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Abstract

Vascular compromise and the accompanying perfusion deficits cause or complicate alarge array
of disease conditions and treatment failures. This has prompted the exploration of therapeutic
strategies to repair or regenerate vascul atures thereby establishing more competent
microcirculatory beds. Growing evidence indicates that an increase in vessel numbers within a
tissue does not necessarily promote an increase in tissue perfusion. Effective regeneration of a
microcirculation entails the integration of new stable microvessel segments into the network via
neovascul arization. Beginning with angiogenesis, neovascul arization entails an integrated series of
vascular activities leading to the formation of a new mature microcirculation and includes vascular
guidance and inosculation, vessel maturation, pruning, arterio-venous specification, network
patterning, structural adaptation, intussusception, and microvascular stabilization. While the
generation of new vessel segmentsis necessary to expand a network, without the concomitant
neovessel remodeling and adaptation processes intrinsic to microvascular network formation,
these additional vessel segments give rise to a dysfunctional microcirculation. While many of the
mechani sms regul ating angiogenesis have been detailed, a thorough understanding of the
mechanisms driving post-angiogenesis activities specific to neovascularization has yet to be fully
realized, but is necessary in order to develop effective therapeutic strategies for repairing
compromised microcirculations as a means to treat disease.

INTRODUCTION

Effective adult tissue neovascularization, whether by native or therapeutic means, resultsin
an expanded vascular network and increased blood perfusion pathway length resulting in the
appropriate delivery of more blood to tissues. While often considered synonymous with
angiogenesis (formation of new vessels from existing vessels), neovascularization involves a
much broader series of temporally controlled vascular processes beginning with
angiogenesis and progressing through multiple phases resulting in the formation of a new
functional circulatory network. At the onset of neovascularization, relevant microvessel
segments relax their stable vessel structure and initiate vessel sprouting leading to the
formation of new vessal segments. Subsequently, the newly formed neovessels remodel via
vascular cell differentiation and incorporation of perivascular cellsinto the newly formed
vessel walls resulting in the appropriate density and distribution of arterioles, venules, and
capillaries. Finaly, the newly formed vascular network matures and remodels into a more
efficient perfusion circuit that meets tissue perfusion needs and function.

While there is no one stereotypical vascular architecture, microvascular networks generally
involve a branched network of progressively smaller caliber small arteries/arterioles at the
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inflow side delivering blood to the distal capillaries which subsequently drain into a
branched network of increasingly larger caliber outflow venules/small veins. However, there
are variations of this basic network organization, often reflecting tissue and/or organ specific
function. As examples, the hepatic distal microcirculation is somewhat less ordered,
reflecting more a plexus of homogeneous diameter blood perfusion pathways[12] and the
nephron microcirculation in the kidney consists of arterioles organized into unique,
convoluted bundles forming the glomeruli prior to emptying into the capillaries of the vasa
recta [200]. Despite these tissue-specific aspects, each of the three general vascular
compartments (arterioles, capillaries, and venules) performs different functionsin the
microcirculation due to their unique structural and functional characteristics and their
locations within the vasculature. Arterioles provide the greatest resistance to blood flow in
the vascular circuit with most of this resistance attributed to 1%t and 2" branch order
arterioles[155] (Box 1). Thisis primarily due to the relative larger diameter differences
between the feeding arteries and the smaller arterioles and the relative fewer numbers of
these proximal arterioles. The more prevalent downstream and terminal arterioles act to
broadly distribute blood throughout the tissue and control, via vessel tone dynamics, blood
flow into the most distal capillaries (Figure 1). The very small diameters and large numbers
of capillaries make them ideal for supporting effective blood-tissue exchange. Finally,
venules, duein part to arelatively more compliant wall, serve as a high capacitance drainage
system. Importantly, in a competent microcirculatory bed, as vessel diameters reduce within
avascular compartment the number of vesselsin that compartment increase due to
branching. This resultsin a sufficiently large enough cross-sectional areato keep resistance
to blood flow across the compartment relatively low even though resistance within asingle
vessel segment might be high (due to the inverse relationship between resistance and the 4
power of the radius). Thus, to maintain proper resistances across the microvascul ature, and
therefore effective perfusion, proper branch ordering is critical. In addition, blood flow
distribution in atissue depends on the extent of branching in alogarithmic fashion [156].
This normalized relationship between vessel caliber and vessel numbers (i.e. branching) isa
critical feature of functional microvascular network architectures. Mismatchesin this
relationship lead to poor hemodynamic function typically observed as hypo-perfusion and/or
hypoxiawithin the tissue.

VASCULAR DEFICIT AND REPAIR

Deficitsin blood perfusion (e.g. ischemia, hypoxia) are a cause of and/or complication
associated with a number of disease states including tissue infarction, necrosis, wound
healing, tissue grafting, and organ dysfunction. In addition to the more familiar examples of
perfusion deficit such as stroke [175], myocardial infarction [119], peripheral vascular
disease [137], and diabetes [57, 77], vascular insufficiencies are a significant component of
renal disease [72], retinopathies [19, 42, 47], fibro-proliferative disorders [46, 86], chronic
ischemia[14, 63], hypertension [112, 164], and others. Furthermore, vascular rarefaction of
mature microcirculations, a consequence of microvascular instability, is thought to
contribute to tissue hypo-perfusion in diabetes, hypertension fibrotic disorders, pulmonary
diseases and others[63, 81, 112, 202]. The mechanisms underlying microvascular
rarefaction are not fully understood, but perturbations in vascular endothelia growth factor
(VEGF) homeostasis appear important [141]. In the postnatal retina, diminished levels of
VEGF secondary to hyperoxic conditions lead to vascular regression [10]. Also, iatrogenic
rarefaction of microvascular beds is possible following anti-VEGF therapy [122, 123].
However, mura cell dysfunction can also contribute to instability in the mature
microcirculation and contribute to rarefaction [236]. Thus, it appears that a tissue must
maintain an appropriate VEGF “tone” in balance with other tissue parameters, such as
perivascular cell maturation and tissue PO, (which impacts VEGF dynamics), in order to
maintain proper vascular density and microcirculatory stability [141].
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Clinically, alimited number of strategies are employed to address perfusion deficits and
involve revascularization interventions to open conduit pathways, pharmacological
vasodilation of the existing vasculature, or pro-angiogenesis strategies. While
revascularization procedures and vasodilation drugs are routinely used clinically,
implementation of pro-angiogenesis therapies has yet to be fully realized as thisrelatively
new approach continues to be researched, developed and tested. Unlike current standard
therapies, which target one aspect of the vascular dysfunction and initialy rely on the
existing vascular infrastructure, pro-angiogenesis strategies represent a more comprehensive
approach at re-establishing or regenerating the vascular tree. Regardless of the therapeutic
strategy employed to treat vascular deficits, the goal isto re-establish and/or expand the
perfusion capacity of the target vascul ature, thereby promoting the health of the
compromised tissues.

