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The proper vascular formation, which occurs by two distinct mechanisms, vasculogenesis 

and angiogenesis, is essential for embryonic development.  Vasculogenesis is the 

mechanism responsible for generating primary vascular plexus from endothelial 

progenitor cells or angioblasts (vascular endothelial cells that have not incorporated into 

vessels); angiogenesis is the mechanism responsible for generating blood vessels from 

the pre-existing vessels and to remodel the primary vascular plexus into an arborized 

network of large and small vessels (Risau, 1997).  Many genes implicated in 

vasculogenesis and angiogenesis have been identified by targeted gene inactivation in 

mice; those well characterized include members of vascular endothelial growth factor 

(VEGF) family and their tyrosine kinase receptors, the angiopoietins and their tyrosine 

kinase receptors, and some members of the ephrin-B family and their Eph-B tyrosine 

kinase receptors (Harvey and Oliver, 2004).   

Mice lacking the VEGF receptor Flk1 do not have endothelial or hematopoietic cells 

in embryos, suggesting an essential role of Flk1 and its ligands (VEGF) in the 

development of both cell lineages (Shalaby et al., 1995).  Mice lacking VEGF-A, a ligand 

of Flk1, show vascular defects such as reduced endothelial cell differentiation, aberrant 

angiogenic remodeling and vessel patterning, absence of large vessels, and defective 

endothelial interconnections (Carmeliet et al., 1996; Ferrara et al., 1996).  Heterozygous 

VEGF-A mutant embryos also show vascular defects, to a lesser extent, and are 

embryonic lethal, suggesting that the level of VEGF-A expression is crucial for proper 

vascular development (Carmeliet et al., 1996; Ferrara et al., 1996).  Additionally, the 

VEGF co-receptors, neuropilin-1 (NP-1) and neuropilin-2 (NP-2), are essential for 
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vascular development, as revealed by the fact that the genetic ablation of both genes 

results in vascular defects and early embryonic lethality (Takashima et al., 2002). 

Mice lacking Tie2, an angiopoietin receptor, display severe cardiovascular defects and 

die around E9.5 (Sato et al., 1995).  Vasculogenesis in the yolk sac and embryo occurs 

normally, but subsequent angiogenesis steps are absent or greatly retarded (Sato et al., 

1995).  Angiopoietin-1, a ligand of Tie2, homozygous mutant mice also show severe 

cardiovascular defects similar to those of the Tie2 homozygous mutant mice, suggesting 

the essential roles of angiopoietin/Tie2 signaling in the proper cardiovascular 

development (Suri et al., 1996). 

Ephrin-B2 and its tyrosine kinase receptor EphB4 are restrictively expressed in arterial 

and venous endothelial cells, respectively (Gerety et al., 1999; Wang et al., 1998).  

Ephrin-B2 and EphB4 homozygous mutant mice display similar cardiovascular defects, 

suggesting that ephrin-B2/EphB4 signaling is essential for proper vascular development 

(Adams et al., 1999; Gerety et al., 1999; Wang et al., 1998).  Additionally, EphB2/EphB3 

double homozygous mutant mice show similar angiogenesis defects, albeit with a low 

penetrance (Adams et al., 1999).   

Pericytes and vascular smooth muscle cells (vSMC) play important roles in the 

formation of proper vasculature (Gerhardt and Betsholtz, 2003).  During angiogenesis, 

platelet-derived growth factor-B (PDGF-B) and its receptor PDGFR-β are expressed in 

the sprouting endothelial cells and pericyte/vSMC progenitors, respectively, suggesting a 

paracrine interaction between endothelial cells and pericyte/vSMA progenitors.  Genetic 

ablation of PDGF-B and its receptor PDGFR-β in mice display similar phenotypes, such 

as widespread microvascular leakage and hemorrhage and reduced pericyte proliferation, 
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supporting the paracrine interaction between the two cell types (Leveen et al., 1994; 

Lindahl et al., 1997; Soriano, 1994).  Moreover, the endothelial specific knockout of 

PDGF-B results in pericyte/vSMC deficiency (Enge et al., 2002).  These data suggest that 

PDGF-B and PDGFR-β play an essential role in the recruitment of pericytes/vSMCs to 

newly formed vessels.  In addition to PDGF-B/PDGFR-β signaling, angiopoietin-1/Tie-2 

signaling is involved in the recruitment of pericytes, which secrete angiopoitin-1 (Sato et 

al., 1995; Suri et al., 1996).   

