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Abstract

Intussusceptive angiogenesis is a dynamic intravascular process capable of dramatically

modifying the structure of the microcirculation. The distinctive structural feature of

intussusceptive angiogenesis is the intussusceptive pillar—a cylindrical microstructure that spans

the lumen of small vessels and capillaries. The extension of the intussusceptive pillar appears to be

a mechanism for pruning redundant or inefficient vessels, modifying the branch angle of

bifurcating vessels and duplicating existing vessels. Despite the biological importance and

therapeutic potential, intussusceptive angiogenesis remains a mystery, in part, because it is an

intravascular process that is unseen by conventional light microscopy. Here, we review several

fundamental questions in the context of our current understanding of both intussusceptive and

sprouting angiogenesis. 1) What are the physiologic signals that trigger pillar formation? 2) What

endothelial and blood flow conditions specify pillar location? 3) How do pillars respond to the

mechanical influence of blood flow? 4) What biological influences contribute to pillar extension?

The answers to these questions are likely to provide important insights into the structure and

function of microvascular networks.

The growth of new blood vessels from existing vessels—a process known as angiogenesis---

occurs in normal development as well as in pathologic conditions involving tissue repair (1),

organ regeneration (2) and tumorigenesis (3). In adult animals, early intravital microscopy

observations in living tissue demonstrated that new vessels formed by “the sending out of

sprouts from the vessel already present” as in early growth in an embryo (4,5). In other

cases, “numerous new branches and short connections” rapidly formed without obvious

sprouts (6). These intravital observations are now considered to represent the two

fundamental processes of new vessel growth: sprouting and nonsprouting angiogenesis.

The process of nonsprouting or “intussusceptive” angiogenesis was formally identified in

1986 (7), although earlier reports described a similar process (8,9). To visualize blood vessel

structure, Caduff and colleagues studied the developing rat lung using corrosion casting and
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scanning electron microscopy (SEM). During the phase of rapid alveolarization and

capillary growth (7-13 days), they observed no capillary sprouts, but small holes in the

sheet-like alveolar microvasculature (7). These regular and nonrandom holes were

temporally and spatially associated with rapid expansion of the microcirculation.

Importantly, the diameter of the alveolar capillaries was smaller after, rather than prior to,

expansion suggesting that the holes were involved in not only capillary replication, but also

capillary remodeling (7). The authors concluded that the small holes reflected a mechanism

of “in-itself or intussusceptional growth”— a process that made sprouting of individual

capillary segments unnecessary (7).

Because the holes were seen in casts of the vessel lumen, the holes reflected a “pillar” or

“post” spanning the lumen of the blood vessel (Figure 1). Pillar-like microstructures

spanning a conduit are unique in mammalian anatomy; however, a similar structure exists in

the gills of fish, molluscs and crustaceans (10,11). In these organisms, blood flows between

two thin epithelial plates separated by a series of pillars or trabeculae composed of

characteristic “pillar cells” (12). In both mammalian blood vessels and fish gills, pillars are a

highly adaptive design feature for optimizing bulk fluid transport. In mammalian vessels, the

selective growth or extension of intravascular pillars can be used to efficiently modify vessel

structure. Depending upon several influences, including the intravascular flow field, pillar

extension can 1) modify the branching angle of a bifurcating vessel, 2) duplicate an existing

vessel, or 3) prune a redundant or energetically inefficient vessel (Figure 2). In addition, the

presence of an intraluminal tissue bridge provides an opportunity for local exposure to a

variety of blood-borne elements including soluble factors and progenitor cells.

The process of sprouting capillaries can be quantitatively studied because individual sprouts

can be counted and the rate of growth assessed by light microscopy. In contrast,

nonsprouting angiogenesis is an intravascular process. Unseen by standard light microscopy,

nonsprouting or intussusceptive angiogenesis is an underappreciated process of

multiplicative blood vessel growth and network remodeling.

Intussusceptive pillars

The pillars identified by Caduff et al. during rat lung development were intravascular

microstructures characterized by their intraluminal location. In a variety of experimental

models, intravascular pillars have been identified in capillaries and small vessels. For

example, intravascular pillars have been identified in the developing chick chorioallantoic

membrane (13), murine chemically-induced colitis (14), a variety of tumors (15) and the

physiologic angiogenesis associated with skeletal muscle training (16). Despite the many

different model systems, there are currently no reliable histologic markers or convincing in

vitro models of intussusceptive pillars. Because of their intraluminal location,

intussusceptive pillars have been largely defined by corrosion casting and SEM.

