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Paracrine regulation of angiogenesis by different
cell types in the aorta ring model
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ABSTRACT The development of blood vessels during angiogenesis is the result of paracrine inte-
ractions between tube-forming endothelial cells and angiogenic factor-producing nonendothelial
cells. This process can be reproduced and studied under chemically defined culture conditions by
culturing vascular explants in three-dimensional gels of extracellular matrix. Rings of rat or mou-
se aorta cultured in collagen, fibrin or basement membrane gels produce angiogenic outgrowths
composed of a mixed population of endothelial cells and nonendothelial cells. Aortic angiogenesis
is regulated by endogenous angiogenic factors, inflammatory cytokines, chemokines, extracellular
matrix molecules, and proteolytic enzymes produced by cells of the vessel wall in response to the
injury of the dissection procedure. In this paper, we review how macrophages, mural cells and
fibroblasts regulate different stages of the angiogenic process, from the formation of immature
endothelial sprouts to the reabsorption of the neovessels.We also describe how aortic cultures can
be used to study interactions between angiogenic outgrowths and nonvascular cell types such as
bone marrow macrophages, platelets or cancer cells. Morphologic, genetic and functional studies
of this model have provided invaluable information on how vessels form, mature, interact with
nonvascular cell types, and are eventually reabsorbed. Further analysis of the paracrine cross-talk
between aortic endothelial and nonendothelial cells is likely to provide new insights into the an-

giogenic process and its key mechanisms.
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Introduction

Angiogenesis, the process of formation of blood vessels,
contributes to the progression of many diseases including cancer
and atherosclerosis (Carmeliet, 2003). New vessels develop by
sprouting from pre-existing vessels, splitting of parent vessels into
daughtervessels, or in situdifferentiation from primitive mesenchy-
mal cells and circulating endothelial progenitor cells (Patan, 2004).

Over the past four decades, many experimental models have
been developed to study angiogenesis and its mechanisms (Ribatti
and Vacca, 1999; Auerbach et al.,, 2003; Ucuzian and Greisler,
2007). Among these the ex vivo aortic ring model of angiogenesis
combines advantages of in vivo and in vitro models. In this system
rings of rat or mouse aorta embedded in gels of extracellular matrix
generate new vessels in response to the injury of the dissection
procedure (Nicosia and Ottinetti, 1990; Masson et al., 2002; Zhu
et al.,, 2003b; Aplin et al., 2008). Aortic outgrowths are composed
of a mixed population of endothelial cells, pericytes, fibroblasts,

and macrophages. Angiogenesis in aortic cultures is mediated by
paracrine interactions between cells of the vessel wall and can be
modulated by incorporating into the system exogenous cells or by
supplementing the culture medium with molecular regulators of
angiogenesis (Nicosia, 2009). In this paper we describe how the
aortic ring model can be used to study paracrine mechanisms of
angiogenesis regulation and the role of different cell types in the
induction, maturation, and resolution of the angiogenic process.

Angiogenesisintheaorticringmodelisinduced by injury

Rings of rat aorta embedded in gels of interstitial collagen and
cultured in a growth medium optimized for endothelial cells produce

Abbreviations used in this paper: bFGE, basic fibroblast growth factor; DT, diphtheria
toxin; IL, interleukin; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of
MMP; TNE tumor necrosis factor; VEGE vascular endothelial growth factor.
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angiogenic outgrowths spontaneously andin the absence of serum
or exogenous stimuli (Nicosia and Ottinetti, 1990). The angiogenic
response of the aortic explants is a self limited process triggered
by the injury of the dissection procedure. Endothelial sprouts
emerge from the cut edges of the explants at day 2-3, propagate
into the gel for several days, stop growing during the second week
of culture, and are gradually reabsorbed.