Pro-angiogenesis therapies

Therapeutic Angiogenesis—In therapeutic angiogenesis, the intent isto induce
formation of new vessel pathways for increased perfusion to atissue bed. These pathways
can serve as collateral feed and drainage vessels supporting an existing distal microvascular
bed (i.e. collateralization) and/or expand the entire vascular unit via the addition of new
exchange microvessels[11, 111, 185]. The primary strategy in therapeutic angiogenesis has
been the delivery of angiogenic factors, such as VEGF and fibroblast growth factor (FGF),
to the affected tissues as a means to stimulate new vessel production [162]. An alternate but
complementary approach has been to deliver/recruit cells with pro-angiogenic potential,
such as macrophages using granulocyte colony-stimulating factor (G-CSF) delivered to the
tissue site [62]. Many of these therapies have been explored in Phase | clinical trials
addressing myocardial ischemia and chronic limb ischemia with some moving on to Phase |1
status[11, 162, 165]. For example, findings that increased collateral indices, perfusion, and
coronary reserve occurred in VEGF-treated M1 heartsin anima models[151, 180], lead to
Phase | and Il studies testing the safety and efficacy of VEGF-based therapeutic
angiogenesis [98, 152] such asthe VIV A (Vascular Endothelial Growth Factor in Ischemia
for Vascular Angiogenesis) trial, one of the first large Phase |1 therapeutic angiogenesis
trials completed. Unexpectedly patientsin the VIVA trial with myocardial ischemia received
placebo or doses of recombinant VEGF viaintracoronary infusion, but found no significant
perfusion improvements up to 4 months follow-up [98]. Similarly, no significant
improvements in perfusion were observed in other large clinical trials utilizing other growth
factor therapies to treat myocardial ischemia/infarction, including the Kuopio Angiogenesis
Tria [92] and Euroinject One Trial [126] among others [62, 101]. A consensus opinion
continues to be that while preclinical studieswere very promising, clinical efficacy has been
ambiguous. In many of these clinical trials, treated patients exhibited signs of improved
vascular status early following treatment (given either as a bolus administration or over
time) [25, 214]. However, subsequent later assessments showed that indices associated with
improved perfusion were comparabl e to placebo treatments[15, 115, 152]. While there are
potentially many reasons for the unexpected outcomes (e.g. discrepanciesin preclinical
disease models, patient selection, mode of delivery, timing of delivery, etc.) the tria
findings highlight the therapeutic challenges related to forming a new, functional and stable
circulation.

Exercise has proven to be an effective means by which to therapeutically promote
neovascul arization in a compromised tissue. For example, a prescribed daily exercise
program of walking and increased activity alleviates pain and improves limb function in
patients with peripheral artery disease and the concomitant muscle ischemia[100]. Based
primarily on pre-clinical studies, the clinical improvement is thought to be due, in part, to
improved perfusion secondary to increases in both artery numbers and capillarity via flow
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adaptation mechanisms and elevated angiogenic factors, respectively [193, 240]. An
important aspect of the exercise-induced adaptation in these patientsis the increase in
collateral flow secondary to arteriogenesis [22]. Presumably, comparable increasesin
venous outflow vessels occur as well. An important aspect of the neovascularization
associated with therapeutic exercise, and exercisein general, isthat all aspects of the
vascular tree, not just the smaller distal microvessels, expand proportionally.

Vascular Regeneration—An alternate strategy to using angiogenic factors for
establishing a new microvasculature is the use of engineered vascular cell systems [150].
Most commonly involving a“vasculogenesis’ approach in which vascular cells are
assembl ed within a scaffold, microvascular precursors serve to launch the

neovascul arization process; the assembled simple vascular tubes progress to form true
microvessels and microvascular networks following implantation. Angiogenic factors, while
not always required in these systems, are often included to promote additional angiogenesis
and vascular cell survival [83, 102]. Clearly, the incorporation of endothelial cells alone
(particularly human endothelial cells) into atissue scaffold does not effectively accelerate
the formation of a stable microvascul ature once implanted. However, the presence of
additional perivascular cells or precursors, such as smooth muscle cells, mesenchymal
smooth muscle precursors (e.g. 10T 47 cells), and/or tissue stromal cells, in the engineered
system promotes neovascul arization and leads to long-term microvascular stability [47, 146,
167]. Thisis perhaps best highlighted in the use of isolated, intact microvessel segments,
which retain the native microvessel structure [105], to rapidly form a mature, functional
microcirculation /n vivo (Figure 2) [172, 212]. While the perivascular cellsin these
composite vascular tissue constructs are playing multiple roles related to neovascul arization,
an important function of these cellsisto maintain neovessel stability [47, 102, 225, 226].

Alternatively, the direct manipulation of endothelial cells promoting cell survival isaso
effective. For example, microvessel formation and survival were considerably enhanced
when the ECs used to assembl e the implant were genetically manipulated to over-express
the anti-apoptotic protein Bcl-2 [171, 206]. The ability of the newly formed vasculature to
carry blood is often assessed in these implanted engineered systems commonly via the use
of blood tracers or intravascular lectin tags [38, 172]. However, the extent of perfusion, in
terms of blood volume flows or flow rates, has yet to be systematically evaluated.

An additional approach at bolstering compromised microvascul atures has involved thein
situ regeneration of vessels using vascular cell precursors and regenerative cells. Bone
marrow-derived cells, including monocytes, and circulating endothelial cell progenitors
were some of the first therapeutic cellsto be explored for this application [199]. However,
there has been an explosion in the breadth of cell types and cell sources now being
employed including pluripotent stem cells [40]. Recently, adult adipose-derived cells have
emerged as potential vascular regenerative cells. Either as fresh isolates or following
selective culturing, adipose-derived cells significantly improve ischemic repair in animal
models and are currently in clinical trials[104, 145, 161, 246]. While capable of
contributing to microvascular repair through a number of mechanisms[17, 195], these cells
can regenerate new vessel segmentsin vivo directly viavascular assembly [131].

