypothetically, such
changes might cause or increase the risk of growth defects, or add to the severity of skeletal
disorders caused by mutation in other genes (e.g., FGF receptor 3 or PTH/PTHRP receptor).
It will be particularly important to examine if VEGFA gene polymorphisms are linked to the
pathogenesis of human dwarfing syndromes or other skeletal pathologies, because low VEGF
levels are already known to predispose humans and mice to motor neuron degeneration (see
Chapter 8 by]. Krum, J. Rosenstein and C. Ruhrberg), and loss ofVEGF164 expression acts
as a modifier ofDiGeorge syndrome, a disease with vascular and craniofacial abnormalities.46

,47

Studying the role ofVEGF in bone development may also provide the basis for new therapies
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aimed at treating debilitating and/or unmanageable bone diseases, such as osteoporosis, bone 
metastases, and nonhealing fractures. 
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CHAPTER 8 

VEGF in the Nervous System 
Jeflfrey M. Rosenstein, Janette M. Kruin and Christiana Ruhrberg* 

Abstract 

Vascular endothelial growth factor (VEGF, VEGFA) is critical for hlood vessel growth in 
the developing and adult nervous system of vertebrates. Several recent studies 
demonstrate that VEGF also promotes neurogenesis, neuronal patterning, 

neuroprotection and glial growth. For example, VEGF treatment of cultured neurons enhances 
survival and neurite growth independently of blood vessels. Moreover, evidence is emerging 
that VEGF guides neuronal migration in the embryonic brain and supports axonal and arterial 
copatterning in the developing skin. Even though further work is needed to understand the 
various roles of VEGF in the nervous system and to distinguish direct neuronal effects from 
indirect, vessel-mediated effects, VEGF can be considered a promising tool to promote neu-
ronal health and nerve repair. 

Key Messages 
• VEGF promotes neurogenesis. 
• VEGF has trophic effects on neurons and glia in the CNS and PNS. 
• VEGF supports neuronal migration in the developing CNS. 
• VEGF is essential for neuroprotection in adults. 
• VEGF may be of therapeutic value in the treatment of neural disorders. 

Introduction 
The cytokine vascular endothelial growth factor (VEGF) fulfils several critical functions in 

blood vessels, both in adult vertebrates and during their development.^'^ Accordingly, VEGF 
plays a central role in wound healing, tumour angiogenesis and retinopathies, and loss of 
VEGF or its tyrosine kinase receptors causes severe vascular defects and therefore early embry-
onic demise in the mouse. The role of VEGF in brain and retinal angiogenesis has been 
studied extensively. The most topical issue in VEGF biology, however, is the concept that 
VEGF has significant nonvascular functions in the nervous system. In this book chapter, we 
will discuss recent data supporting the idea of neurotrophic and instructive roles for VEGF in 
the nervous system that extend beyond its vascular functions to complement several previous 
reviews (refs. 11-13). 

VEGF Isoforms and VEGF Receptors in the Nervous System 
VEGF is essential for mouse development, as it promotes the condensation of endothelial 

cells into blood vessel networks in a process termed vasculogenesis.^'^ Importantly, VEGF is 
normally made as a collection of three major isoforms that are produced by alternative splicing 
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CHAPTER 8

VEGF in the Nervous System
Jeffrey M. Rosenstein, Janette M. Krum and Christiana Ruhrberg*

Abstract

Vascular endothelial growth factor (VEGF, VEGFA) is critical for blood vessel growth in
the developing and adult nervous system of vertebrates. Several recent studies
demonstrate that VEGF also promotes neurogenesis, neuronal patterning,

neuroprotection and glial growth. For example, VEGF treatment ofcultured neurons enhances
survival and neurite growth independently of blood vessels. Moreover, evidence is emerging
that VEGF guides neuronal migration in the embryonic brain and supports axonal and arterial
copatterning in the developing skin. Even though further work is needed to understand the
various roles ofVEGF in the nervous system and to distinguish direct neuronal effects from
indirect, vessel-mediated effects, VEGF can be considered a promising tool to promote neu
ronal health and nerve repair.

Key Messages
• VEGF promotes neurogenesis.
• VEGF has trophic effects on neurons and glia in the CNS and PNS.
• VEGF supports neuronal migration in the developing CNS.
• VEGF is essential for neuroprotection in adults.
• VEGF may be of therapeutic value in the treatment of neural disorders.

Introduction
The eytokine vascular endothelial growth factor (VEGF) fulftls several critical functions in

blood vessels, both in adult vertebrates and during their development. 1,2 Accordingly, VEGF
plays a central role in wound healing, tumour angiogenesis and retinopathies,3-5 and loss of
VEGF or its tyrosine kinase receptors causes severe vascular defects and therefore earlyembry
onic demise in the mouse.6-l0 The role ofVEGF in brain and retinal angiogenesis has been
studied extensively. The most topical issue in VEGF biology, however, is the concept that
VEGF has significant nonvascular functions in the nervous system. In this book chapter, we
will discuss recent data supporting the idea ofneurotrophic and instructive roles for VEGF in
the nervous system that extend beyond its vascular functions to complement several previous
reviews (refs. 11-13).

VEGF Isofonns and VEGF Receptors in the Nervous System
VEGF is essential for mouse development, as it promotes the condensation of endothelial

cells into blood vessel networks in a process termed vasculogenesis.8,9 Importantly, VEGF is
normally made as a collection of three major isoforms that are produced by alternative splicing
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and are coexpressed in tissue-specific ratios (see chapter 1 by Y. S. Ng). These isoforms consist 
of 121, 165, or 189 amino acids in humans and 120, 164 and 188 amino acids in mice. The 
VEGF 188 isoform is retained in the extracellular matrix after secretion, due to its high affinity 
for heparan sulphate proteoglycans (HSPGs). VEGF 120 and VEGF 164 are diffusible, although 
VEGF 164 is also able to bind fiSPGs. Amazingly, retention of any one of the VEGF isoforms 
rescues many vascular defects of full VEGF knockouts, presumably because each isoform is 
sufficient to support endothelial cell formation and proliferation. In contrast, the VEGF isoforms 
play different roles during later stages of vascular development. Based on a differential affinity 
for HSPGs in the extracellular matrix, the isoforms cooperate to establish chemoattractive 
gradients around VEGF-secreting cells and attract blood vessel sprouts from preexisting blood 
vessels in a process termed angiogenesis (see chapter 6 by H. Gerhardt). In this fashion, 
VEGF isoform expression supports the formation of microvessel networks with optimal den-
sity. In addition, VEGF isoforms display a differential affinity for VEGF receptors. The ty-
rosine kinases KDR (also known as VEGFR2 or FLKl) and FLTl (VEGFRl) have a high 
afFinity for all VEGF isoforms. In contrast, the nontyrosine kinase neuropilin receptors NRPl 
and NRP2 bind VEGF165, and possibly VEGF 189, but not VEGF121.1 