 

Molecular differences between arteries and veins 

The continuous blood vascular networks are divided into arteries, carrying blood away 

from the heart; and veins, carrying blood toward the heart.  In addition to the functional 

distinction, arteries are distinguished from veins in terms of physiology and morphology.  

Arteries contain more oxygen and nutrition than veins, while veins contain more CO2 and 

waste products.  Arteries receive higher blood pressure and shear stress than veins.  

Moreover, arteries are more elastic and contain more smooth muscle cell layers than 

veins, while only veins contain valves to prevent the back-flow of the blood stream.  

While these physiological and morphological differences have been known for several 

centuries, molecular differences between arteries and veins have only been recently 

reported.  Ephrin-B2 is specifically expressed in arterial endothelial cells, whereas its 

cognate receptor tyrosine kinase EphB4 is restrictively expressed in venous endothelial 

cells from the early cardiovascular development (Gerety et al., 1999; Wang et al., 1998).  

Since the first identification of arterial-specific gene ephrin-B2, many other arterial-

specific or restricted genes have been identified. Notch receptors and its ligands including 
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Notch1, Notch3, Notch4, Dll4, Jagged1 and Jagged2 are expressed in arteries but not in 

veins (Shutter et al., 2000; Villa et al., 2001); Hey1-3, a family of basic helix-loop-helix 

(bHLH) transcription factors and direct targets of the Notch signaling pathway, are 

restrictively expressed in arteries (Leimeister et al., 1999; Nakagawa et al., 1999).  

Activin receptor-like kinase 1 (Alk1), a type I receptor for TGF-β family proteins (Urness 

et al., 2000); EPAS-1, a close relative of the hypoxia-inducible factor 1α transcription 

factor (Tian et al., 1997); and the netrin receptor UNC5B are restrictively expressed in 

arterial endothelial cells (Lu et al., 2004). 

These genes are not only restrictively expressed in arterial endothelial cells, but also 

play essential roles in the proper vascular development.  For example, Notch1 

homozygous mutant mice show severe defects in angiogenic vascular remodeling.  

Notch1/Notch4 double homozygous mutant embryos display a more severe phenotype 

than Notch1 homozygous mutant embryos even though Notch4 homozygous mutant 

embryos show no vascular defects, suggesting that Notch4 is also play important role in 

angiogenesis (Krebs et al., 2000).  The endothelial specific genetic ablation of Notch1 

recapitulates the vascular phenotype of conventional Notch1 homozygous mutant mice, 

indicating an essential role of Notch1 signaling in endothelial cells during vascular 

development (Limbourg et al., 2005).  Dll4 ligand heterozygous mutant embryos display 

severe angiogenesis defects similar to Notch1 mutants, suggesting that Dll4 is essential in 

a dosage-sensitive manner for the proper vascular development (Duarte et al., 2004; Gale 

et al., 2004; Krebs et al., 2004).  The combined genetic ablation of Hey1 and Hey2 results 

in severe vascular defects reminiscent of Notch1 mutant defects, suggesting that Hey1 

and Hey2 are the main downstream targets of Notch signaling in endothelial cells 
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(Fischer et al., 2004; Kokubo et al., 2005).  Alk1 homozygous mutant mice display severe 

arteriovenous malformations, resulting from fusion of major arteries and veins, and 

severe angiogenesis defects (Urness et al., 2000).  UNC2B homozygous mutant mice 

show aberrant extension of endothelial tip cell filopodia, excessive vessels branching and 

abnormal navigation, although patterning of the major vessels is largely normal (Lu et al., 

2004).  