Vessel Density-Perfusion Relationship

Many pro-angiogenesis strategies are based on the idea that generation of more vessels
segments will lead to an improved vascular status thereby mitigating the perfusion deficit.
However, while arepairing tissue may have a high microvascular density, there may not
necessarily be more tissue perfusion. Solid tumors contain regions of higher-than-normal
microvessel densities yet perfusion through these chaotic networks s limited [48, 190].

Microcirculation. Author manuscript; available in PMC 2013 November 27.
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Granulation tissue formed during chronic inflammation represents pathol ogic microvascular
enrichment (the high vessel density gives the tissue its “granular” appearance in histological
sections [84]), yet perfusion is heterogeneous, complicated by areas of flow stasis and blood
pooling [48, 56]. Similarly, many tissues undergoing post-ischemic repair exhibit elevated
vessel densities (often assessed by histological methods), but perfusion through the tissue is
less than expected. This is commonly observed in mouse ischemic hindlimb experimentsin
which the vessel densities in the affected hindlimb may be as high as twice that in the non-
repairing contralateral hindlimb, yet perfusion is approximately half of that in the
contralateral hindlimb [43, 221]. Similar observations have been made in post-ischemic
myocardial tissuesin which elevated numbers of vessels are observed in the peri-infarct
myocardium, yet resting and maximal perfusion in these regionsis well below normal [21,
69, 144, 168, 196]. Endothelial cell dysfunction in the repairing/regenerating vasculature is
likely aprimary underlying cause [8, 128, 148, 198, 218, 234]. For example, acetylcholine-
dependent relaxation of arterioles, acommon indicator of vascular function [71], is
compromised in ischemic myocardium [210] and post-ischemic repairing mouse hindlimbs
[30]. Thisdysfunction likely trandates into faulty flow control as reactive or functional
hyperemic blood flow in rodent ischemic hindlimbs is diminished or altered [29, 109, 221]
(Figure 3). Similarly, coronary functional perfusion reserve (associated with an increasein
heart workload and used clinically to evaluate both the structural and functional integrity of
the microcirculation) can be compromised in the peri-infarct regions of infarcted rat hearts,
despite an elevated vessel density [69, 144, 168]. Altered network architectures could also
potentially contribute to lower perfusion competencies in tissues as highlighted by the tumor
vasculature. Often comprised of tortuous microvessels with disproportional diameters
connected to each other in anon-hierarchical manner, the network architecture in atumor is
clearly atypical and is associated with poor perfusion [190, 204].

Interestingly, this apparent uncoupling between perfusion and vessel density does not occur
in vascular beds expanded via physiological (i.e. non-pathological) angiogenesis. For
example, exercise- or direct muscle stimulation leads to an increase in skeletal muscle
vascularity with aproportional increase in muscle bed perfusion [58, 59]. Exercise-induced
muscle hypertrophy is accompanied by arelative increase in capillarity without a significant
change in topology features, such as mean segment length [217]. The concomitant increase
in arteriole numbers with increases in capillary densities [89, 90], which would act to
maintain a normalized network architecture [60], as well as preserve vessel tone [116] may
explain why perfusion and vessel density are balanced during exercise-induced
neovascularization. In the growing intestinal wall of the weaned juvenile rat, the number of
arterioles and the number of arteriole branches remains constant over the course of 4 weeks
of organ growth [227]. Similarly, while not measured directly, capillarity likely does not
increase. Interestingly, vessel density decreases indicating that inter-vessel distances expand
astheintestina wall increasesin dimensions [227]. Thus, in the growing intestine, perfusion
capacity changes to meet the needs of the larger tissue mass by increasing microvascular
lengths and diameters but not by increasing vessel numbers[227, 228]. In the growing
juvenile (post-weaning) heart, microcirculatory beds expanded in a manner preserving
architecture and intervessel spacing on the venous-side and less so on the arteriole-side of
the networks [13]. While there is also some capillary growth in the growing, post-weaned
heart, it is not commensurate with myocyte hypertrophy resulting in an overall reduction in
the microvascular density [13]. However, the capillary-to-myocyte fiber ratio remains
relatively constant. Based on these types of observations in native neovascularization, an
important objective in increasing perfusion capacity therapeutically in atissueisthe
expansion of the entire network that preserves native vascular network architectures,
whether vessel numbers are increased or not. As pointed out earlier, this architecture
includes appropriate branch ordering which serves to distribute flows accordingly and
moderate resistances across the perfusion circuit as vessel caliber decreases.

Microcirculation. Author manuscript; available in PMC 2013 November 27.
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NEOVASCULARIZATION

As highlighted above, effective expansion of a microvascular bed requires the newly formed
vessels to progress from a disordered collection of neovesselsinto an organized network of
perfusable mature vessels (Figure 4). In the absence of normal progression, perfusion-vessel
density mismatch can occur. The transition from sprouting angiogenesisto afunctional
circulation involves the post-angiogenesis differentiation of neovessalsinto specific vessel
types and organization into an appropriate vascular tree. Further refinement of vessel
elementsinto larger and smaller caliber vessels, longer and smaller vessel segment lengths
and vessel removal or “pruning” leads to final network maturation. Ultimately, these
structural changes in vessels lead to long-term adjustments in blood flow pathways [138,
187, 203]. While much is known concerning the underlying molecular and cellular
mechanisms of angiogenesis [3, 185], considerably less is known about the numerous post-
angiogenesis mechanisms giving rise to a subsequent microcircul ation.