VEGF Controls Brain Angiogenesis 
VEGF-induced blood vessel growth is essential for nervous tissue growth during embryonic 

development. This is demonstrated by the observation that loss of VEGF expression by central 
nervous system (CNS) neurons impairs vascularisation, curbs neuronal expansion and results 
in neuronal apopotosis in the developing brain. ̂ '̂ It was first hypothesized more than 20 
years ago that VEGF is synthesized by rapidly growing neuronal precursors to form a 
chemoattractive gradient that recruits blood vessels from the perineural vascular plexus to the 
subventricular zone. This idea was corroborated by the expression pattern of VEGF and its 
receptors^^ as well as genetic studies demonstrating the role of VEGF gradients in guiding 
sprouting vessels in the brain. ̂  VEGF gradients also guide blood vessels during retinal angio-
genesis.^ In the adult, VEGF is upregulated following injury to the CNS, and the exogenous 
application of VEGF promotes CNS angiogenesis. VEGF also increases blood-brain barrier 
permeability and may play a role in CNS inflammation.^^'^^ KDR is essential for the forma-
tion of blood vessels in the embryo, as it controls endothelial cell differentiation, endothelial 
cell assembly into vascular networks and blood vessel sprouting, whereas FLTl is crucial for 
vascular development, because it modulates VEGF/KDR signalling^''^ "^'^ (see chapter 5 by J. J. 
Haigh and chapter 4 by L. C. Goldie, M. K. Nix and K. K. Hirschi). The requirement for 
KDR and FLTl specifically in CNS vascularisation has not been examined due to the early 
lethality of full knockout mice. In contrast, NRPl knockout mice survive long enough to form 
a multilayered brain and spinal cord, and it was demonstrated that this VEGF receptor is 
essential for vessel growth in the CNS.̂ '̂"^^ Endothelial cells express NRPl , and loss of NRPl 
from endothelial cells impairs the vascularisation of the brain and spinal cord.^ '̂̂ ^ The most 
popular hypothesis of NRPl function in vessel growth suggests that VEGF 164 binds to NRPl 
on endothelial cells to potentiate KDR signalling.^^ 

Neurotrophic Roles of VEGF during Development and in the Adult 

The Neurovascular Connection 
During development, impaired CNS vascularisation inhibits neuronal proliferation and 

survival and thereby decreases cortical thickness in mice.^^'^^ Recent insights indicate that 
alterations or loss of vascular patterning factors also contribute to neurodegeneration in adults. 
For example, a reduced serum VEGF level, due to mutation of the hypoxia response element of 
the Vegfa promoter, renders mice unusually sensitive to transient spinal cord ischemia; they 
remain paralyzed after a minor ischemic insult, whereas wild-type mice show only a transient 
clinical deficit. Moreover, mice with a reduced serum level of VEGF develop a condition akin 
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and are coexpressed in tissue-specific ratios (see chapter 1 by y. S. Ng).1 These isoforms consist
of 121, 165, or 189 amino acids in humans and 120, 164 and 188 amino acids in mice. The
VEGF188 isoform is retained in the extracellular matrix after secretion, due to its high affinity
for heparan sulphate proteoglycans (HSPGs). VEGF120 and VEGF164 are diffusible, although
VEGF164 is also able to bind HSPGs. Amazingly, retention ofanyone of the VEGF isoforms
rescues many vascular defects of full VEGF knockouts, presumably because each isoform is
sufficient to support endothelial cell formation and proliferation. In contrast, the VEGF isoforms
play different roles duting later srages ofvascular development. Based on a differential affinity
for HSPGs in the extracellular matrix, the isoforms cooperate to establish chemoattractive
gradients around VEGF-secreting cells and attract blood vessel sprouts from preexisting blood
vessels in a process termed angiogenesis l4 (see chapter 6 by H. Gerhardt). In this fashion,
VEGF isoform expression supports the formation of microvessel networks with optimal den
sity. In addition, VEGF isoforms display a differential affinity for VEGF receptors. The ty
rosine kinases KDR (also known as VEGFR2 or FLK1) and FLT1 (VEGFR1) have a high
affinity for all VEGF isoforms. In contrast, the nontyrosine kinase neuropilin receptors NRP1
and NRP2 bind VEGF165, and possibly VEGF189, but not VEGF121.1

VEGF Controls Brain Angiogenesis
VEGF-induced blood vessel growth is essential for nervous tissue growth during embryonic

development. This is demonstrated by the observation that loss ofVEGF expression by central
nervous system (CNS) neurons impairs vascularisation, curbs neuronal expansion and results
in neuronal apopotosis in the developing brain. 15.16 It was first hypothesized more than 20
years ago that VEGF is synthesized by rapidly growing neuronal precursors to form a
chemoattractive gradient that recruits blood vessels from the perineural vascular plexus to the
subventricular rone.17,18 This idea was corroborated by the expression pattern ofVEGF and its
receptors l9 as well as genetic studies demonstrating the role of VEGF gradients in guiding
sproutinSvessels in the brain. 14 VEGF gradients also guide blood vessels during retinal angio
genesis.2 In the adult, VEGF is upregulated following injury to the CNS, and the exogenous
application ofVEGF promotes CNS angiogenesis. VEGF also increases blood-brain barrier
permeability and may playa role in CNS inflammation.21

-25 KDR is essential for the forma
tion of blood vessels in the embryo, as it controls endothelial cell differentiation, endothelial
cell assembly into vascular networks and blood vessel sprouting, whereas FLT1 is crucial for
vascular development, because it modulates VEGF/KDR signalling7.26,27 (see chapter 5 by]. ].
Haigh and chapter 4 by L. C. Goldie, M. K Nix and K K Hirschi). The requirement for
KDR and FLT1 specifically in CNS vascularisation has not been examined due to the early
lethality offull knockout mice. In contrast, NRP1 knockout mice survive long enough to form
a multilayered brain and spinal cord, and it was demonstrated that this VEGF receptor is
essential for vessel growth in the CNS. IO,28 Endothelial cells express NRP1, and loss ofNRP1
from endothelial cells impairs the vascularisation of the brain and spinal cord.29.30 The most
popular hypothesis ofNRP1 function in vessel growth suggests that VEGF164 binds to NRP1
on endothelial cells to potentiate KDR signalling.31

Neurotrophic Roles ofVEGF during Development and in the Adult

The Neurovascular Connection
During development, impaired CNS vascularisation inhibits neuronal proliferation and

survival and thereby decreases cortical thickness in mice.15.16 Recent insights indicate that
alterations or loss ofvascular patterning factors also contribute to neurodegeneration in adults.
For example, a reduced serum VEGF level, due to mutation ofthe hypoxia response element of
the VegJa promoter, renders mice unusually sensitive to transient spinal cord ischemia; they
remain paralyzed after a minor ischemic insult, whereas wild-type mice show only a transient
clinical deficit.32 Moreover, mice with a reduced serum level ofVEGF develop a condition akin
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to amyotrophic lateral sclerosis (ALS). ALS is a devastating disease characterized by progres-
sive paralysis due to motor neuron degeneration, and it inevitably causes death. More than 
90% of ALS patients are previously healthy with no family history, and the only molecular risk 
factor known to date is a reduced serum level of VEGF, due to a promoter polymorphism in 
the VEGF gene. Low levels of VEGF have also been found in another motor neuron disease, 
spinal bulbar muscular atrophy. Excitingly, VEGF treatment halts ALS-like motor neuron 
degeneration in mice.^^ Endothelial cells are likely targets in this kind of VEGF therapy, but it 
is not yet known if other cell types in the nervous system also respond to the administered 
VEGF. This is an important question, because VEGF affects astrocytes, Schwann cells and 
motor neurons in cell culture models. In the following paragraphs, we will review evidence 
consistent with the idea that VEGF affects blood vessel endothelium, glia and neurons in 
neurodegenerative diseases. 

VEGF May Affect Neurodegeneration by Acting on Blood Vessels 
Mice with reduced VEGF levels due to the mutation of the hypoxia response element in the 

Vegfa promoter show reduced neural tissue perfusion. ̂ ^ This was originally thought to be caused 
by inefficient vessel growth in the CNS during development. However, these mice did not show 
reduced capillary densities in the CNS, even though VEGF levels were reduced by 25% in the 
CNS. Alternatively, reduced neural perfusion may be due to impaired vasoregulation, as VEGF 
affects vascular tone by controlling the release of the vasorelaxant nitric oxide by endothelial cells; 
accordingly, it has been hypothesised that VEGF is required for the preservation or the function 
of perivascular autonomic nerves, which regulate vascular tone.^^ Perfusion deficits in other 
neurodegenerative disorders, including Alzheimer's disease and Huntington's disease, may pre-
cede the onset of clinical symptoms, su^esting that they also contribute to the pathogenesis of 
these disorders. However, whether low VEGF levels contribute to impaired neural perfusion in 
these disorders remains to be elucidated. Determining the precise role of VEGF in these sitations 
will, however, be complicated by the faa that hypoxia, resulting from reduced perfusion, would 
likely lead to a secondary upregulation of VEGF (see chapter 3 by M. Fruttiger). 