Corrosion casting is an investigative method that perfuses the vascular system with a low

viscosity resin that polymerizes within the microvasculature. To visualize the intraluminal

polymer, the surrounding tissue is digested and the remaining cast of the lumen is examined

by SEM (17,18). SEM is a high resolution imaging technique that is sufficiently scalable to
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characterize the structure of vascular networks as well as individual vessels. Using SEM, the

corrosion casts can provide useful data about vascular density, the presence of

intussusceptive pillars and the orientation of vascular lining cells. High-quality casts can

reveal endothelial nuclear imprints. Because endothelial nuclei align with flow (19-22),

these corrosion casts can provide a measure of cell density and the direction of blood flow.

In several model systems, including the chick chorioallantoic membrane (23), nuclear

imprints suggest that multiple endothelial cells contribute to the initial pillar structure.

An interesting observation is that corrosion casts of the vessel lining cells neighboring the

intussusceptive pillars are typically unremarkable. Membrane irregularities, micro-spikes or

distinctive mural contours are not associated with the presence of intraluminal pillars. There

are no intraluminal features that would indicate, or specify, the location of the pillar.

Whether this observation reflects the positive pressure instillation of the resin, or is an

accurate reflection of luminal morphology, is unknown. Of note, technical artifacts such as

extravasation, resin shrinkage and residual intravascular particulates would not account for

the observations attributable to tissue pillars (17,24).

Pillar ultrastructure

A disadvantage of corrosion casting is that the surrounding tissue is digested away—casts

provide little information regarding the cellular or extracellular composition of the pillar. To

image the ultrastructural features of the pillar, the most commonly used approach is serial

transmission electron microscopy (TEM) (25). TEM has the advantage of ultrastructural

detail of the endothelial cells and tissue comprising the pillar. Identifying a tissue pillar in a

2-dimensional analysis, however, requires hundreds of serial TEM sections. In most cases,

reliable TEM analysis requires a tissue with a high density of intussusceptive pillars, such as

the developing rat lung during alveologenesis (7).

Without a sufficiently high frequency of intussusceptive pillars with a predictable

orientation, pillars can be difficult to reliably identify in 2 dimensions. For example, when

viewed in tangential TEM sections, a looping vessel may give the impression of a pillar.

Because of the potential for misattribution, some investigators have limited the diameter

range of a potential pillar from 1-2.5 μm (26). In practice, TEM is time-consuming and

economically infeasible for most laboratories. Nonetheless, TEM has identified the

composition of the pillars in several tissues including the developing rodent lung (26),

skeletal muscle (16,27) and murine colitis (14). These studies suggest that a typical

intussusceptive pillar is composed of endothelial membranes, occasional myofibroblasts and

rare pericytes.

The endothelial cell origin and the tubular configuration of the intussusceptive pillar is

reminiscent of capillary sprouts. An appealing idea is that the intussusceptive pillar reflects a

mirror image of abluminal sprouting (Figure 3) (14,28). In sprouting angiogenesis, the

basement membrane is degraded and endothelial “tip cells” project into the extracellular

matrix (29). At least in the murine colitis (14) and rat skeletal muscle (8,30) models of

intussusceptive angiogenesis, the basement membrane is not degraded. In addition, the

endothelial cell projections are not oriented into the extracellular matrix, but across the
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vessel lumen. In both sprouting and intussusceptive angiogenesis, the endothelial cell

projections are believed to contain contractile elements and a shape consistent with

filopodia.

Endothelial cell filopodia are finger-like projections filled with tight parallel bundles of

filamentous (F)-actin. In sprouting angiogenesis, the elongation of these filaments projects

the leading edge of the endothelial cell into the extracellular matrix. Growth factor receptors,

such as VEGF receptors (VEGFR2) on the filopodia likely provide guidance cues for

endothelial cell migration (31). Although the model of inward sprouting provides an

appealing symmetry for intussusceptive angiogenesis, most endothelial cell membranous

projections visualized by TEM do not contain contractile elements (9,14) and have been

characterized by the more general term “pseudopodial” processes (32). Furthermore, it is

unclear whether the actin network in the endothelial cell cytoskeleton is sufficiently rigid to

resist blood flow in a distended capillary or have sufficient protrusive force to project across

a lumen filled with blood.