While there is a common progression through neovascul arization (described below), there
are organ- and tissue-specific aspects that contribute to imparting unique features to the new
vascular beds. This likely reflects the differences in tissue microenvironments, including
parenchymal cell-vascular interactions and tissue biomechanics [38, 173], that influence the
formation and remodeling of new vascular beds. It is clear, though, that the subtle genetic
variations can have a significant impact on neovascularization as the VEGF-A expression,
ischemic revascularization and vascular remodeling vary dramatically in both extent and
character between different inbred strains of mice [34, 35, 75, 91, 95]. Whether these
phenotypic vascular differences between strains are due to subtle allelic variation and/or
epigenetic control unique to each strain remains to be determined. Similarly, there are
differences in how neovascularization is realized between physiological and pathological
settings. Often this reflects differences in the angiogenic factors that are either uniquely
expressed or function differently in these situations [55, 76, 140, 166]. For example,
placental growth factor, while expressed in multiple tissues, regulates angiogenesisin
pathological settings but not embryo development or exercise-induced angiogenesis[32,
80]. Similarly, the VEGFg4 isoform is critical for pathological but not physiological retinal
neovascul arization [114]. Together, all of these observationsindicate that thereis
considerable plasticity in the neovascul arization process.

Angiogenesis

Angiogenesis generally refers to the process of new vessel formation from pre-existing
vessels and is often described as involving not only the formation and growth of new,
immature vessels but also the maturation of these neovessels into functional vessels.
However, as discussed below, neovessel maturation is intimately coupled with post-
angiogenesis processes. Either occurring through a sprouting or splitting (intussusception —
addressed |ater) process, angiogenesisis the primary means by which new vessel segments
are added to a microvasculature in the adult. Vasculogenesis, the de novo assembly of
vessels from cellular precursors, does occur in post-natal life, but the prevalence is low [45]
and therefore likely lessimpactful on native vascular regeneration and repair.

New vessel growth isacentral activity in avast array of normal and pathological processes.
Historically, the vascularizing tumor; with its profoundly disturbed microenvironment, high
angiogenic factor levels and often high inflammation, has served as the focus of
angiogenesis research and the basis for the general conceptual models of angiogenesis
regulation. However, investigations of other conditions involving angiogenesis such as
embryonic devel opment, exercised-induced angiogenesis, uterine tissue expansion, ovarian
cycling, retinal vascular development, ischemic repair, and others are showing that multiple
pathways inducing and influencing angiogenesis exist [106]. Consequently, numerous and
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varied molecular programs are known to regulate the initiation, promotion, and inhibition of
angiogenesis [3, 33]. The complexity of the molecular aspects of angiogenesis is perhaps
best reflected by, but certainly not limited to, VEGF. Originally identified as a hyper-
permeability factor [211], this versatile peptide factor is critical for vascular development in
the embryo [31, 65], aregulator of nitric oxide activity [229], and a vascular trophic factor
[122, 241]. Furthermore, VEGF is synthesized in multiple functional isoforms that signal
through a panel of different receptors to establish and maintain vascular homeostasis [141].
In addition to the complexity of theindividual molecule, VEGF is part of abroader dynamic
involving a complex interplay between other molecules regulating angiogenesis. For
example, depending on the proportional amounts of Angiopoietin 1 (Ang 1) and 2 (Ang 2)
relative to VEGF levels, a nascent neovascul ature will either continue to grow, stabilize and
mature, or collapse and regress [88].

Neovessel guidance/Network assembly/Inosculation—Intrinsic to the angiogenesis
phase of neovascularization is the directed growth of neovessels away from a parent
microvessel, and presumably, towards other vesselsin an effort to make connections with
each other and the existing network. Recently, studies have described a sophisticated
molecular system involving VEGF and the Notch family of receptors controlling, vialateral
inhibition, the behavior of the individual tip and stalk endothelial cells of the neovessel and
neovessel guidance [18, 39, 97, 118]. Stalk cells sense spatia arrangements within the
neovessel via epidermal growth factor like domain 7 (EGFL7) signaling, whiletip cells of
the sprouting neovessel uses filopodia to scan the environment for guidance signals such as
agradient of VEGF [78]. The Ephrin-Eph receptor and co-receptor system have also
emerged as key regulators of vascular cell dynamics during angiogenesis[135]. Not
surprising, the Notch and ephrin-Eph programs appear to have broader importance during
vascular devel opment, including the establishment of arterial-venous identity [1, 2, 132,
233, 235], dueto the highly integrated nature of the many vascular cell activitiesintrinsic to
neovascularization. All these molecular systems function primarily through ¢/s and trans
cell-cell interactions. Soluble ligand-receptor signaling partners, such as of Slit:Robo,
Netrin:DCC/Uncbb, and Semaphorin:neuropilin/VVEGF-R, are also emerging as critical
guidance regulators, particularly during vascular patterning during development. While
originally identified as critical regulators of axonal guidance [4], these molecular systems
also influence neovessel guidance by acting as neovessel attraction or repulsion systems and
are important for proper vascular development and neovascular stability [16, 67, 120, 127,
163]. Interestingly, the Robo signaling axis appears to be one of many targets for regulation
by small regulatory microRNASs in angiogenesis [215, 216, 245]. While gradients of soluble
factors are thought to provide the predominate directional cuesfor growing neovessels,
matrix dynamics including collagen fibril alignment and tissue deformation may also be
important determinants of neovessel growth direction during angiogenesis, particularly in
directing one growing neovessel towards another [129, 133, 134].

Little is known concerning the underlying mechanisms specific to neovessel inosculation,
the formation of microvascular anastomoses forming contiguous lumens. In the embryo, the
interaction of cellular processes at the growing tips of opposing neovessels leads to the
fusion of lumens and vessel connections [124]. However, in a vasculogenic setting wherein
individual endothelial cells assemble to form neovessel elements, inosculation appears to
involve a different mechanism in which free endothelial cells wrap around and integrate
with an intact neovessel [41]. Because inosculation between two neovessels requires them to
bein close proximity to each other, presumably those molecular systems mediating
neovessel guidance may beinvolved in inosculation as well. Interestingly, it appears that
macrophages can act as cellular chaperones for neovessel anastomoses in the developing
zebrafish downstream of VEGF [64]. Whether macrophages are also involved in guiding
neovessel growth, analogous to their role in non-vascular tissue branching morphogenesis

Microcirculation. Author manuscript; available in PMC 2013 November 27.
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[184], is not known. In many respects, inosculation of neovessels and the associated
initiation of perfusion mark the end of angiogenesis and the beginning of the complicated
post-angiogenesis process leading to a new microcircul atory circuit.