Angiogenesis in aortic cultures is driven by growth factors, in-
flammatory cytokines and chemokines produced by the explants.
Amongtheseisbasicfibroblastgrowth factor (0oFGF), whichis rapidly
released from cell and extracellular matrix depots during the first
day of culture (Villaschi and Nicosia, 1993). Vascular endothelial
growth factor A (VEGF) is concurrently upregulated during the first
24 hours of culture (Fig. 1). The concentration of bFGF and VEGF
in the aortic ring conditioned medium is highest during the first few
days of culture and decreases to undetectable levels over time
as vessels stop growing and regress (Villaschi and Nicosia, 1993;
Nicosia et al., 1997). Additional factors upregulated during the first
day of culture include placenta growth factor (PIGF), hepatocyte
growth factor (HGF), transforming growth-g1 (TGF- 1), Kit ligand,
platelet derived growth factor A (PDGFA), PDGFB, and VEGFB.
Proangiogenic inflammatory cytokines include interleukin-6 (IL-6),
growth differentiation factor15 (GDF15), macrophage inhibitory
factor (MIF), and tumor necrosis factor-o. (TNF)(Nilsson et al.,
2005; Huh et al., 2010; Amin et al., 2003; Leibovich et al., 1987).
Proangiogenic chemokines include CX3CL1 (Fraktalkine), CCL2
(MCP1), CXCL1 (Gro-a)), CXCL2 (Gro-9), CXCL3 (Gro-y), and
CXCL-12 (SDF-1) (Table 1) (Strieter et al., 2004). bFGF, VEGF
(Fig. 2) and many of the growth factors, cytokines and chemokines
upregulated in aortic ring cultures stimulate the angiogenic res-
ponse of the aortic rings when added as exogenous molecules to
the system (Gelati et al., 2008; Aplin et al., 2010; Salcedo et al.,
1999; Nicosia et al., 1994a; Nicosia, 2009).

Anumber of observations underscore the importance of endoge-
nous growth factors and inflammatory cytokines and chemokines as
mediators of angiogenesis in the aortic ring model. (A) Blockade of
bFGF and VEGF with neutralizing antibodies or signal transduction
antagonists significantly decreases the angiogenic response of the
explants (Villaschiand Nicosia, 1993; Nicosia et al., 1997; Emanuel
et al., 2004). (B) Pharmacologic inhibition or genetic disruption of
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Fig. 1. Relationship between vascular endothelial growth factor (VEGF)
expression and angiogenic response in collagen gel cultures of rat
aorta. Quantitative real-time PCR shows that VEGF is rapidly upregulated
prior to the sprouting of neovessels. Angiogenesis is followed by vascular
regression during the second week of culture when VEGF expression is
reduced to baseline levels.

CXCR2, the receptor of CXCL1, CXCL2, and CXCL3, reduces
aortic angiogenesis (Gelati et al., 2008). (C) A cocktail of cytokines
and chemokines upregulated in aortic ring cultures (TNF, IL1-q,
CXCL1, CCL3, CCL4,) synergistically stimulates the angiogenic
response of aortic rings to a low dose of VEGF which is minimally
stimulatory when used alone (Aplin et al., 2006). (D) Aortic rings
lose their ability to spontaneously sprout if embedded in collagen
when they are no longer releasing growth factors, i.e. 10-14 days
after the initial dissection; these quiescent rings remain viable
and can be stimulated to sprout by re-injury or with exogenous
bFGF or VEGF (Nicosia et al., 1997; Aplin et al., 2008). (E) The
intensity of the angiogenic response is strictly dependent on the
volume in which the aortic rings are cultured, and weakens as the
volume of the growth medium is expanded and the endogenous
growth factors are diluted (Aplin et al., 2008) (Fig. 3). (F) Medium
conditioned by aortic rings stimulates the angiogenic response of
other rings (Villaschi and Nicosia, 1993). (G) Aortic rings stimulate
the angiogenic response of other vessel explants including rings
of vena cava in collagen gel co-cultures (Nicosia et al., 2005).