In addition to the molecular differences between arterial and venous endothelial cells, 

there are molecular differences between arterial and venous SMCs, although these 

differences have not been as well reported.  EVEC/DANCE, an EGF-like-repeat-

containing secreted protein, is expressed in arterial SMCs during development, and is 

virtually undetectable in adult arterial SMCs, although it can be reinduced upon injury 

(Kowal et al., 1999; Nakamura et al., 1999).  The “latent TGFβ-binding protein-2” 

(LTBP-2) is expressed in arterial SMCs during development (Fang et al., 1997), and it is 

not clear whether its expression persists into adulthood. Ephrin-B2 is preferentially 

expressed in arterial SMCs as well as in arterial endothelial cells; the onset of ephrin-B2 

expression in arterial SMCs occurs at E12.5 and its expression persists into adulthood 

(Shin et al., 2001).  Interestingly, several Notch receptors and its ligands are expressed in 

arterial SMCs but not in venous SMCs (Villa et al., 2001), suggesting the possibility that 

Notch signaling may play a important role in arterial SMCs like it does in arterial 

endothelial cells. 
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Specification of arteries and veins 

Although ephrin-B2 and EphB4 in mice are essential for the proper formation of arteries 

and veins, the fact that ephrin-B2 homozygous mutant mice still express ephrin-B2 in the 

arterial endothelial cells, indicates that these genes are not involved in the initial 

specification of arterial and venous endothelial cells (Gerety et al., 1999; Wang et al., 

1998).  What are the upstream factors to induce ephrin-B2 in arteries and EphB4 in 

veins? 

Recent studies in zebrafish and mice have provided evidence that Notch signaling is 

the upstream mechanism that induces arterial specification (Weinstein and Lawson, 

2002).  In zebrafish, notch5 and deltaC are specifically expressed in arterial endothelial 

cells (Kortschak et al., 2001; Smithers et al., 2000), suggesting that Notch might play an 

important role in the artery formation.  Gain-of-function and loss-of-function studies in 

zebrafish using mindbomb mutants (where Notch signaling is genetically reduced), a 

dominant-negative DNA-binding mutant of Xenopus suppressor of hairless protein, and a 

constitutive-active Notch intracellular domain, reveal that Notch signaling promotes 

arterial differentiation at the expense of venous differentiation during vascular 

development (Lawson et al., 2001).  The murine studies, using targeted ablation of genes 

involved in the Notch signaling pathway, result in the loss of the expression of arterial 

markers including ephrin-B2, in Dll4 homozygous mutant embryos (Duarte et al., 2004), 

in Hey1/Hey2 double homozygous mutant embryos (Fischer et al., 2004; Kokubo et al., 

2005), and in Rbpsuh (Fischer et al., 2004), the primary transcriptional mediator of the 

Notch signaling, homozygous mutant embryos, suggesting that the Notch signaling 
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pathway plays an essential role in arterial differentiation, and is the upstream of ephrin-

B2 in arterial endothelial cells. 

Several studies in mice and zebrafish have suggested that VEGF induces the 

differentiation of arterial endothelial cells; zebrafish studies also demonstrate VEGF is 

upstream of the Notch signaling pathway in arterial differentiation.  Mice expressing only 

the VEGF120 or VEGF188 isoforms display defects in retinal arterial differentiation, and 

the VEGF188 mice have relatively normal veins but abnormal arteries (Stalmans et al., 

2002).  Transgenic mice overexpressing VEGF164 in the cardiac muscle under a myosin 

heavy chain (MHC) promoter show increased numbers of ephrin-B2+ capillaries at the 

expense of EphB4+ vessels in the heart, indicating that VEGF expression promotes the 

formation of additional arterial vessels (Visconti et al., 2002).  Moreover, VEGF from 

neurons and glia induces arterial differentiation in the vessels aligning with peripheral 

nerves in embryonic mouse limb skin (Mukouyama et al., 2002; Mukouyama et al., 2005).   

These studies in mice are consistent with the recent studies in zebrafish showing that 

VEGF is essential for arterial differentiation.  Reduction of VEGF activity using 

antisense morpholino oligonucleotides results in the loss of arterial marker expression in 

the dorsal aorta, the ectopic arterial expression of vein markers, and morphological 

defects in the aorta and cardinal vein; gain-of-function studies using VEGF mRNA leads 

to the ectopic expression of ephrin-B2 in the posterior cardinal vein (Lawson et al., 2002).  