Post-Angiogenesis

While angiogenesis generates new vessel segments, it's those processes that occur post-
angiogenesis that are critical to the formation of a new microcirculation. During post-
angiogenesis, individual neovessels must remodel to form stable vessel elements, integrate
into the new perfusion network, and adapt (as mature vessels) to meet the new
hemodynamic conditions associated with the metabolic demands of the tissue. The
progression through these vascular activitiesis likely tightly regulated and may involve
distinct phases. In amodel of implant neovascularization, three morphologically,
transcriptionally, and functionally defined vascular phenotypes were identified, two of
which were associated with post-angiogenesis [172] (Table 1). As expected, the 13
phenotype reflected an angrogenesis phenotype resulting in aformation of a simple network
of perivascular cell-free neovessel segments. The 2"d phenotype reflected a neovascular
remodeling phenotype characterized by the appearance of intravascular perfusion,
significant cell turnover characteristic of vessel pruning, and the re-acquisition of
perivascular cdlls. In related studies, it was suggested that vessel specification into artery-
and vein-side flow pathways and network topology was also afeature of this phenotype [38,
174]. The 3" phenotype, vascular maturation, was characterized by the formation of a
hierarchical (based on diameters) network of vessels, presence of mature perivascular cell
coverage, and relatively low vessel turnover (low proliferation and low apoptosis). Two key
transitions in vascular behavior during neovascul arization were identified and associated
with changes in global gene expression [172]: one between angiogenesis and network
remodeling (marked by the initiation of blood flow) and one between network formation and
vascular maturation. As compared to the neovessel sprouting, growth and guidance activities
of angiogenesis, notably less is known concerning the regulators and mechanisms
underlying the subsequent vascular processes and transitions specific to post-angiogenesis.
However, many of the relevant vascular activities are likely common to situations of
vascular adaptation and remodeling different from neovascularization, for which thereisa
good understanding (discussed below). In addition, much is known concerning the array of
vascular responses to the hemodynamic forces associated with blood flow that are certainly
relevant during post-angiogenesis remodeling and maturation.

Maturation—~For the new vessels to persist and become functional, they must establish a
mature vessel wall aswell asintegrate into a network. The initiation of blood flow, and
subsequent formation of the basement membrane and recruitment of mural cellsal
contribute to stabilizing a neovessel [185]. During thistime, signals from platelet derived
growth factor  (PDGF-B), Ang-1, transforming growth factor betal (TGFB1), ephrin-B2,
Notch, endothelial differentiation gene 1 (EDG1), thrombospondin and many others will
arrest angiogenesis and promote structural maturation of the neovessels [33, 36, 73, 102,
117, 181, 194, 22Q].

Central to neovessel differentiation and maturation is the recruitment and/or expansion of
perivascular cells (i.e. pericytes, smooth muscle cells) to and along the immature neovessel.
Mice lacking PDGF-B develop fragile capillaries |eading to embryonic lethality due to
failure to recruit perivascular cells to vessels during development [96, 149]. Other
experiments are revealing that the release of pericytes from a capillary in response to an
angiogenic factor is anecessary event for angiogenic sprouting, the functional opposite of
vessel maturation [68]. Finally, it appears that pericytes act to mature a neovessel and
attenuate vascular proliferation. For example, the proliferation of retinal capillaries leading
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to blindness is associated with the depletion of capillary pericytesin the retina[177].
Because perivascular cell re-association with the neovessel coincides with perfusion of
immature vessels [172], shear-induced responses by endothelial cellslikely leadsto
perivascular cell recruitment. Indeed, endothelial cells release a number of factors, including
PDGF-B, which recruit and differentiate perivascular cells and perivascular cell precursors
following exposure to increased or changing shear stress [107]. Whether other aspects of
blood perfusion, such as plasma components leaking from the remodeling neovessels [85],
mediates perivascular cell recruitment remains to be determined. The subsequent maturation
of the perivascular cellsinto smooth muscle cellsis also influenced by endothelial cell-
released factors [102]. Additionally, transmural pressure-induced stretch secondary to
intravascular blood pressure contributes to vessel wall muscularization [108, 110]. Recently,
ephrin-Eph mediated heterotypic cell interactions have also been shown to be important in
the maturation of the mural cell layers around the neovessel [66, 205]. The lineages of
recruited perivascular cells during neovascularization islikely varied as fibroblasts,
pericytes, and mesenchymal stem cells all have the potential to incorporate into the mural
layers of an immature vessel [26, 147, 159, 206, 225, 245].

Pruning—Normally, vessel densities during neovascularization rise to a maximum before
eventually reaching alower steady state level upon completion of neovascularization [243].
Similarly, in amodel of implant neovascularization, neovessel density isinitialy high but
drops by 60% to a new, lower constant level [172]. These two examplesindicate that select
vesselsin aneovascular bed undergo removal of superfluous vessels (called pruning), with
the remaining vessels maturing into a hierarchical network. The potential mechanisms
initiating neovascular pruning are varied, but generally involves vascular cell apoptosis.
Low shear stressis thought to be an initial trigger behind vessel regression [197].
Alternatively, thrombospondin-1 (Tsp-1), acting via the CD36 receptor, can induce
apoptosisin endothelial cells[23]. Exposure to shear stress leads to reduced expression of
Tsp-1 and CD36 in endothelial cells, suggesting that these molecules may be mediators of
shear-dependent pruning [23]. Interestingly, endothelia cell-derived Tsp-1 can recruit
macrophages, the primary cell mediating phagocytosis of apoptotic and dying cells[130].
Tissue PO, isaso alikely regulator of vascular pruning as vascular densities adjust to
reflect tissue oxygenation through a VEGF-dependent signaling axis [42]. Astissue PO,
rises, VEGF levels drop leading to vascular instability and apoptosis [19]. However, thisis
most pertinent during remodeling of the immature neovascular network [54] which occurs
early post-angiogenesis [172]. Finally, while macrophages remove apoptotic vascular cells
associated with pruning [130], they also function to induce the apoptosis of vascular cells
contributing to pruning [49, 50, 236]. Interestingly, macrophages perform a similar function
in in the mammary gland as a mechanism to regulate duct branching morphogenesis[82,
113].