Cellular composition of the aortic outgrowths

Angiogenic sprouting in aortic cultures is preceded by migration
of adventitial macrophages and fibroblasts into the periaortic gel
matrix. Once vessel sprouts emerge fromthe explants, they generate
networks by elongating, branching, and forming anastomotic loops
through endothelial migration and proliferation. As they mature,
neovessels become invested with pericytes which migrate and
proliferate at the abluminal surface of the endothelium (Nicosia and
Ottinetti, 1990; Nicosia and Villaschi, 1995) (Fig. 4). Macrophages
accumulate primarily at the roots of the vascular outgrowths where
they are closely associated with endothelial cells and pericytes (Ge-
lati et al., 2008). Some macrophages move along the stalks of the
neovessels orinto the gel matrix adjacent to the vessel outgrowths.
After the angiogenic growth phase, the aortic neovasculature is
reabsorbed through fragmentation and retraction of the endothelial
tubes. Vascular regression is associated with periaortic lysis of the
gel and accumulation of macrophages in the area of lysis and at
the base of the involuted outgrowth (Zhu et al., 2000).

Origin of microvessels in aortic cultures

Neovessels in aortic cultures arise primarily from the cut edges
of the explants where endothelial cells and subendothelial mural
cells of the intimal layer migrate over the wounded aortic wall into
the surrounding collagen (Villaschi and Nicosia, 1993). Exposure
of the luminal surface of the intimal endothelium to collagen forces
endothelial cells to reorganize into capillary tubes. The capacity of
intimal endothelial cells to switch to a microvascular phenotype can
be directly demonstrated by culturing in collagen gels whole aortas
turned inside out and ligated at both ends (Nicosia et al., 1992;
Mori et al., 1988). This method exposes the luminal surface of the
endothelium to collagen while blocking the outgrowth of adventitial
cells. The intimal endothelial cells reorganize into microvessels and
sprout into the collagen matrix. The angioformative properties of
the intimal endothelium can be further demonstrated by embedding
isolated aortic endothelial cells in collagen gel or by treating them
with angiogenic factors (Nicosia et al., 1994b). In addition rat carotid
explants fail to generate an angiogenic response when completely



de-endothelialized with a balloon catheter whereas control carotid
arteries with an intact intimal endothelium produce microvessels
fromtheir ends of resection (Nicosia, 2009). These findings indicate
that the intimal layer of the aortic wall plays a central role in the
sprouting of the aortic explants. However the angiogenic response
of the aortic rings also requires an intact adventitia since selective
killing of the adventitial layer with ethanol abrogates angiogenesis
(Diglio et al., 1989). Although this procedure causes loss of adven-

TABLE 1

GROWTH FACTORS, CYTOKINES AND CHEMOKINES
UPREGULATED IN ONE-DAY-OLD SERUM-FREE COLLAGEN
GEL CULTURES OF RAT AORTA

Accession number Gene Symbol Description Fold Change*
NM_001017496 CXCL13 (BLC) B-lymphocyte chemoattractant 35.0
NM_001105962 PRG4 Hemangiopoietin 24.0
NM_134455 CX3CL1 Fraktalkine 15.0
NM_031530 CCL2 (MCP-1) Monocyte chemotactic protein 1 14.9
NM_012589 IL6 Interleukin 6 7.8
NM_001007612 CCL7 (MCP-3) Monocyte chemotactic protein 3 6.8
NM_013025 CCL3 (MIP-1a) Macrophage inflammatory protein 1 6.0
NM_139089 CXCL10 (IP-10) Interferon u61543 induced protein 10 5.7
NM_019216 MIC1/GDF15 Growth differentiation factor 15 4.7
NM_053595 PGF Placental growth factor 4.0
NM_031051 MIF Macrophage inhibitory factor 3.6
NM_017017 HGF Hepatocyte growth factor 3.5
NM_053858 CCL4 (MIP-1b) Macrophage inflammatory protein 2 3.2
NM_021578 TGFb1 Transforming growth factor beta 1 3.1
NM_021843 KitL Kit ligand 3.0
NM_022182 FGF7 Fibroblast growth factor 7 2.9
NW_001084807 NGF Nerve growth factor 2.7
NM_001033883 CXCL12 (SDF-1a) Stromal derived factor 1 2.7
NM_053647 CXCL2 Growth related oncogene beta 2.6
NM_182952 CXCL11 I-TAC 2.6
NM_133519 IL11 Interleukin 11 2.6
NM_013174 TGFb3 Transforming growth factor beta 3 2.2
NM_001105822 CCL12 (MCP-5) Monocyte chemotactic protein 5 2.2
NM_012801 PDGFA Platelet derived growth factor alpha 21
NM_030845 CXCL1 (Gro-a) Growth related oncogene alpha 2.0
NM_001017478 CXCL16 NCC-4 2.0
NM_053549 VEGFB Vascular endothelial growth factor B 1.8
NM_031512 1L1b Interleukin 1 beta 1.7
NM_001105749 IL16 Interleukin 16 1.6
NM_031836 VEGFA Vascular endothelial growth factor A 1.6
NM_012675 TNF Tumor necrosis factor 1.6
NM_138522 CXCL3 (GRO-g)  Growth related oncogene gamma 1.5
NM_019233 CCL20 (MIP-3a)  Macrophage inflammatory protein 3 1.5