The genetic interaction between VEGF and Notch signaling is further revealed by the 

results that VEGF mRNA injection into Notch signaling-deficient mindbomb mutant 

embryos does not display any induction of arterial markers in the trunk, suggesting 
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VEGF as the upstream of the Notch signaling pathway during arterial differentiation 

(Lawson et al., 2002). 

 

Lymphatic vessels 

When blood circulates through the vascular system, fluid and proteins leak out.  A 

network of lymphatic vessels collects this fluid from tissues and returns it to the vascular 

system.  In addition, lymphatic vessels serve an immune function by transporting white 

blood cells and antigen-presenting cells (Alitalo and Carmeliet, 2002).  However, the 

lymphatic vasculature remained poorly characterized until the recent identification of 

several lymphatic-specific genes.  Prox-1, a homeobox transcription factor, plays an 

essential role in specification of the fate of lymphatic endothelial cells (Wigle and Oliver, 

1999).  Prox-1 is initially expressed at E9.5 in a subpopulation of cardinal vein 

endothelial cells; these Prox-1+ venous endothelial cells subsequently bud, proliferate, 

and migrate to form the embryonic lymph sacs and lymphatic vascular network, 

supporting that lymphatic endothelial cells are originated from venous endothelial cells 

(Oliver, 2004; Wigle and Oliver, 1999).  Prox-1 homozygous mutant embryos display the 

absence of lymphatic vessels (Wigle et al., 2002; Wigle and Oliver, 1999), and Prox-1 

overexpression in cultured endothelial cells induces several lymphatic markers (Hong et 

al., 2002; Petrova et al., 2002), suggesting that Prox-1 is necessary and sufficient for the 

formation of lymphatic endothelial cells.  VEGF-C, a mitogen of lymphatic endothelial 

cells, is also essential for the formation of lymphatic vasculature, as revealed by the 

observation that targeted mutation of VEGF-C leads to arrested lymphatic development, 
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although Prox-1 expression is still initiated in the cardinal vein (Karkkainen et al., 2004).  

The signal that initiates Prox-1 expression in the cardinal vein remains elusive. 

Genetic ablation of Angiopoietin-2 (Ang2) results in chylous ascites, subcutaneous 

edema, and post-natal lethality within two weeks of birth, suggesting that Ang2 is 

essential for the development of lymphatic vasculature (Gale et al., 2002).  Interestingly, 

the lymphatic defects of Ang2 homozygous mutant mice were rescued by angiopoietin-1, 

suggesting that Ang2 is an agonist of the Tie2 receptor in the lymphatic vasculature, and 

stabilizes lymphatic vascular structure and integrity (Gale et al., 2002), whereas Ang2 is 

an antagonist of the Tie2 receptor in the blood vasculature (Maisonpierre et al., 1997).  

NP-2 appears to play an essential role in the development of small lymphatic vessels, as 

revealed by the results that NP-2 homozygous mutant mice display transient defects in 

the formation of small lymphatic vessels, while they do show normal development of 

large, collecting lymphatic vessels (Yuan et al., 2002).  Podoplanin, a transmembrane 

glycoprotein, homozygous mutant mice show defects in lymphatic vessel structure and 

function, and dilations of the cutaneous and submucosal intestinal lymphatic vasculature, 

suggesting that podoplanin is essential for lymphatic vasculature (Schacht et al., 2003).   