Arterio-Venous Specification and Plasticity—The neovessels formed during the
angiogenesis phase of neovascularization must assemble into an effective perfusion circuit
complete with in-flow, exchange, and out-flow pathways. Critical to the establishment of
thisflow axisis the specification of neovessel segments as arteria or venous. Without
arterio-venous (AV) specification, vascular networks are improperly structured and
dysfunctional [239]. Seminal studies using Ep/irinknockout mice indicate that AV
specification during development is genetically pre-determined, occurring before the heart
starts pumping blood [117]. The hemodynamic forces associated with blood flow also
influence AV identity in the developing embryo, but likely influence more once the basic
vascular architecture has formed [121, 143]. Interestingly, it appears that pulsatile flow as
opposed to maximal flow velocity determines arteriovenous identity in the embryo [28].
Subsequent work has identified a number of molecular programsinvolved in AV
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specification including the Ephrin/Eph, Notch, and VEGF signaling axes [ 74, 176, 213]. As
in the formed embryonic vasculature [222], discrete compartmentalized expression of
EphrinB2 and EphB4 also marks arterial- and venous-side vessels in adulthood, respectively
[74, 201, 213, 222]. However, the impact of pre-specification of AV identity following
angiogenesisin the adult appears to be less than that in the embryo as neovessel s generated
from only arterioles are able to generate the entire microvascular tree (i.e. arterioles,
capillaries, and venules) upon maturation [174]. In fact, vascular cells of angiogenic
immature neovessel s express both EphrinB2 (arterial marker) and EphB4 (venous marker)
suggesting that perhaps specific AV identity is lost following development and then re-
acquired during post-angiogenesis [ 74, 174], presumably in response to the evolving
hemodynamic regimen associated with the devel oping network.

Microvessels display considerable phenotypic heterogeneity. Depending on the tissue
environment (i.e. organ) and the position in the vascular tree, microvessels (and capillaries
in particular) vary in structure, permeability, hemostasis, inflammatory control, and others
[5, 6]. While the endothelial cell plays acentral role in determining vessel phenotype[7,
219], vascular smooth muscle cells are a so capable of remarkable plasticity and, as with
endothelial cells, adapt to environmental and functional cues[9, 157, 232]. Similar to AV
specification, immature neovessels must re-specify structural and functional characteristics
unique to the tissue environment. Aswith AV specification, presumably this occurs during
early post-angiogenesis as the neovessel re-assembles the entire cellular and matrix
components. It was during this window in neovascularization in which fat-derived
neovessels acquired a more blood-brain-barrier like vascular phenotype in the presence of
astrocyte precursors [173]. Clearly, the microvasculature displays a considerable level of
phenotypic adaptation and plasticity which appears important in maturing the post-
angiogenesis microcirculation.

Network Patterning and Topology—An effective microcirculation consists of a
properly arranged hierarchical tree of heterogeneous vessel types producing a network
topology that reflects the relevant 3-D tissue architecture while still maintaining perfusion
efficacy (Figure 4) [183, 188, 189]. Faulty network architectures, such as those that retain
short pathway shunts in the tumor microcirculation, lead to heterogeneous perfusion and
dysfunctional microcirculations [28, 191]. In the early embryo, spatially controlled
molecular programs act to pattern the developing vasculature [44, 139, 222]. However, in
the adult with more complex tissue geometries and compositions, such global spatial control
is not obvious. Instead, local cues derived from stroma structure, preexisting vascular
network architectures and hemodynamic forces are prevalent. This latter cue seems critical
as the incorporation of hemodynamic force parameters (i.e. shear stress and pressure) into
computational models of branching morphogenesis generated more realistic arterial trees
[125, 142, 169]. Interestingly, neovessel guidance is coupled with branching morphogenesis
in the embryo [153]. However, a pre-existing pattern of neovessels does not necessarily
define the final network topology. Pre-patterned neovessel organization, either by direct
bioprinting or mechanical alignment [37, 134], was not maintained in the post-angiogenic,
mature network [38]. The loss of any existing pre-pattern soon after perfusion through the
new neovascular network begins suggests a strong influence of hemodynamic-related cues
on the final angioarchitecture [38]. However, arole for tissue structure is also likely as local
stress-strain rel ationships and tissue deformation can influence final network topology [38].

Structural adaptation—The vasculature has an intrinsic ability to adapt to meet the
changing functional needs of atissue [242]. One aspect of this adaptation entails changes in
vessel segment diameters with concomitant changes to vessel wall structure. This structural
adaptation occurs in response to long-term adjustments in shear stress and transmural
pressure (resulting in circumferential stretch) [209]. In general, increases or decreasesin
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shear stress associated with changesin blood flow lead to outward and inward remodeling of
the vessel, respectively. These shear-dependent changesin diameter changes are thought to
occur as a means by which vessels maintain shear levels, but in a pressure-dependent
fashion [186]. In the context of the entire vascular network, responses to hemodynamic
forces alone are insufficient to explain the heterogeneous diameter distributions and vessel
ordering observed in functional vasculatures [187]. Theoretical considerations indicate that
the influence of at least the surrounding tissue metabolic demands and retrograde
intravascular communication, such as that mediated by connexin-based gap junctions[28,
192], are required to produce realistic network architectures [187, 209]. Also, in the
developing embryonic vasculature, when immature vessels have just formed, shiftsin VEGF
and Angl signaling lead to the preferential enlargement of venous-side segments without
further angiogenic sprouting [223]. Clearly, structural adaptation is an integral aspect of
neovascularization, particularly as the newly formed vessels and immature network remodel
and mature, if not in the final, mature network revisions. Presumably, the same
considerations related to vessel adaptation in an existing, mature network described above
also apply to the post-angiogenesis network.

Expansion of amicrocirculatory network is often accompanied by a concomitant increase in
blood delivery by enlargement of arterioles and small arteriesinto larger feed arteriesvia
arteriogenesis [99, 179]. Essentially a manifestation of structural adaptation, arteriogenesis
describes the significant outward remodeling of pre-existing interconnecting collateral
vessels through prolonged proliferation of vascular smooth muscle and endothelial cells. As
with microvascular adaptation, hemodynamic forces associated with increased blood flow is
aprimary stimulus [182, 207]. Increases in hemodynamic stresses lead to arterialization of
arterioles including expansion of smooth muscle coverage even without significant
alteration in perfusion rates [89, 230]. However, the substantial enlargement of an arteriole
to the caliber of an artery (e.g. large enough to be identified by angiography) appearsto
reguire monocyte recruitment and possibly other bone-marrow-derived cells. In mouse
models, arteriogenesis was significantly attenuated in the absence of monocytes/
macrophages [20]. Furthermore, arteriogenesis during vascular repair and
neovascularization is compromised in mice lacking either monocyte chemotactic protein-1
(MCP-1), an inflammatory cytokine important in macrophage activity [24], or its receptor
CCR2[93, 170, 231]. Interestingly, the recruitment of inflammatory cells to the arteriogenic
vessel may reflect a non-inflammatory process by which shear and pressure-induced stresses
on the vascular cellsinitiate a program leading to recruitment of macrophages and other
blood cells to enhance outward remodeling beyond the more typical adaptive responses [94,
158].