Data shown in this table demonstrate fold increase in gene expression by microarray analysis at
day 1 compared to time zero (freshly isolated aorta). Microarray analysis was performed on RNA
samples labeled and hybridized to Affymetrix Rat Genome 230-2.0 gene chips. Fold-change in
gene expression was calculated based on RMA values. Statistical significance was set at p<0.05.

Paracrine regulation of aortic angiogenesis 449

Fig. 2. Stimulatory effect of recom-
binant angiogenic factors in the
aortic ring assay._Photomicrographs
illustrate the angiogenic response in
collagen gel cultures of an untreated
aortic ring (control) and rings treated
with basic fibroblast growth factor
(bFGF, 25 ng/ml) or vascular endothelial
growth factor (VEGF, 10 ng/ml). Scale
bar, Tmm.

titial vasa vasorum, which if present contribute to the angiogenic
response, recent evidence from our laboratory point to the resident
innate immune system as the source of critical proangiogenic
stimuli in the aortic ring model (Gelati et al., 2008).

Role of adventitial macrophages as injury sensors and
transducers of the angiogenic response

Genetic analysis of aortic cultures demonstrates widespread
activation of the aorticimmune system prior to angiogenic sprouting.
Upregulated genes include many macrophage-stimulatory cytokines
and chemokines (Table 1). Immunohistochemical studies show
that the angiogenic response is associated with mobilization from
the aortic adventitia of CD45+ CD11b+ and CD68+ macrophages
(Aplin et al., 2006). Ablation of macrophages in rat aortic cultures
with liposomal clodronate, a toxic compound that selectively kills
phagocytic cells, markedly impairs VEGF production and angiogenic
sprouting. Similar results are obtained by treating with diphtheria
toxin (DT) aortic cultures from transgenic mice carrying the human
DT receptor under the control of the CD11b promoter (Gelati et al.,
2008). DT inthese cultures selectively ablates CD11b+ macropha-
ges but not the other cell types which are not sensitive to the toxic
effects of DT. The angiogenic response in macrophage-ablated
aortic cultures is restored by adding exogenous VEGF. VEGF pro-
duction and angiogenesis can also be reactivated by replenishing
macrophage-depleted aortic cultures with bone marrow derived
macrophages. This is accomplished by co-embedding in collagen
gels bone marrow macrophages with rat aortic rings pre-treated
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Fig. 3. The angiogenic response of aortic rings is inversely related
to the volume of the culture medium. Peak of growth measurements
of angiogenic outgrowths in aortic ring culture prepared in 96-well (0.15
ml), 4-well (0.5 ml), or 10 cm (10 ml) dishes demonstrate that dilution of
endogenous growth factors obtained by increasing the volume of the
culture medium impairs angiogenesis.
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with liposomal clodronate (Gelati et al., 2008). Close examination
of these co-cultures shows a gradient of macrophage survival:
macrophages close to the aortic rings appear healthy whereas
macrophages away from the explants become granular and disin-
tegrate over time. These experiments demonstrate the existence
of mechanisms of reciprocal paracrine stimulation between cells
of the vessel wall and macrophages.