In sprouting angiogenesis, sprout fusion appears to occur as a result of filopodial

interactions between two approaching tip cells. In intussusceptive angiogenesis, there is no

evidence that the lumen-spanning endothelial cells reflect tip cell characteristics; that is,

dynamic filopodia, migratory behavior, and growth factor responsiveness (31). Also, there is

inconclusive data to support “stalk cell” function as there is little endothelial cell

proliferation in the early stages of intussusceptive angiogenesis despite the formation of a

nascent pillar lumen (33,34). Another important distinction with sprouting angiogenesis is

that the projections extend into the lumen of a functioning capillary; that is, pillar formation

occurs without an obvious growth factor diffusion gradient to guide endothelial cell

projections. Since pillars develop with an intact basement membrane and without obvious

extraluminal growth factors, the potential role for morphogen gradients in regulating

endothelial cell protrusion and endothelial cell-cell fusion is unclear.

Regardless of the mechanism of transluminal fusion, the capillary endothelial cells involved

in both sprouting and intussusceptive angiogenesis necessarily remodel their local

endothelial cell-cell attachments (35). Perhaps a reflection of this flexible polarity,

endothelial cells are recognized to have less apical and basal lateral sorting of proteins than

epithelial cells (36,37). Another potential distinction is the interaction of endothelial cells

with the extracellular matrix. In sprouting angiogenesis, the endothelial cell-extracellular

matrix interaction appears to play a functional role during lumenogenesis (38); however, it is

unclear how endothelial interactions with the extracellular matrix are potentially involved in

pillar formation.

Pillars and blood flow

The development of intravascular pillars produces a curious “symmetry” with fused sprouts

(Figure 4). An important distinction is that intussusceptive pillars remain within the original

flow stream and are potentially responsive to intravascular flow fields. Although the early

pillars identified by TEM and SEM are typically cylindrical structures less than 5 μm in

diameter, later imaging indicates that intussusceptive pillars can grow and extend to create
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duplicated and remodeled blood vessels. Pillar extension down the axis of the vessel appears

to be the mechanism responsible for vessel duplication without the need for endothelial cell

proliferation (16). Similarly, pillar extension in non-axial directions appears to be the

mechanism responsible for remodeling the branch angles of bifurcating vessels (39) or

pruning redundant or energetically inefficient vessel branches (23)

To identify intussusceptive pillars and provide a simultaneous assessment of blood flow, we

have adapted an intravital video microscopy system to the planar networks in the mouse

colon and the chick chorioallantoic membrane (CAM) (23,40). Using fluorescent plasma

markers, intravascular pillars can be identified by persistent flow voids and confirmed by

time-lapse digital recombination. This analysis focused on the larger conducting vessels,

rather than the capillary meshwork (Figure 1A, white arrows) in the chick CAM because of

the complex network flow interactions in the meshwork as well as the difficulty in

distinguishing tissue islands incidentally entrapped by sprout fusion from active

intussusceptive pillars.

Analysis of the CAM conducting vessels has demonstrated that approximately 1% of the

non-mesh vascular network is comprised of flow voids consistent with intussusceptive

pillars (40). Most of intussusceptive pillars were identified at vessel bifurcations; 80% of

those bifurcations reflected convergent flow. In most cases, the single pillar located at the

site of convergent flow was oriented orthogonal to the bifurcation plane. Confirmed by

corrosion casting and SEM as well as confocal microscopy, the orientation of the pillar

relative to the bifurcation plane--as well as its typical location through the central axis of the

vessel (e.g. Figure 1C)--suggests that pillar orientation is determined, in part, by blood flow

from both converging vessels (40).