Intussusception—In sprouting angiogenesis, additional vessel segments are formed by
the generation of new vessel elements characterized by growing neovessel sprouts. In
contrast, with splitting angiogenesis or intussusception, additional vessel segments are
formed by longitudinally splitting a single vessel into two, usually smaller caliber, vessels.
Relative to sprouting angiogenesis, intussusception can rapidly expand vascular volume and
branching geometry without the need for significant endothelial cell proliferation [51, 53].
During intussusception, an interstitial tissue pillar forms by invading mural cells through the
center of avessel. Thistransluminal pillar then expands longitudinally eventually resulting
in two distinct vessel segments[136]. It isthistissue pillar which is the common diagnostic
of intussusception. In the embryo, the angiopoietin receptor Tie2 appears to promote the
tissue invagination, analogous to that in intussusception, which is necessary to progress the
early embryonic vascular plexusto form avascular tree [178]. While there may be
additional paracrine factors directly initiating intussusception, a prevalent trigger in the adult
is thought to be a sustained increase in capillary wall shear stress associated with increased
blood flow through a network [237, 244]. Whether a capillary enlarges in diameter or splits
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in response to this change in shear stressis not clear. However, the levels of VEGF in the
tissue may be an important accessory determinant [79, 160, 238]. While intussusception can
be ameans of microvascular growth [154], it appears that in most neovascularizing tissues,
it is detected during post-angiogenesis when the early network is remodeling [52, 208]. As
such, and given the close association to changes in blood flow, intussusception is most likely
contributing to network revision and branch remodeling, including pruning, in adult
microvascular repair [53, 103]. In this regard, intussusception appears to an adaptive
mechanism to normalize the flow velocity across the daughter vessels, presumably to
normalize hemodynamic performance [27, 53].

Microvascular Stability/Normalization

Neovascularization is inherently a de-stabilizing process as pre-existing, stable vessel and
network structures must be regionally unmade or altered before the expanded
microvasculature can be reformed. Complete vascular collapse during neovascularization is
prevented during thisinstability by a complex interplay of molecular signals that maintains
vascular cell integrity in the presence of the destabilizing signals (i.e. angiogenic factors)
driving neovascul arization. For example, the integration of angiopoietin (Angl and Ang2)
signaling with VEGF activity during angiogenesis determines whether a growing neovessel
persists and matures or regresses [88]. Also, without ligation of select vascular integrins,
angiogenic endothelial cells apoptose and sprouting is attenuated in the presence of
angiogenic factors [61]. Aswith angiogenic sprouting, immature vessels of the early post-
angiogenesi s phase persist amidst the de-stabilizing conditions intrinsic to neovascular
adaptation and remodeling.

Interestingly, thisis atime during which perivascular cells are reacquired and blood is
beginning to flow through the immature network, suggesting that mural cells as well asthe
hemodynamic forces associated with perfusion through the forming network are likely key
factors in maintaining vascular integrity during this period of plasticity. Also, as mentioned
previously, shear stress and mural cells promote endothelial cell quiescence and maturity. In
the absence of perfusion, the newly forming network associated with implant

neovascul arization collapses and failsto fully develop [172]. Theinterval of perivascular
cell re-acquisition may in fact define awindow of post-angiogenesis plasticity and vessel
pruning [19]. Certainly, the many molecular, cellular and physiological factors that regulate
vascular activities described in previous sections are likely contributing to thisimportant
interplay between stability and instability. However, any roles specific to post-angiogenesis
processes have not been fully and explicitly addressed. Interestingly, it may be this period of
instability and limited function in which vascular normalization strategies devel oped to treat
tumors act [87, 224]. The tumor microcirculation is often characterized as being a
disorganized network of immature, dysfunctional vessels [190], a description very similar to
that of the early post-angiogenesis, remodeling network (Figure 4) [172]. In this regard, the
tumor microcirculation reflects a microvasculature that has arrested in the unstable, network
remodeling/maturation phase. Normalization therapies then could be described as permitting
or enabling neovascul arization to progress normally towards microvascular stability.
Regardless, it appears that instability is an intrinsic and necessary feature of
neovascularization and that integrated mechanisms regulate the degree and nature of
destabilization such that the potential for normal vascular form and function is preserved as
the vasculature locally disassembles and reassembles. In the absence of this regulation, new
vessels persist in adysfunctional state and/or regress.

SUMMARY and CHALLENGES

Effective neovascularization requires not just the addition of new vessel segments, but also a
number of other vascular activities occurring after angiogenesis necessary to establish and
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maintain a new, functional microcirculation (Figure 5). While much is known and is being
learned concerning the mechanisms of angiogenesis and the activities of angiogenic
neovessels related to guidance and directed growth, considerably lessis known about those
mechanisms directing the processes underlying the post-angiogenesis formation of a new
vessel network in the context of neovascularization and microvascular repair, particularly in
the adult. Questions related to how growing neovessels locate each other, what are the
factors promoting and regulating post-angiogenesis progression, and what are the
mechanisms of microvascular stability during periods of intense neovessel adaptation and
remodeling are of particular interest. In addition to more completely defining the vascular
biological landscape, new investigations of post-angiogenesis processes will lead to
advanced therapeutic solutions, including the development of strategies to assess
neovascular status, the identification of new therapeutic targets, and the discovery of new
avenues for repairing the microvasculature.