 

Heterogeneity of endothelial cells in embryos and adults 

Many molecular markers used to distinguish arteries, veins, and lymphatic vessels have 

been recently identified.  Their restrictive expression pattern in each type of vessel during 

development, suggests that there is homogeneity in the embryonic endothelial cells of 

these vessels.   However, it has been observed that adult endothelial cells are 

heterogeneous with respect to their cell surface glycoproteins and lectin binding patterns 
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and protein expression (Aird, 2003).  For example, en face preparations of adult mouse 

aorta have shown basal and lipopolysaccharide-induced expression of nuclear factor-κB 

in a subpopulation of endothelial cells that reside in regions with high probability for 

atherosclerotic lesion development (Hajra et al., 2000).  Are embryonic endothelial cells 

in a single vessel heterogeneous like adult endothelial cells?  A novel arterial-specific 

gene, Depp (decidual protein induced by progesterone), which I cloned and characterized, 

surprisingly, reveals the heterogeneity of arterial endothelial cells in a single vessel from 

the early stage of vascular development as well as the heterogeneity of adult endothelial 

cells in various tissues (as described in Chapter 2).  However, the significance of 

endothelial heterogeneity during development and in adulthood remains elusive. 

 

A marker of neovasculature in adults 

Neovascularization is essential for tumor growth, wound healing, and a variety of 

additional physiological and pathological processes.  Inhibition of new blood vessel 

formation in tumors impairs tumor growth, and causes necrosis or apoptosis of tumor 

cells (Hanahan and Folkman, 1996); inhibition of neovascularization in the skin 

significantly delays wound healing (Streit et al., 2000).  Such evidence has provoked 

numerous laboratories to search for molecules to block neovascularization.  More than 

300 potential angiogenesis inhibitors have been identified, of which approximately 80 

inhibitors are currently being tested in clinical trials for cancer treatment (Park et al., 

2004); monoclonal anti-VEGF antibodies inhibiting neovascularization have already been 

approved as a treatment of colorectal cancer (Hurwitz et al., 2004).   
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Tumor vasculature is molecularly different from normal vasculature.  Vascular 

endothelial growth factor receptors, integrins, extracellular matrix (ECM) proteins, and 

other genes have been reported as the molecular markers that distinguish tumor vessels 

from normal vessels (Ruoslahti, 2002).  Flk1 and Flt1 were induced in the endothelial 

cells of gliomas in the rat brain, and yet were not observed in the adult brain by 

radioactive in situ hybridization (Plate et al., 1993).  αvβ3 and αvβ5 integrins were up-

regulated in microvessels in human high-risk neuroblastomas (Erdreich-Epstein et al., 

2000), and  αvβ3 was induced in endothelial cells of human wound granulation tissues 

(Brooks et al., 1994).  Matrix metaloproteinase-9 was significantly up-regulated in 

endothelial cells of various tumors (Bergers et al., 2000; Hiratsuka et al., 2002).  Hela-

type caldesmon, an actomyosin-binding protein, was restrictively expressed in tumor 

vessels, and its expression was variable in the different tumor types (Zheng et al., 2005). 

More tumor-restricted endothelial markers have systematically been identified by 

comparing gene or protein expression profiles in endothelial cells derived from normal 

and tumor tissues (Madden et al., 2004; Oh et al., 2004; St Croix et al., 2000).  Eight new 

tumor-induced vascular proteins including annexin A1 were identified by comparing 

protein expression profiles in the endothelial surface of normal rat lung and solid tumors 

(Oh et al., 2004); nine new tumor endothelial markers (TEM1-9) were identified by 

comparing gene expression profiles in endothelial cells from normal and malignant 

human colorectal tissues (St Croix et al., 2000).  Annexin A1 and TEM1-9 were 

expressed in the endothelial cells of lung and colorectal tumors, but not in normal lung or 

colorectal tissues, respectively; furthermore, these genes were expressed in various 

tumors.  In vivo phage display also revealed more tumor-restricted endothelial markers 
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such as cell surface nucleoin, known as a shuttle molecule between the nucleus and the 

cell surface (Christian et al., 2003), and aminopeptidase N (Pasqualini et al., 2000).   

Despite the identification of numerous tumor-restricted endothelial markers, few of 

them have been utilized as definitive markers of neovasculature in adult tissues.  Some of 

the tumor-restricted endothelial markers such as Flk1 are substantially expressed in the 

endothelial cells of normal adult tissues (Madden et al., 2004).  Others are expressed in a 

subset of endothelial cells of tumor tissues (St Croix et al., 2000), or in specific tumor 

types (Zheng et al., 2005).  In addition, the expression of these markers was mainly 

examined by in situ hybridization or single-labeling immunohistochemistry, making it 

difficult to assume the percentage of the endothelial cells expressing these markers.  