Role of macrophages as regulators of vascular regression

Following the angiogenic response, aortic outgrowths involute
and neovessels are gradually reabsorbed. The vascular regression
process is associated with increased production and accumulation
of matrix metalloproteinases including MMP2, MMP3, MMP?9,
MMP12, and MMP14 (Zhu etal., 2000;Aplin etal., 2009). Treatment
of aortic outgrowths with synthetic MMP inhibitors blocks the lysis
of the collagen matrix, stabilizes the neovessels and significantly
delays the reabsorption of the neovasculature. Inhibition of vas-
cular regression is also obtained with TIMP2, TIMP3 and TIMP4,
all of which inhibit MMP14, but also with TIMP1 which is a poor
inhibitor of this enzyme. Vascular regression can be delayed but not
completely blocked with anti-MMP14 antibodies. Studies of aortic
cultures from genetically modified mice with disrupted MMP2 and
MMP9 show that these enzymes have no significantly effects on
the angiogenic response of the aortic rings. Conversely TIMP2,
TIMP3, TIMP4 and anti-MMP14 antibodies, but not TIMP1, inhibit
angiogenesis when added to the aortic cultures from the begin-
ning of the experiment (Aplin ef al., 2009). These studies indicate
that MMP14, which is strongly expressed at the endothelial tip of
sprouting microvessels and plays a crucial role in the angiogenic
response of the aortic rings, is also implicated in the reabsorption
of the neovessels. Since the highest levels of MMP14 production in
aorticculture are demonstrated when vessels have been completely
reabsorbed (Aplin et al., 2009), which cell produces this enzyme in
involuting aortic cultures? Morphologic analysis of aortic cultures

Fig. 4. Characterization of different cell types in aortic ring cultures by
immunofluorescence (A-C) or immunoperoxidase (D). (A) Angiogenic
outgrowths highlighted with the endothelial cell marker Griffonia Simpli-
cifolia isolectin B4 (IB4). (B) CD45 positive macrophages are shown next
to a vessel marked with IB4. (C) Aortic neovessel double stained for I1B4
and the mural cell marker a-SMA; Mural cells are marked with arrows.
(D) Myofibroblasts of aortic outgrowths stained for a-SMA. Scale bars,
100 microns.

demonstrates that macrophages accumulate in areas of collagen
lysis of regressing outgrowths in parallel with MMP14. RT-PCR and
immunocytochemical analysis show that aortic macrophages are a
rich source of MMPs including MMP14 produced during vascular
regression (unpublished observations). Taken together, these fin-
dings suggest that macrophages switch from a proangiogenic to
an angiolytic phenotype during vascular regression, and use MMPs
including MMP14 to facilitate the reabsorption of the neovessels.

Role of fibroblasts as promoters of angiogenesis

Mesenchymal cells with morphologic features of fibroblasts are
identified in the gel matrix around the aortic explants in 1-2-day-
old cultures, prior to endothelial sprouting. As endothelial sprouts
emerge from the aortic explants, elongate, branch, and eventually
mature, fibroblasts migrate into the interstitial matrix between the
vessel outgrowths and focally interact through cytoplasmic cell
processes with the pericytes and the sprouting endothelium. All
of the outgrowing fibroblasts stain for vimentin and many of them
show features of myofibroblasts and express a-smooth muscle
actin (a-SMA; Fig. 4). Although the biologic significance in the
angiogenic response of the early emergence of fibroblasts remains
unclear, it is possible that these cells scout the extracellular matrix
and serve as path-finders for the sprouting endothelium. There is
also evidence that fibroblasts are involved in endothelial growth
and survival mechanisms and play a central role in the contraction
of the extracellular matrix (Majno et al., 1971). Fibroblasts isolated
from rat tail tendons stimulate angiogenesis when co-embedded
with aortic rings in the same collagen gel. The proangiogenic effect
of fibroblasts is mediated by soluble factors since the angiogenic
response of aortic rings in collagen gels can be stimulated with
fibroblast conditioned medium (Villaschi and Nicosia, 1994). En-
dothelial cells isolated from aortic rings reorganize overnight into
networks of branching microvessels when sandwiched between
two layers of collagen. These endothelial tube networks, however,
disintegrate in a few days if cultured in serum-free medium. Addition
of fibroblasts to the collagen gel stabilize the microvessels and
prevent their regression in the absence of serum supplements
(Villaschi and Nicosia, 1994). Fibroblasts in these co-cultures
develop myofibroblastic features and become closely associated
with the microvascular networks, surrounding the endothelium with
cytoplasmic processes. The proangiogenic activity of fibroblasts in
co-culture with endothelial cells may be mediated by TIMP1 which
promotes vessel survival in aortic ring cultures and, unlike the other
TIMPs which are anti-angiogenic, stimulates the aortic angiogenic
response (Liu et al., 2008). On the other hand the transformation of
fibroblasts into contractile cells is probably mediated by endothelial
derived endothelin-1 which promotes the expression in fibroblasts
of a-SMA (Villaschi and Nicosia, 1994). An additional factor po-
tentially involved in the paracrine cross-talk between endothelial
cells and fibroblasts is TGFf1 which is produced by endothelial
cells, activated in endothelial-mesenchymal cell co-cultures, and
implicated in the induction of a-SMA expression (Antonelli-Orlidge
et al., 1989; Ding et al., 2004).