Vessel-Independent Trophic Roles for VEGF in the Nervous System 
In addition to its vascular roles in the nervous system, VEGF may be a trophic factor for 

neurons that acts independendy of the blood circulation. In support of this idea, VEGF treat-
ment enhances neuronal survival and neurite outgrowth in explanted brain cortex or substantia 
nigra. '̂ ^ VEGF application also induces neurite outgrowth and enhances neuronal survival in 
culmred dorsal root ganglia. ̂ '̂̂ ^ Moreover, VEGF proteas cultured cerebral neurons or hippoc-
ampal neurons during hypoxia or serum withdrawal, ' ^ and it also protects cultured hippocam-
pal neurons against glutamate or NMDA toxicity. '"̂ ^ Finally, overexpression of KDR in motor 
neurons protects them from cell death by pathogenic SODl mutant protein in vivo.^^ It is not 
yet clear if these neurotrophic effects of VEGF reflect a direct effect of VEGF on neurons or if 
they are mediated indirecdy by glial cells. For example, VEGF promotes the siu-vival of primary 
motor neurons on glial feeder layers following oxidative stress, an effect that is inhibited by anti-
bodies that neutralize VEGF receptor activity. Moreover, one of the growth factors secreted by 
astrocytes and Schwann cells is VEGF itself VEGF may therefore have a dual neurotrophic 
effect, an indirect effect that is mediated by glia and a direct effect on neurons independendy of 
glia. Consistent with the idea that VEGF could be neurotrophic by aaing through glia, VEGF is 
mitogenic for astroglia and Schwann cells,^ '̂̂ ""'̂ '̂"^^ and both glial cell types produce a ntunber 
of growth factors that support neuronal growth in explant cultures. ' 

Our own experiments support the idea of a direct neurotrophic role of VEGF on neurons. 
We found that VEGF promoted neurite extension in spinal cord explants (Fig. 1; J. K. and J. 
R., unpublished observations). This organotypic explant system was used to study VEGF's 
effect on neurons in the context of three-dimensional tissue architecture, in order to maintain 
density-dependant regulatory mechanisms and tissue specific diffusion properties. However, as 
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to amyotrophic lateral sclerosis (ALS}.33 ALS is a devastating disease characterized by progres
sive paralysis due to motor neuron degeneration, and it inevitably causes death. More than
90% ofALS patients are previously healthy with no family history, and the only molecular risk
factor known to date is a reduced serum level ofVEGF, due to a promoter polymorphism in
the VEGF gene.32 Low levels ofVEGF have also been found in another motor neuron disease,
spinal bulbar muscular atrophy. 34 Excitingly, VEGF treatment halts ALS-like motor neuron
degeneration in mice.35 Endothelial cells are likely targets in this kind ofVEGF therapy, but it
is not yet known if other cell types in the nervous system also respond to the administered
VEGF. This is an important question, because VEGF affects astrocyres, Schwann cells and
motor neurons in cell culture models. In the following paragraphs, we will review evidence
consistent with the idea that VEGF affects blood vessel endothelium, glia and neurons in
neutodegenerative diseases.

VEGF May Affect Neurodegeneration by Acting on Blood ~sseu

Mice with reduced VEGF levels due to the mutation of the hypoxia response element in the
Vegfa promoter show reduced neural tissue perfusion.33 This was originally thought to be caused
by inefficient vessel growth in the CNS during development. However, these mice did not show
reduced capillary densities in the CNS, even though VEGF levels were reduced by 25% in the
CNS.33 Alternatively, reduced neural perfusion may be due to impaired vasoregulation, as VEGF
affects vascular tone by controlling the release ofthe vasorelaxant nitric oxide by endothelial cells;
accordingly, it has been hypothesised that VEGF is required for the preservation or the function
of perivascular autonomic nerves, which regulate vascular tone. 13 Perfusion deficits in other
neurodegenerative disorders, including Alzheimer's disease and Huntington's disease, may pre
cede the onset of clinical symptoms, suggesting that they also contribute to the pathogenesis of
these disorders. However, whether low VEGF levels contribute to impaired neural perfusion in
these disorders remains to be elucidated. Determining the precise role ofVEGF in these sitations
will, however, be complicated by the fact that hypoxia, resulting from reduced perfusion, would
likely lead to a secondary upregulation ofVEGF (see chapter 3 by M. Fruttiger).

~ssel-Independent Trophic Rolesfor VEGF in the Nervous System
In addition to its vascular roles in the nervous system, VEGF may be a trophic factor for

neurons that acts independently of the blood circulation. In support of this idea, VEGF treat
ment enhances neuronal survival and neurite outgrowth in explanted brain cortex or substantia
nigra.36,37 VEGF application also induces neurite outgrowth and enhances neuronal survival in
culmred dorsal root ganglia.38,39 Moreover, VEGF protects cultured cerebral neurons or hippoc
ampal neurons during hypoxia or serum withdrawal,40,41 and it also protects cultured hippocam
pal neurons against glutamate or NMDA toxicity.42,43 Finally, overexpression ofKDR in motor
neurons protects them from cell death by pathogenic SODI mutant protein in vivo.35 It is not
yet clear if these neurotrophic effects ofVEGF reflect a direct effect ofVEGF on neurons or if
they are mediated indirectly by glial cells. For example, VEGF promotes the survival ofprimary
motor neurons on glial feeder layers following oxidative stress, an effect that is inhibited byanti
bodies that neutralize VEGF receptor activity.33 Moreover, one of the growth factors secreted by
astrocyres and Schwann cells is VEGF itself VEGF may therefore have a dual neurotrophic
effect, an indirect effect that is mediated by glia and a direct effect on neurons independently of
glia. Consistent with the idea that VEGF could be neurotrophic by acting through glia, VEGF is
mitogenic for astroglia and Schwann cells,22,37,38,44-46 and both glial cell types produce a number
ofgrowth factors that support neuronal growth in explant culturesY,48

Our own experiments support the idea ofa direct neurotrophic role ofVEGF on neurons.
We found that VEGF promoted neurite extension in spinal cord explants (Fig. 1; J. K. and J.
R, unpublished observations). This organotypic explant system was used to study VEGF's
effect on neurons in the context of three-dimensional tissue architecntre, in order to maintain
density-dependant regulatory mechanisms and tissue specific diffusion properties. However, as
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Figure 1. VEGF promotes neurite extension in spinal cord explants. Immunostaining of neurons 
in dorsal horn explants shows modest expression of MAP2 (A). When 50 ng/ml VEGF is added 
to lumbar spinal cord explants, MAP2 expression is upregulated in enlarged cell bodies as well 
as in elongated and branched neurites (B). 

is the case when studying VEGF effects in the nervous system in vivo, this explant model did 
not distinguish direct effects of VEGF on neurons from indirect effects mediated by other 
VEGF-responsive cell types. For instance, VEGF application stimulated angiogenesis, which 
then supported astrocyte growth and thereby neuronal survival. That VEGF has a direct neu-
rotrophic role for cultured neurons independently of glia was supported by the observation 
that VEGF treatment promoted neurite growth and maturation in cultiu-es of primary cortical 
neurons lacking glia with similar efficiency to that in explant cultures containing glia ' (Fig. 
2). Furthermore, these primary cell culture studies suggested that VEGF upregulates 
neuron-specific enolase (NSE) and microtubule associated protein 2 (MAP2), possibly by sta-
bilizing them or by up-regulating their expression. ̂ '̂̂  MAP2 and several other proteins are 
downregulated after neuronal injury, and VEGF application might help to raise the levels of 
some of these proteins again to contribute to neuroprotection. In the future, tissue-specific 
genetic model systems will advance our understanding of VEGF's role on neurons, as they can 
distinguish VEGF s cell-type specific activities in an in vivo context. 