Furthermore, that small regions of normal and tumor tissues were shown in figures to 

reveal tumor-specific endothelial expression of these markers makes it hard to evaluate 

these markers as pan-neovessel markers expressed in all newly formed vessels.  The 

detailed expression analysis of these markers is a prerequisite to clarify whether some of 

these markers could be used as a pan-neovessel marker. 

However, a novel endothelial-specific gene, D1.1, which I isolated and characterized, 

can be a pan-neovessel marker based on the following features.  First, D1.1 is barely or 

weakly expressed in microvessels of most adult tissues.  Second, D1.1 is highly 

expressed in the vessels of physiologically angiogenic tissues such as the ovary and the 

placenta.  Third, D1.1 is highly up-regulated in vessels during tumor angiogenesis and 

wound healing and in the corneal micropocket assay (as described in Chapter 3). 

 

Overview of the Thesis 
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The finding that ephrin-B2 is an arterial endothelial marker during early development led 

me to examine ephrin-B2 expression in adult tissues.  Ephrin-B2 is maintained in adult 

vasculature, suggesting that it is an arterial marker in adulthood as well.  Surprisingly, 

ephrin-B2 is expressed in the SMCs of arteries but not of veins, indicating that there is a 

molecular difference between arterial and venous SMCs as well as endothelial cells.  

Ephrin-B2 is also expressed in vessels during tumor angiogenesis and wound healing, 

suggesting that ephrin-B2 may play essential roles in adult angiogenesis.  These studies 

are described in Chapter 1. 

Ephrin-B2 was serendipitously characterized as an arterial marker; thus, I decided to 

do a systematic screen to isolate novel arterial- and venous-restricted genes from mouse 

embryos.  These genes would fill many gaps in our understanding of cardiovascular 

development.  It was challenging to purify sufficient numbers of arterial or venous 

endothelial cells from embryos for conventional, differential screens.  Therefore, I took 

an approach to employ differential screening of cDNA libraries constructed from single 

cells or small numbers of isolated arterial or venous endothelial cells.  I identified several 

arterial specific genes from this screen, and characterized two genes (Depp and D1.1) in 

detail by generating knockout mice.  Although both homozygous mutant mice appear 

phenotypically normal during development and in adulthood, both genes display 

interesting expression patterns.  Depp expression reveals the unexpected heterogeneity of 

arterial endothelial cells in the early stage of vascular development, and distinguishes 

Depp+ peripheral endothelial cells from Depp- endocardial cells of the heart.  All the 

studies related to the systemic screen and Depp are described in Chapter 2.   
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The other gene, D1.1, is homogeneously expressed in most endothelial cells of both 

arteries and veins during development; however, it is down-regulated in vessels of most 

adult tissues.  Surprisingly, D1.1 is up-regulated in most endothelial cells of adult 

neovasculature in tumors, during wound healing, and in the corneal micropocket assay, 

suggesting that D1.1 can be a useful pan-neovessel marker.  The detailed studies related 

to D1.1 are described in Chapter 3.   

These studies described in the first three chapters raise several interesting questions 

requiring subsequent investigation.  I describe in Chapter 4 these questions and future 

directions for further studies.   

The fact that Depp is expressed in peripheral endothelial cells but not in endocardial 

cells prompted me to generate Depp knockout mice by inserting EGFP-Cre cassette into 

the Depp locus.  EGFP-Cre cassette insertion permitted me to examine the detailed 

expression of Depp using GFP antibodies, and to utilize Depp mutant mice as a Cre 

deleter line to remove any loxP-flanked genes in peripheral endothelial cells but not in 

endocardial cells.  I used Depp mutant mice as a Cre deleter line to remove ephrin-B2 in 

peripheral endothelial cells but not in endocardial cells, in order to tackle an important 

issue about whether peripheral angiogenesis defects observed in ephrin-B2 conventional 

knockout mice reflect a local requirement for ephrin-B2 signaling, or rather may be 

secondary to the heart defects.  This study is described in the Appendix. 
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