Mechanisms of mural cell recruitment

Periendothelial cells recruited by neovessels during aortic
angiogenesis characteristically express markers of mural cell



differentiation including a-SMA and NG2 (Zhu and Nicosia, 2002;
Howson et al., 2005). The unidirectional migration and proliferation
of mural cells from the vessel roots toward the endothelial tip cells
strongly implicate the existence of endothelial paracrine stimuli
involved in the formation of the vessel wall. As predicted by studies
with genetically modified mice (Hellstrom et al., 2001), PDGFB
produced by sprouting endothelial cells is one of the endogenous
promoters of mural cell recruitment in aortic cultures. Treatment
with an anti-PDGFB antibody significantly decreases the number
of mural cells in the aortic neovessels (Nicosia, 2009). Recruitment
of mural cells can be enhanced by Ang1 which plays a critical role
in the maturation and remodeling of neovessels during embryonal
development (lurlaro et al., 2003). Ang1 promotes the assembly of
the vessel wall by directly stimulating mural progenitor cells that
express the Ang1 receptor Tie2 (lurlaro et al., 2003; Howson et al.,
2005) or by indirectly stimulating mural cells through the induction
in endothelial cells of chemotactic factors such as CCL2 (Aplin et
al., 2010). Interestingly, mural cell recruitment is also stimulated
by Ang2 (lurlaro et al., 2003), which was initially reported as an
antagonistof Ang1 (Maisonpierre et al., 1997), but later recognized
as a potential Tie2 activator whose agonist function was strongly
influenced by contextual cues (Teichert-Kuliszewska et al., 2001).
The migration and proliferation of mural cells is critically dependent
on the p38 MAPK signaling pathway which can be activated by
a number of angiogenic regulators including PDGFB and Ang1
(Yamaguchi et al., 2001; Zhu et al., 2002). Neutralization of this
pathway with a p38 MAPK inhibitor or an adenoviral vector carrying
adominant negative form of p38 suppresses mural cell recruitment
without significantly affecting endothelial sprouting. Conversely
transduction of aortic cultures with an adenovirus carrying MKK®,
an upstream activator of p38 MAPK, potentiates the mural cell
recruitment process (Zhu et al., 2003a). Mural cells are known to
generate paracrine stimuli that stabilize neovessels and promote
their survival. Our observation that vessels formed in aortic cultu-
res eventually regress indicate that mural cells operating in an ex
vivo environment have a reduced capacity to promote vascular
survival. This may be due to the lack in aortic cultures of blood
flow and mechanochemical signals that stimulate the vessel wall
in the live animal.