Therapeutically, this post-angiogenesis centric concept of neovascularization emphasizes the
importance of expanding avascular network and not necessarily expanding only vascular
numbers. Indeed, during organ growth in the juvenile, perfusion capacity is expanded
without necessarily an increase in vessal numbers. This may explain why many of the
clinical trials focusing on the delivery of angiogenic factors to a diseased/ischemic areawith
the goal of increasing vascularity have had disappointing results. While it's reasonable to
assume that promoting the formation of new vessels would necessarily lead to them being
functionally incorporated into the existing vascular network, particularly given therelatively
high remodeling capacity and plasticity of the microvasculature, experience is showing that
this does not happen spontaneously, at least in disease settings. This argues that a pro-
angiogenic approach, while effective at generating new vessels, is not sufficiently
comprehensive to also promote network adaptation and organization. Perhaps, then, the
central vascular “compromise” in many diseasesis not adeficit in vessel growth but one of
network dysfunction and instability. In this regard, the therapeutic repair of avascular circuit
isnot avessel growth problem so much asiit is a problem of network integration, adaptation,
persistence, and function: fundamental aspects intrinsic to the microcirculatory system.

LIST OF ABBREVIATIONS

Ang angiopoietin

AV arterio-venous

EC endothelial cell

EDG1 endothelial differentiation gene 1
EGFL7 epidermal growth factor domain-like 7
FGF fibroblast growth factor

G-CSF granulocyte colony stimulating factor
MCP1 monoctyte chemotactic protein-1

MI myocardial infarction

PDGFB platelet-derived growth factor subunit B
PO, oxygen partial pressure

Tsp-1 thrombospondin-1

TGF-f transforming growth factor beta
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VEGF vascular endothelia growth factor
VIVA Vascular Endothelial Growth Factor in Ischemiafor Vascular Angiogenesis
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Box 1 Vascular Scaling and Function

Vessels of approximately 100 ym in diameter in larger species are routinely used in
studies examining arteriole physiology. However, major arteries in the mouse, clearly
conduit vessels in function, are also ~100 um or smaller in diameter. Therefore, the
assignment of functional roles to specific vascular compartments, in particular arterioles,
is ageneralization and depends on the scale of the vascular tree and the relative caliber
differences as opposed to absolute caliber values.
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Figure 1.

Vascular ink cast of anormal, hierarchical microvasculature in the mouse gracilis skeletal
muscle showing adistal branch of the feed artery and as much as 3 orders of arteriole
branches leading to the capillaries. In larger species, there are often more than 3 orders of
branching from the feed artery to the distal capillaries.
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Figure 2.

Two separate examples (A and B) of regenerated microvascular beds derived from
implanted isolated microvessels visualized by indiaink casting and tissue clearing. In both
examples, paired inflow (closed arrow) and outflow (open arrow) pathways developed a
branched microvascular tree. Notice that in (A), two “microvascular units’ evolved from the
initial implanted parent microvessel source (lower right inset). Because the

microvascul atures derived from these implants progress in a regimented fashion in the
absence of additional stromal cells, they are useful for investigating angiogenesis and post-
angiogenesi s processes and mechanisms. The implants consisted of isolated, intact
microvessel segments suspended in polymerized, 3-dimensional, type | collagen gels and
implanted subcutaneously for 4 weeksin mice.
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Figure 3.

Altered flow control in mouse ischemic hindlimb neovasculatures. Laser Doppler perfusion
imaging was used to assess the relative perfusion of normal and 14 day post-ischemic mouse
hindlimbs following a reactive hyperemia challenge (n = 6). For the challenge, the proximal
iliac artery to the affected left hindlimb was briefly occluded with aligature. Immediately
following the occlusion, the lower limb was imaged by laser Doppler and the relative
perfusion of the challenged left limb to the contralateral, unaffected right limb was
determined.
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Figure4.

Vascular and network morphologies present during progression through neovascularization
in two different settings: post-natal development of the retinal vasculature and regenerative
implant neovascularization. Initial angiogenic sprouts (white arrows) inosculate to form an
immature network which maturesinto a hierarchical tree of mature arterioles (A), venules
(V) and capillaries. Scale barsin the |eft panels equal 50 pm. Parts of this figure were
derived from [70] and [172] with permission.
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* Intrinsic to normal neovascularization
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Figure5.

Schematic of neovascularization including the relative timing (moving left to right) of the
different activitiesintrinsic to forming a new microcirculation. Question marks indicate
estimates of relative times at which the indicated events occur.
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Angiogenesis and post-angiogenesis vascular activities related to neovascul arization

Vascular Phenotype

Vascular Activity

*
Mediators T

Assessment

Angiogenesis

Post-Angiogenesis

Angiogenesis/Post-Angiogenesis

neovessel growth

neovessel guidance

neovessel inosculation

vessel maturation

vessel pruning

AV specification

network patterning

structural adaptation

intussusception

vascular stability

EC proliferation; matrix remodeling;
perivascular cell regression;
angiogenic factors

Notch; VEGF; Slit-Robo; Netrin-
DCC/Unc5b; semaphorin-neuropilin/
VEGFR; matrix organization

macrophage; adhesion molecules

perivascular cell association; PDGFB;
ephrin-Eph; Ang-1; hemodynamics

EC apoptosis; macrophage; Tsp-1;
tissue PO,; reduced shear stress

perivascular cell differentiation; eprin-
Eph; flow pulsatility

tissue mechanics/deformation;
molecular spatial fields,
hemodynamics

hemodynamic forces; vascular cell
proliferation; macrophage; MCP-1;
connexins

interstitial pillar cell proliferation;
shear stress; 772

Ang-VEGF,; integrins; perivascular
cells; hemodynamics

vessel densityi; BrdU incorporation
(proliferation)

Serial or time-lapse microscopy
(intravital or in vitro); lineage tracking

lineage tracking; time-lapse
microscopy; blood tracers

morphology (e.g. diameter,
perivascular coverage); molecular
markers (e.g. a-actin, VW)

TUNEL assay (apoptosis); vessel
density

morphology; molecular markers (e.g.

EphrinB2, EphB4); intravital flow
dynamics

vascular casting (e.g. ink, polymer);
morphology (e.g. path lengths, node
count)

morphology; theoretical modeling

morphology (e.g. viavascular casting);
time-lapse/serial intravital microscopy

morphology; EC dysfunction

*
vascular cell gene expressionisinvolvedin al activities

fital icsindicate a putative role

Jtwhile vessel density is often used to assess angiogenesis or pruning, it is not a direct measure of either.
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