VEGF Signalling in Neurons 
KDR has been implicated as a VEGF receptor in mature neurons in several culture mod-

gjg 33,39,50 ^^^ ĵ̂ g alternative VEGF receptors FLTl, NRPl and NRP2 have also been de-
tected in several types of developing and adult neurons. For example, NRPl is upregulated on 
neurons and endothelium after CNS ischemia,^^ suggesting roles in brain injury. However, 
the functional requirements for these different VEGF receptors in neurons were initally diffi-
cult to determine, owing to the severe cardiovascular defects and early lethality caused by loss 
of these proteins in the embryo (see above). Fortunately, several novel genetic tools using Cre/ 
Lox technology have recently been developed to faciliate the creation of neuron-specific mu-
tations in VEGF receptors, which circumvents the embryonic lethality caused by cardiovas-
cular defects. Surprisingly, the disruption of the Kdrgene in CNS neurons with a nestin-based 
recombination approach did not impair neuronal development or viability in the mouse. ̂ ^ 
This finding suggested that KDR is not essential for neuronal growth and patterning. The 
genetic requirement for FLTl as a VEGF receptor in neurons has not been examined so far, 
but we do know that FLTTs tyrosine kinase activity is dispensable for both embryogenesis 
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Figure 1. VEGF promotes neurite extension in spinal cord explants. Immunostaining of neurons
in dorsal horn explants shows modest expression of MAP2 (A). When 50 nglml VEGF is added
to lumbar spinal cord explants, MAP2 expression is upregulated in enlarged cell bodies as well
as in elongated and branched neurites (B).

is the case when studying VEGF effects in the nervous system in vivo, this explant model did
not distinguish direct effects of VEGF on neurons from indirect effects mediated by other
VEGF-responsive cell types. For instance, VEGF application stimulated angiogenesis, which
then supported astrocyte growth and thereby neuronal survival. That VEGF has a direct neu
rotrophic role for cultured neurons independently of glia was supported by the observation
that VEGF treatment promoted neurite growth and maturation in cultures ofprim~cortical
neurons lacking glia with similar efficiency to that in explant cultures containing glia 6,49 (Fig.
2). Furthermore, these primary cell culture studies suggested that VEGF upregulates
neuron-specific enolase (NSE) and microtubule associated protein 2 (MAP2), possibly by sta
bilizing them or by up-regulating their expression. IU6 MAP2 and several other proteins are
downregulated after neuronal injury, and VEGF application might help to raise the levels of
some of these proteins again to contribute to neuroprotection. In the future, tissue-specific
genetic model systems will advance our understanding ofVEGF's role on neurons, as they can
distinguish VEGF's cell-type specific activities in an in vivo context.

VEGF Signalling in Neurons
KDR has been implicated as a VEGF receptor in mature neurons in several culture mod

els,33,39,50 and the alternative VEGF receptors FLTl, NRPl and NRP2 have also been de
tected in several types ofdeveloping and adult neurons. For example, NRPl is upregulated on
neurons and endothelium after CNS ischemia,51 suggesting roles in brain injury. However,
the functional requirements for these different VEGF receptors in neurons were initally diffi
cult to determine, owing to the severe cardiovascular defects and early lethality caused by loss
of these proteins in the embryo (see above). Fortunately, several novel genetic tools using ere/
Lox technology have recently been developed to faciliate the creation of neuron-specific mu
tations in VEGF receptors, which circumvents the embryonic lethality caused by cardiovas
cular defects. Surprisingly, the disruption of the Kdr gene in CNS neurons with a nestin-based
recombination approach did not impair neuronal development or viability in the mouse. 15

This finding suggested that KDR is not essential for neuronal growth and patterning. The
genetic requirement for FLTl as a VEGF receptor in neurons has not been examined so far,
but we do know that FLTl's tyrosine kinase activity is dispensable for both embryogenesis
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Figure 2. VEGF promotes neurite extension from cortical neurons. In primary cultures of cortical 
neurons (> 95% pure), neurofilament-positive neurites extend from neurons that are growing in 
clusters (A) or as single cells (C) in a serum-free environment. The addition of 50-100 ng/ml VEGF 
increases the diameter and length of neurites from clustered neurons significantly (B), v^ith a 
stimulation of neurite outgrowth from the cell body by 30-40% (D). 

and postnatal survival."^^ Therefore, any possible FLTl function in neurons would be ex-
pected to involve its extracellular domain only. So far, it has been difficult to establish if 
neuropilins act as physiological VEGF receptors in neurons through loss of function studies, 
because they also transmit signals provided by neural guidance molecules of the class 3 
semaphorin family, such as SEMA3A and SEMA3F.^^ In fact, we presendy know of only one 
neuronal cell type in which NRPl acts predominantly as a VEGF 164 rather than a semaphorin 
receptor: the neuropilin-expressing, but SEMA3A-unresponsive facial branchiomotor neu-
rons in the mouse brainstem (see below). 

VEGF and Neurogenesis 
In the embryonic nervous system, neuronal progenitors proliferate, migrate and differentiate 

in a process termed neurogenesis to populate the growing brain and ganglia with neurons. Em-
bryonic neurogenesis originates from neuroepithelial progenitors in the subventricular zone of 
the CNS, and from neural crest cell-derived progenitors in the peripheral nervous system. In the 
adult, neurogenesis occurs mainly in two regions of the brain; (a) in the subventricular zone lining 
the lateral ventricles to produce the rostral migratory stream that supplies interneurons to the 
olfactory bulb; and (b) in the dentate gyrus of the hippocampus, where new neurons are thought 
to participate in memory formation. Neurogenesis can also be induced in the adult brain in 
response to pathological situations, such as mechanical trauma, seizures and ischemia. It has been 
hypothesized that neurogenesis in the adult brain relies on neural stem cells. However, the origin 
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Figure 2. VEGF promotes neurite extension from cortical neurons. In primary cultures of cortical
neurons (> 95% pure), neurofilament-positive neurites extend from neurons that are growing in
clusters (A) or as single cells (C) in a serum-free environment. The addition of 50-100 ng/ml VEGF
increases the diameter and length of neurites from clustered neurons significantly (B), with a
stimulation of neurite outgrowth from the cell body by 30-40% (D).

and postnatal survival.26 Therefore, any possible FLT1 function in neurons would be ex
pected to involve its extracellular domain only. So far, it has been difficult to establish if
neuropilins act as physiological VEGF receptors in neurons through loss offunction studies,
because they also transmit signals provided by neural guidance molecules of the class 3
semaphorin family, such as SEMA3A and SEMA3F.52 In fact, we presently know ofonly one
neuronal cell type in which NRP1 acts predominantly as a VEGF164 rather than a semaphorin
receptor: the neuropilin-expressing, bur SEMA3A-unresponsive facial branchiomotor neu
rons in the mouse brainstem (see below).