Stimulation of aortic angiogenesis by platelets

Besides the lack of blood flow, one of the limitations of the
aortic ring assay is the absence of cell types not represented in
the aortic wall. This limitation can be overcome by supplementing
the aortic cultures with exogenous cells of interest. For example
the angiogenic response of the aortic rings can be stimulated by
adding platelets to the cultures (Brill et al., 2004). Platelets induce
vessel growth in a dose-dependent manner, and are maximally
stimulatory at physiological densities. Asimilar effect can be obtained
by treating aortic culture with platelet releasate. The angiogenic
response of the aortic rings to platelets is reduced by treating the
cultures with an inhibitor of VEGF receptor phosphorylation or an
anti-bFGF mAb but not with an anti-PDGF B antibody. Maximal
inhibition of angiogenesis is obtained by treating aortic ring-platelet
co-cultures with a combination of VEGF, bFGF and PDGF inhibi-
tors. The stimulatory effect of platelets on aortic angiogenesis can
be potentiated by antibody-mediated blocking of platelet factor-4
(PF-4), an anti-angiogenic factor present in the platelet releasate,
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or by activating platelets with thrombin (Brill et al., 2004).

Paracrine interactions between cancer cells and aortic
neovessels

Angiogenesis in the aortic ring model can be stimulated by
adding cancer cells to the aortic cultures. For example, aortic
rings-containing plasma clots (or collagen gels) can be floated in
the growth medium conditioned by planar cultures of sarcoma 180
cells (Nicosia and Ottinetti, 1990). Angiogenic factors produced by
cancer cells diffuse into the gel matrix and stimulate the angiogenic
response of the aortic explants.

Interactions between aortic neovessels and cancer cells can also
be studied by co-embedding aortic rings and cancer cells in the
same gel. Aggregates of rat bladder carcinoma cells embedded in
fibrin clot without aortic rings grow slowly and by expansion. When
aortic neovessels contact the tumor aggregates, carcinoma cells
infiltrate the fibrin clot, migrating and proliferating in periendothelial
location. Some vascular channels are disrupted and permeated by
cords of invading cancer cells. Invading cancer cells are intimately
associated with and attached to the subendothelial extracellular
matrix (Nicosia et al., 1986; Nicosia et al., 1983). These observa-
tions demonstrate that neovessels formed ex vivo, i.e., in absence
of active circulation, have the capacity to stimulate the spread of
a carcinoma in plasma clot and modify its pattern of growth from
expansile into highly invasive. One possible explanation for this
phenomenon is that cancer cells use the extracellular matrix pro-
duced by endothelial cells and pericytes as an adhesive path for
migration (Nicosia et al., 1986). It is also likely that cancer cells
co-opt the neovessels in response to gradients of growth factors,
cytokines and chemokines of endothelial/periendothelial cell origin
(Rak et al., 1996). Finally, the angiogenic outgrowths create a
network of extracellular matrix tunnels which may provide paths
of least resistance for the invasion of cancer cells (Davis et al.,
2007; Inai et al., 2004).

Summary and Conclusion

Studies with the aortic ring model have demonstrated that the
angiogenic process can be reproduced and analyzed ex vivo by
culturing vessel explants in three dimensional gels of extracellular
matrix. Using this model we have discovered that the aortic wall
has the capacity to produce all the necessary factors for the growth
and maturation of a neovasculature. Formation of neovessels in
this system is regulated by a complex interplay between resident
immunocytes, endothelial cells, pericytes, and fibroblasts. Me-
chanical injury of the vessel wall triggers a self-limited cascade
of gene activation that drives endothelial migration, proliferation,
capillary tube formation, branching morphogenesis, and ultimately
vascular regression. Although we have made significant progress
in our understanding of the aortic ring model, our knowledge of
the mechanisms that drive angiogenesis in this system remains
incomplete. For example it is unknown how macrophages sense
the injury of the dissection procedure and transduce this signal
into proangiogenic stimuli. The molecular regulation of vascular
branching morphogenesis and anastomosis formation has notbeen
investigated. Particularly unclear are the mechanisms thatregulate
the vascular regression process and the production of angiolytic
enzymes during the late stages of the angiogenic response. Ongoing
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studies aimed at characterizing different stages of the angiogenic
cascade at a molecular and cellular level may provide new insights
into how vessels form, mature, and are eventually reabsorbed
in this model. By analyzing the angiogenic cascade in the aortic
cultures we may ultimately identify novel molecular targets for the
inhibition or stimulation of angiogenesis in pathologic conditions.
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