VEGF and Neurogenesis
In the embryonic nervous system, neuronal progenitors proliferate, migrate and differentiate

in a process termed neurogenesis to populate the growing brain and ganglia with neurons. Em
bryonic neurogenesis originates from neuroepithelial progenitors in the subvenrricular wne of
the eNS, and from neural crest cell-derived progenitors in the peripheral nervous system. In the
adult, neurogenesis occurs mainly in two regions ofthe brain; (a) in the subventricular wne lining
the lateral ventricles to produce the rostral migratory stream that supplies inrerneurons to the
olfactory bulb; and (b) in the dentate gyrus of the hippocampus, where new neurons are thought
to participate in memory formation. Neurogenesis can also be induced in the adult brain in
response to pathological situations, such as mechanical trauma, seizures and ischemia. It has been
hypothesized that neurogenesis in the adult brain relies on neural stem cells. However, the origin
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of neural stem cells in the adult brain remains to be defined. Surprisingly, they have characteristics 
of fully differentiated glia, and it has therefore been proposed that adtdt neuronal stem cells are 
derived from a cell lineage that initially forms embryonic neuroepithelial stem cells, then radial 
glia with the potential to form astrocytes and neurons, and fmally astrocyte-like adult stem cells. 
Several different mitogenic and/or trophic growth factors have been implicated in the process of 
neurogenesis. Fibroblast growth factor 2 (FGF2, also known as basic FGF) and epidermal growth 
factor (EGF) in particular are mitogens for neural progenitor and stem cells in vitro. In addition, 
neurotrophic factors such as brain-derived neiu'otrophic factor (BDNF) are also involved in 
neurogenesis. VEGF expression by neurons is prominent in the developing brain and during 
brain pathology, when it may play a dual role to promote neurogenesis, firsdy by acting as a 
paracrine factor for endothelial cells to stimulate pro-neurogenic angiogenesis (see above) and 
secondly, as an autocrine factor for neuronal progenitors.^^ Consistent with this idea, administra-
tion of VEGF to adult rat brain via an osmotic minipump stimulates neurogenesis, astrocyte 
production and endothelial cell growth in the hippocampus and the lateral subventricular zone.^^ 
We will first review evidence supporting a role for VEGF-stimulated angiogenesis in promoting 
neurogenesis and then discuss data consistent with a direct neurogenic role of VEGF. 

VEGF and the Angiogenic Niche of Neurogenesis 
Adult neurogenesis in the residual germinal matrices of the brain occurs in parallel with the 

growth of new blood vessels, which are thought to provide an "angiogenic niche" for the neu-
ronal progenitors. This concept was first proposed to explain the correlation of neuronal pro-
genitor mitoses and endothelial cell growth in the pseudo-glomerular structures of the dentate 
gyrus in the hippocampus. Blood vessels in the angiogenic niche of neurogenesis could po-
tentially provide instructive neurotrophic factors that promote the differentiation or survival of 
neuronal progenitors. This idea is supported by findings in the adult songbird brain, where 
neurogenesis proceeds throi^hout life in the higher vocal centre. Here, testosterone upregulates 
VEGF and QUEKl (bird KDR) to induce angiogenesis and stimulate BDNF release from 
blood vessel endothelium. BDNF then supports neuronal differentiation and migration of 
neurons derived from the ventricular zone of the higher vocal cord centre. Moreover, pig-
ment epithelium-derived factor (PEDF) is produced by ependymal and endothelial cells to 
induce self-renewal of cultured neural stem cells. Alternatively, or additionally, blood vessels 
in the angiogenic niche of neurogenesis might provide a substrate for migrating neuronal pro-
genitors during their journey from their germinal zone to the site of their differentiation; this 
substrate might be the vessel surface or the vessel-associated extracellular matrix. Surprisingly, 
experiments have not yet been performed that address how the angiogenic niche contributes to 
neurogenesis in the developing CNS. 

VEGF Signalling in Neuronal Progenitors during Development 
Several findings support the idea that VEGF has direct effects on neuronal progenitors in 

the developing brain. VEGF 164 stimulates the migration survival of a neuroectodermal pro-
genitor cell line.̂ ''̂  Moreover, VEGF application enhances the proliferation of embryonic cor-
tical neuronal progenitors in vitro, and the blockade of KDR signalling prevents their 
VEGF-induced proliferation.^^ VEGF also affects the migration of primary neuronal pro-
genitors: FGF stimulates the proliferation of neuronal progenitors derived from the newborn 
rat rostral subventricular zone concomitantly with increasing expression of KDR and FLTl, 
and the FGF2-stimulated neuronal progenitors become responsive to VEGF, which acts as a 
chemoattractant via KDR.5^ The role of VEGF and its receptors in neurogenesis has also 
been studied in the developing retina. VEGF and KDR are expressed in the inner retina prior 
to its vascularisation and also in the avascular outer retina, and several different experimental 
approaches have raised the possibility that VEGF signalling plays a role in the development of 
the neural retina. For example, VEGF treatment promotes neurogenesis in the avascular chick 
retina, whilst KDR inhibition with a small interfering RNA blocks proliferation; similarly. 
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ofneural stem cells in the adult brain remains to be defined. Surprisingly, they have characteristics
of fully differentiated glia, and it has therefore been proposed that adult neuronal stem cells are
derived from a cell lineage that initially forms embryonic neuroepithelial stem cells, then radial
glia with the potential to form astroeytes and neurons, and fmally astrocyte-like adult stem cells.
Several different mitogenic and/or trophic growth factors have been implicated in the process of
neurogenesis. Fibroblast growth factor 2 (FGF2, also known as basic FGF) and epidermal growth
factor (EGF) in particular are mitogens for neural progenitor and stem cells in vitro. In addition,
neurotrophic factors such as brain-derived neurotrophic factor (BDNF) are also involved in
neurogenesis. VEGF expression by neurons is prominent in the developing brain and during
brain pathology, when it may play a dual role to promote neurogenesis, firstly by acting as a
paracrine factor for endothelial cells to stimulate pro-neurogenic angiogenesis (see above) and
secondly, as an autocrine factor for neuronal progenitors.50 Consistent with this idea, administra
tion of VEGF to adult rat brain via an osmotic minipump stimulates neurogenesis, astrocyte
production and endothelial cell growth in the hippocampus and the lateral subventricular wne.53

We will first review evidence supporting a role for VEGF-stimulated angiogenesis in promoting
neurogenesis and then discuss data consistent with a direct neurogenic role ofVEGE

VEGF and the Angiogenic Niche ofNeurogenesis
Adult neurogenesis in the residual germinal matrices of the brain occurs in parallel with the

growth of new blood vessels, which are thought to provide an "angiogenic niche" for the neu
ronal progenitors. This concept was first proposed to explain the correlation of neuronal pro
genitor mitoses and endothelial cell growth in the pseudo-glomerular structures of the dentate
gyrus in the hippocampus.54 Blood vessels in the angiogenic niche of neurogenesis could po
tentially provide instructive neurotrophic factors that promote the differentiation or survival of
neuronal progenitors. This idea is supported by findings in the adult songbird brain, where
neurogenesis proceeds throughout life in the higher vocal centre. Here, testosterone upregulates
VEGF and QUEKI (bird KDR) to induce angiogenesis and stimulate BDNF release from
blood vessel endothelium. BDNF then supports neuronal differentiation and migration of
neurons derived from the ventricular wne of the higher vocal cord centre.55 Moreover, pig
ment epithelium-derived factor (PEDF) is produced by ependymal and endothelial cells to
induce self-renewal of cultured neural stem cells.56 Alternatively, or additionally, blood vessels
in the angiogenic niche ofneurogenesis might provide a substrate for migrating neuronal pro
genitors during their journey from their germinal wne to the site of their differentiation; this
substrate might be the vessel surface or the vessel-associated extracellular matrix. Surprisingly,
experiments have not yet been performed that address how the angiogenic niche contributes to
neurogenesis in the developing CNS.

VEGF Signalling in Neuronal Progenitors during Development
Several findings support the idea that VEGF has direct effects on neuronal progenitors in

the developing brain. VEGF164 stimulates the migration survival of a neuroectodermal pro
genitor cell line.57 Moreover, VEGF application enhances the proliferation ofembryonic cor
tical neuronal progenitors in vitro, and the blockade of KDR signalling prevents their
VEGF-induced proliferation. 53 VEGF also affects the migration of primary neuronal pro
genitors: FGF stimulates the proliferation of neuronal progenitors derived from the newborn
rat rostral subventricular wne concomitantly with increasing expression ofKDR and FLTl,
and the FGF2-stimulated neuronal progenitors become responsive to VEGF, which acts as a
chemoattractant via KDR.58 The role ofVEGF and its receptors in neurogenesis has also
been studied in the developing retina. VEGF and KDR are expressed in the inner retina prior
to its vascularisation and also in the avascular outer retina, and several different experimental
approaches have raised the possibility that VEGF signalling plays a role in the development of
the neural retina. For example, VEGF treatment promotes neurogenesis in the avascular chick
retina, whilst KDR inhibition with a small interfering RNA blocks proliferation; similarly,
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inhibition of receptor tyrosine kinases, including KDR, blocks development of the inner 
mouse retina, which would normally contain Mueller and retinal ganglion cells. ̂  VEGF 
also stimulates photoreceptor development from retinal progenitors in vitro. 

VEGF Signalling in Neuronal Stem Cells and Adult Neuronal Progenitors 
VEGF/KDR signalling affects the fate of neuronal stem cells derived from the embryonic 

brain. On the one hand, VEGF promotes the siuvival of definitive neural stem cells, which 
form in the developing brain after 8.5 dpc and persist throughout adulthood. On the other hand, 
VEGF inhibits the survival of primitive neural stem cells, present in the embryonic brain up to 
8.5 dpc. Interestingly, primitive neural stem cells would not normally be exposed to high VEGF 
levels until after 8.5 dpc, when VEGF is upregulated in the neural tube to attract blood vessels 
from the perineural vascular plexus. These observations raise the possibility that VEGF contrib-
utes to a developmental switch that affects neural stem cell behaviour. KDR expression has also 
been reported in the proliferative zones of the adult rodent brain, ̂ '̂̂ '̂ although the specificity 
of the antibodies used was demonstrated in only one of these studies. When VEGF is adminis-
tered to the brain at low concentrations, it stimulates the proliferation of KDR-expressing cells in 
the ventricular zone in vivo independendy of its effect on blood vessels. VEGF application was 
also foimd to promote the survival of neural stem cells in vitro in a KDR-dependent fashion.^ 
The physiological significance ofVEGF as an autocrine or paracrine signal for neuronal stem cells 
is not yet understood, as it has not been possible to ablate VEGF expression in the CNS without 
simultaneously affecting blood vessels. '̂  The specific deletion of VEGF receptors in the early 
neuronal lineage may therefore provide a more suitable approach to determine the contribution 
of VEGF signalling to neurogenesis. The ablation of KDR expression from neurons using 
nestin-promoter driven CRE-mediated recombination suggested that this VEGF receptor is not 
essential for embryonic neurogenesis.^^ However, the impact of BCDR loss from CNS neurons on 
neonatal and adult neurogenesis or neuronal survival has not yet been studied, and FLTl and 
NRPl have not yet been ablated specifically in the neuronal lineage. Further work on the role of 
VEGF and its receptors in the neuronal lineage has become pressing, given that reduced VEGF 
levels were found to cause motor neuron degeneration. 

VEGF Signalling in Neurovascular Patterning 
Several recent studies have explored the idea that endothelial cells and neurons share signal-

ling pathways to control their growth and behaviour. Accordingly, there is now evidence that 
axon guidance cues control blood vessel branching and, vice versa, that vascular patterning 
molecules can modify the migration of neurons and glia. For example, ephrin/EPH signals and 
netrins with their UNC and DCC receptors have been implicated both in neuronal and vascu-
lar patterning, and NRPl plays a dual role as an isoform-specific VEGF receptor on endothe-
lial cells^^ and a neuronal cell surface receptor for semaphorins.^^The observation that VEGF 165 
and the semaphorin SEMA3A compete for NRPl binding in cell culture models^^'^^ raised the 
possibility that shared transmembrane receptors serve to coordinate vascidar and neiu^onal growth 
by integrating antagonistic signals. Several recent studies have begun to test if semaphorins 
control vascular development, if VEGF controls neuronal development, and if ligand sharing 
by NRPl controls neuronal and vascular copatterning in vivo. The outcome of these studies is 
discussed in the following paragraphs. 

VEGF in Neuronal Patterning 
VEGF promotes neurite extension and neurite maturation in cell culture models (Figs. 1 

and 2),^ and the VEGF 164 isoform has been hypothesised to act as an axonal guidance cue 
by binding to NRPl in competition with SEMA3A.^^ Unfortunately, in vivo evidence that 
VEGF acts as an axonal patterning factor in NRPl-expressing neurons is so far lacking: In 
developing dorsal root ganglia, VEGF has no effect on neurons, even though it controls endot-
helial cell growth,^^ and limb axons grow normally in the absence of VEGF 164.^^ VEGF 164 
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inhibition of receptor tyrosine kinases, including KDR, blocks development of the inner
mouse retina, which would normally contain Mueller and retinal ganglion cells. 59-62 VEGF
also stimulates photoreceptor development from retinal progenitors in vitro.63

VEGF Signalling in Neuronal Stem Cells andAdult Neuronal Progenitors
VEGF/KDR signalling affects the fate of neuronal stem cells derived from the embryonic

brain.64 On the one hand, VEGF promotes the survival of defmitive neural stem cells, which
form in the developing brain after 8.5 dpc and persist throughout adulthood. On the other hand,
VEGF inhibits the survival of primitive neural stem cells, present in the embryonic brain up to
8.5 dpc. Interestingly, primitive neural stem cells would not normally be exposed to high VEGF
levels until after 8.5 dpc, when VEGF is upregulated in the neural tube to attract blood vessels
from the perineural vascular plexus. These observations raise the possibility that VEGF contrib
utes to a developmental switch that affects neural stem cell behaviour. KDR expression has also
been reported in the proliferative wnes of the adult rodent brain,5o.53.65 although the specificity
of the antibodies used was demonstrated in only one ofthese studies.65 When VEGF is adminis
tered to the brain at low concentrations, it stimulates the proliferation ofKDR-expressing cells in
the ventricular wne in vivo independently ofits effect on blood vessels.65 VEGF application was
also found to promote the survival of neural stem cells in vitro in a KDR-dependent fashion.65

The physiological significance ofVEGF as an autocrine or paracrine signal for neuronal stem cells
is not yet understood, as it has not been~ossible to ablate VEGF expression in the CNS without
simultaneously affecting blood vessels.! ,!6 The specific deletion ofVEGF receptors in the early
neuronal lineage may therefore provide a more suitable approach to determine the contribution
of VEGF signalling to neurogenesis. The ablation of KDR expression from neurons using
nestin-promoter driven CRE-mediated recombination suggested that this VEGF receptor is not
essential for embryonic neurogenesis.!5 However, the impact ofKDR loss from CNS neurons on
neonatal and adult neurogenesis or neuronal survival has not yet been studied, and FLTI and
NRPI have not yet been ablated specifically in the neuronal lineage. Further work on the role of
VEGF and its receptors in the neuronal lineage has become pressing, given that reduced VEGF
levels were found to cause motor neuron degeneration.

VEGF Signalling in Neurovascular Patterning
Several recent studies have explored the idea that endothelial cells and neurons share signal

ling pathways to control their growth and behaviour. Accordingly, there is now evidence that
axon guidance cues control blood vessel branching and, vice versa, that vascular patterning
molecules can modify the migration ofneurons and glia. For example, ephrin/EPH signals and
netrins with their UNC and DCC receptors have been implicated both in neuronal and vascu
lar patterning,66 and NRPI plays a dual role as an isoform-specific VEGF receptor on endothe
lial ce11s3! and a neuronal cell surface receptor for semaphorins.67 The observation that VEGF165
and the semaphorin SEMA3A compete for NRPI binding in cell culture modeli8

•
69 raised the

possibility that shared transmembrane receptors serve to coordinate vascular and neuronal growth
by integrating antagonistic signals.66 Several recent studies have begun to test if semaphorins
control vascular development, ifVEGF controls neuronal development, and if ligand sharing
by NRPI controls neuronal and vascular copatterning in vivo. The outcome of these studies is
discussed in the following paragraphs.

VEGF in Neuronal Patterning
VEGF fromotes neurite extension and neurite maturation in cell culture models (Figs. 1

and 2),36-3 and the VEGF164 isoform has been hypothesised to act as an axonal guidance cue
by binding to NRPI in competition with SEMA3A70 Unfortunately, in vivo evidence that
VEGF acts as an axonal patterning factor in NRPl-expressing neurons is so far lacking: In
developing dorsal root ganglia, VEGF has no effect on neurons, even though it controls endot
helial cell growth,?! and limb axons grow normally in the absence ofVEGF164.72 VEGFl64
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does, however, pattern neuronal migration within the developing CNS, as it controls the 
NRPl-dependent cell body migration of facial branchiomotor neurons within the mouse 
brainstem/^ Strikingly, there is no competition of VEGF 164 and SEMA3A during this process. 
Rather, both NRPl ligands cooperate by regulating different aspects of neuronal behaviour, 
with VEGF 164 signalling being necessary only for the correct pathfmding of facial 
branchiomotor somata within the brainstem, and SEMA3A being involved solely in the guid-
ance of their axons in the second branchial arch. Importantly, VEGF 164 appears to pattern 
facial branchiomotor neurons independendy of blood vessels, as the endothelial-specific NRPl 
knockout displays vascular, but not neuronal migration defects. Similarly to facial branchiomotor 
axons, sensory and motor axons in the limb require SEMA3A, but not VEGF 164 to control 
their growth. Whilst the developmental analysis of facial branchiomotor neurons has provided 
the first evidence that VEGF can directly control neuronal behaviour independendy of blood 
vessels, further work is required to examine if VEGF patterns other neuronal cell types and can 
therefore be considered a general neuronal patterning molecule like SEMA3A. In particular, it 
will be important to address if VEGF effects are restricted to the guidance of neuronal cell 
bodies, or if some types of axons also use VEGF as a migratory cue. Candidate neurons whose 
axons may use VEGF 164 as a guidance molecule may be identified by their ability to express 
NRPl , even though they do not require SEMA3A signals for their patterning. The observation 
that VEGF promotes neurite maturation (see above) raises the possibility that VEGF might 
affect dendrite development. 

A Role for Competition of VEGF 164 and SEMA3A during Neuronal 
and Vascular Patterning? 

Tissue culture studies have shown that VEGF 165 and SEMA3A compete for binding to the 
extracellular domain of NRPl .̂ '̂ Moreover, in experiments with chick limbs carrying SEMA3A 
bead implants, vessels and nerves were both repelled by SEMA3A in a mechanism requiring 
NRPl . Based on these observations, it has been hypothesised that VEGF 165 and SEMA3A 
coordinate vascular and neural development by competing for NRPl and thereby contribute 
to the emergence of neurovascular congruence. However, the role of SEMA3A signalling in 
vascular development is presendy controversial. SEMA3A has been implicated in vascular pat-
terning in zebrafish, where one of two SEMA3A forms termed SEMA3AB (SEMA3A2) curbs 
intersegmental vessel branching.^ In addition, Serini and coworkers reported that loss of 
SEMA3A impairs head vessel remodelling, intersomitic vessel branching and formation of the 
anterior cardinal vein by modulating integrin signalling in the mouse and chick. In contrast, 
we and others have found that SEMA3A and semaphorin-signalling through NRPl are not 
required for microvessel patterning during mouse development. ' Moreover, we have found 
that there is no genetic interaction between VEGF 164 and SEMA3A during vasculogenesis or 
angiogenic vessel growth and branching.'^ The observation that there is no competition be-
tween VEGF 164 and SEMA3A during vessel growth in vivo is consistent with the finding that 
VEGF 164, but not SEMA3A controls the cell body migration of facial branchiomotor neu-
rons, whilst SEMA3A, but not VEGF 164 guides facial nerve and limb axons (see above). The 
emerging picture is therefore one of ligand cooperation rathetthan competition, with VEGF 164 
and SEMA3A being specialised to mediate distinct patterning events that occur in close spa-
tiotemporal proximity. 

VEGF Mediates the Copatteming of Nerves and Arteries 
Whilst ligand competition between VEGF 164 and SEMA3A does not appear to be critical 

for neurovascular development, VEGF does nevertheless play a role in neurovascular copatterning 
independently of its relationship to SEMA3A: In the developing limb skin, VEGF is required 
for the alignment of nerves and arteries, because nerve-secreted VEGF acts on vascular NRPl 
to promote arteriogenesis.'^ ' Notably, VEGF is likely to cooperate with other neuronal-derived 
signals in the copatterning of vessels and nerves in the limb, as it induces arterial character 
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does, however, pattern neuronal migration within the developing CNS, as it controls the
NRP1-dependent cell body migration of facial branchiomotor neurons within the mouse
brainstem.73 Strikingly, there is no competition ofVEGF164 and SEMA3A during this process.
Rather, both NRP1 ligands cooperate by regulating different aspects of neuronal behaviour,
with VEGF164 signalling being necessary only for the correct pathfinding of facial
branchiomotor somata within the brainstem, and SEMA3A being involved solely in the guid
ance of their axons in the second branchial arch. Importantly, VEGF164 appears to pattern
facial branchiomotor neurons independently ofblood vessels, as the endothelial-specific NRP1
knockout displays vascular, but not neuronal migration defects. Similarly to facial branchiomotor
axons, sensory and motor axons in the limb require SEMA3A, but not VEGF 164 to control
their growth. Whilst the developmental analysis offacial branchiomotor neurons has provided
the first evidence that VEGF can directly control neuronal behaviour independently of blood
vessels, further work is required to examine ifVEGF patterns other neuronal cell types and can
therefore be considered a general neuronal patterning molecule like SEMA3A. In particular, it
will be important to address if VEGF effects are restricted to the guidance of neuronal cell
bodies, or if some types ofaxons also use VEGF as a migratory cue. Candidate neurons whose
axons may use VEGF164 as a guidance molecule may be identified by their ability to express
NRP1, even though they do not require SEMA3A signals for their patterning. The observation
that VEGF promotes neurite maturation (see above) raises the possibility that VEGF might
affect dendrite development.

A Rolefor Competition ofVEGFl64 and SEMA3A during Neuronal
and Vascular Patterning?

Tissue culture studies have shown that VEGF165 and SEMA3A compete for binding to the
extracellular domain ofNRP1.57,68 Moreover, in experiments with chick limbs carrying SEMA3A
bead implants, vessels and nerves were both repelled by SEMA3A in a mechanism requiring
NRP1.7 Based on these observations, it has been hypothesised that VEGF165 and SEMA3A
coordinate vascular and neural development by competing for NRP1 and thereby contribute
to the emergence of neurovascular congruence. However, the role of SEMA3A signalling in
vascular development is presently controversial. SEMA3A has been implicated in vascular pat
terning in zebrafish, where one of two SEMA3A forms termed SEMA3AB (SEMA3A2) curbs
intersegmental vessel branching.75 In addition, Serini and coworkers reported that loss of
SEMA3A impairs head vessel remodelling, intersomitic vessel branching and formation of the
anterior cardinal vein by modulating integrin signalling in the mouse and chick.76 In contrast,
we and others have found that SEMA3A and semaphorin-signalling through NRP1 are not
required for microvessel patterning during mouse development. n,77 Moreover, we have found
that there is no genetic interaction between VEGF164 and SEMA3A during vasculogenesis or
angiogenic vessel growth and branching.n The observation that there is no competition be
tween VEGF164 and SEMA3A during vessel growth in vivo is consistent with the finding that
VEGF164, but not SEMA3A controls the cell body migration of facial branchiomotor neu
rons, whilst SEMA3A, but not VEGF164 guides facial nerve and limb axons (see above). The
emerging picture is therefore one ofligand cooperation rathet:.than competition, with VEGF164
and SEMA3A being specialised to mediate distinct patterning events that occur in close spa
tiotemporal proximity.

VEGF Mediates the Copatterning ofNerves andArteries
Whilst ligand competition between VEGF164 and SEMA3A does not appear to be critical

for neurovascular development, VEGF does nevertheless playa role in neurovascular copatterning
independently of its relationship to SEMA3A: In the developing limb skin, VEGF is required
for the alignment of nerves and arteries, because nerve-secreted VEGF acts on vascular NRP1
to promote arteriogenesis.78

,79 Notably, VEGF is likely to cooperate with other neuronal-derived
signals in the copatterning of vessels and nerves in the limb, as it induces arterial character
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rather than mediating the recruitment of blood vessels to nerves. The factors that control the 
coalignment of nerves and vessels have therefore remained elusive. 

VEGF and Nervous System Repair 
VEGF production by CNS neurons early on in development is likely induced by hypoxia to 

match vessel growth to oxygen requirements and metabolic demand (see chapter 3 by M. 
Fruttiger). In an analogous fashion, VEGF may be induced during nervous system damage and 
peripheral nerve regeneration to stimidate new vessel growth and enhance tissue repair. Consis-
tent with this hypothesis, several studies suggest that VEGF treatment improves diabetic and 
peripheral neuropathy. Firsdy, the intramuscular gene transfer of a plasmid encoding VEGF 
enhances motor and sensory functions in a rabbit model of ischemic peripheral neuropathy. 
Secondly, application of VEGF after stroke injury can decrease brain infarct size, likely by 
promoting angiogenesis and neurogenesis near the penumbral area. '̂̂  ' '̂ ^ Thirdly, applica-
tion of function-blocking VEGF-specific antibodies in a stab injury model increased lesion size 
and decreased angiogenic and astroglial activity in the striatum. In further support of a role 
for VEGF in damage control during brain injuries, application of VEGF to the contused spinal 
cord produced behavioural and cellular improvements,^^'^ and VEGF significandy enhanced 
nerve regeneration when applied to matrigel implants into injured sciatic nerves.^^ 

Conclusions and Future Perspectives 
The studies described in this review demonstrate that VEGF plays multiple roles in the 

nervous system by acting on blood vessels, glia and neurons; a working model for the role of 
VEGF in peripheral nerves is presented in Figure 3. Because of its multiple effects, VEGF 

Figure 3. Possible roles for Schwann cell-derived VEGF in peripheral nerves. Schwann cells 
secrete VEGF, but also several other gliotrophic and neurotrophic factors. VEGF stimulates the 
growth and patterning of blood vessels (1) and is likely to help protect motor and sensory neurons 
(2). In addition, VEGF is thought to protect Schwann cells and stimulate their proliferation and 
migration in an autocrine loop (3). It is not yet known if paracrine VEGF sources for Schwann 
cells exist in peripheral nerves. 
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rather than mediating the recruitment of blood vessels to nerves. The factors that control the
coalignment of nerves and vessels have therefore remained elusive.

VEGF and Nervous System Repair
VEGF production by CNS neurons early on in development is likely induced by hypoxia to

match vessel growth to oxygen requirements and metabolic demand (see chapter 3 by M.
Fruttiger). In an analogous fashion, VEGF may be induced during nervous system damage and
peripheral nerve regeneration to stimulate new vessel growth and enhance tissue repair. Consis
tent with this hypothesis, several studies suggest that VEGF treatment improves diabetic and
peripheral neuropathy. Firstly, the intramuscular gene transfer of a plasmid encoding VEGF
enhances motor and sensory functions in a rabbit model of ischemic peripheral neuropathy.45
Secondly, application of VEGF after stroke injury can decrease brain infarct size, likely by
promoting angiogenesis and neurogenesis near the penumbral area.23,25,80,81 Thirdly, applica
tion offunction-blocking VEGF-specific antibodies in a stab injury model increased lesion size
and decreased angiogenic and astroglial activity in the striatum.82 In further support of a role
for VEGF in damage control during brain injuries, application ofVEGF to the contused spinal
cord produced behavioural and cellular improvements,83,84 and VEGF significantll enhanced
nerve regeneration when applied to matrigel implants into injured sciatic nerves.8

Conclusions and Future Perspectives
The studies described in this review demonstrate that VEGF plays multiple roles in the

nervous system by acting on blood vessels, glia and neurons; a working model for the role of
VEGF in peripheral nerves is presented in Figure 3. Because of its multiple effects, VEGF

• VEGF
• neurotrophicfaetors* gliotrophic factors

(3)

Figure 3. Possible roles for Schwann cell-derived VEGF in peripheral nerves. Schwann cells
secrete VEGF, but also several other gliotrophic and neurotrophic factors. VEGF stimulates the
growth and patterning of blood vessels (1) and is likely to help protect motor and sensory neurons
(2). In addition, VEGF is thought to protect Schwann cells and stimulate their proliferation and
migration in an autocrine loop (3). It is not yet known if paracrine VEGF sources for Schwann
cells exist in peripheral nerves.
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treatment may be beneficial for neurodegenerative and neuropathic conditions by enhancing 
both blood vessel and glial cell growth, whilst also providing direct neuroprotection. Whereas 
VEGF application after brain or spinal cord injury or in some neurodegenerative diseases is 
likely to aid neural and glial protection, VEGF may also have negative effects, as it can promote 
excessive macrophage infiltration, increase vascular permeability and disrupt the blood-brain 
barrier.^^'^^'^^'^ Whether VEGF treatment will ultimately be useful in the clinic to promote 
neoangiogenesis and neuronal survival may therefore depend on our ability to separate its 
effects on macrophages and vascular permeability from its angiogenic and neurotrophic effects. 
It will also be imperative to investigate if the use of anti-VEGF therapy to treat unwanted 
angiogenesis and vascular leakage in cancer and eye diseases could cause serious side effects in 
nervous tissue, as reduced VEGF levels may impair adult neurogenesis and neuroprotection. 
Investigating the contribution of VEGF and its signalling pathways to brain development is 
likely to provide critical clues that will help us understand VEGF's physiological functions and 
therefore help to pioneer novel therapeutic strategies for nervous system repair. 
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treatment may be beneficial for neurodegenerative and neuropathic conditions by enhancing
both blood vessel and glial cell growth, whilst also providing direct neuroprotection. Whereas
VEGF application after brain or spinal cord injury or in some neurodegenerative diseases is
likely to aid neural and glial protection, VEGF may also have negative effects, as it can promote
excessive macrolhage inftltration, increase vascular permeability and disrupt the blood-brain
barrier.22-24,82,8 Whether VEGF treatment will ultimately be useful in the clinic to promote
neoangiogenesis and neuronal survival may therefore depend on our ability to separate its
effects on macrophages and vascular permeability from its angiogenic and neurotrophic effects.
It will also be imperative to investigate if the use of anti-VEGF therapy to treat unwanted
angiogenesis and vascular leakage in cancer and eye diseases could cause serious side effects in
nervous tissue, as reduced VEGF levels may impair adult neurogenesis and neuroprotection.
Investigating the contribution ofVEGF and its signalling pathways to brain development is
likely to provide critical clues that will help us understand VEGF's physiological functions and
therefore help to pioneer novel therapeutic strategies for nervous system repair.
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