To investigate the influence of blood flow on pillar extension, we have developed 3-D finite

element models of intussusceptive angiogenesis in murine colitis (41) and the chick CAM

(23). Based on measurable flow dynamics and essential structural features of the blood

vessels identified by intravital microscopy, these computational models have allowed us to

map the distribution of mechanical forces within the vessels containing an intussusceptive

pillar. An assumption of this work is that the blood is treated as a Newtonian fluid—

effectively discounting mechanical effects of blood cells. Justifying this assumption, the

chick and murine computational models have strikingly similar results despite a wide

variation in blood cell concentrations. Based on the comparisons of these two models

(23,41), we suspect that our computational models closely approximate the distribution of

forces in vivo.

Using finite element flow models, we can perform computational “pillar deletion”

experiments; that is, we can calculate the distribution of forces in the same vessel with and

without intraluminal pillars (Figure 5). These studies suggest that individual pillars, or the

first pillar in a series of pillars, form in regions of the vessel with minimal shear stress.

Pillars are primarily located in micro-hemodynamic “dead zones” within the vessel (23,41);

that is, pillars form in flow regions with shear stress below 1 dyn/cm2 (23)(Figure 5B, white

arrow). Because regions of low wall shear stress are not always associated with pillars, we

have postulated a permissive role of wall shear stress in pillar development. We suspect that
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regions of low wall shear stress are necessary, but not sufficient, for the development of

intussusceptive pillars. In addition to low shear stress, endothelial cell activation from

extravascular or intraluminal signals may be required for pillar formation (23).

Once the pillar is formed, pillar extension appears to be limited by wall shear stress.

Multiple, or serial, pillars in the chick CAM provide a useful model for examining both

pillar formation and pillar extension. In most cases, new pillars in a pillar sequence form

sequentially; in other words, the next pillar in a sequence forms “downstream” from the pre-

existing pillars (e.g. Figure 5). Although pillar extension occurs within hours, it is generally

too slow for real-time video microscopy. Nonetheless, the shape and extension of existing

pillars suggests these intravascular structures are limited by wall shear stress (40).

Network structure

The performance of vascular networks is highly dependent on their architecture. Tissues

undergoing regeneration or repair often demonstrate heterogeneous vascular

microarchitecture because angiogenesis is driven by stochastic processes. Initiated by

metabolic demands and guided by morphogen gradients, the mechanisms of capillary

sprouting and sprout fusion create heterogeneity that has implications for both blood flow

distribution and the energy cost of blood transport.

An underappreciated role of intussusceptive angiogenesis is that it provides a mechanism for

modifying the structure of microvascular networks. The responsiveness of intravascular

pillars to blood flow features suggest that intravascular pillars are a fundamental mechanism

for optimizing the structure of the microcirculation.

In addition to modifying and optimizing the structure of microcirculations, an intriguing

therapeutic possibility is the potential for Intussusceptive angiogenesis to expand vascular

networks. For example, pillars in a high flow setting could serially divide the vessel and

rapidly expand the existing microcirculatory network. Multiplicative expansion of the

network would be particularly useful in tissues with ischemia or high metabolic demands.

The existing data suggest two intriguing mechanisms for initiating intussusceptive

angiogenesis: one mechanism is triggered by intraluminal events and the second is triggered

by extravascular events.

Intraluminal stimulus

Vessel growth in skeletal muscle occurs under physiologic circumstances. Skeletal muscles

demonstrate an adaptive response to changing conditions including physiologic stress in the

form of exercise training. By increasing the blood flow to muscles 3-6 fold, endurance

training can result in a 15-20% increase in both capillary density as well as capillary:fiber

ratio (42-44). In perhaps the earliest electron microscopic description of intussusceptive

angiogenesis, Ogawa studied rats subjected to one hour of daily exercise training (8). After

60 days, he demonstrated a significant increase in vascularity characterized by

intussusceptive luminal division (8).
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Although these results suggested that the capillary growth was triggered by increased blood

flow associated with endurance training-stimulated capillary growth, the interpretation of

these experiments was complicated by the many systemic changes associated with exercise

training (45). Activation of specific muscle groups with electrical stimulation provides a

more controlled experimental alternative. When compared to endurance training, electrical

stimulation produced a similar pattern of capillary growth, but without the confounding

systemic effects of exhaustive training (46). The results of both exercise training and

electrical stimulation suggested that increased blood flow alone could induce intussusceptive

angiogenesis (30,44,47).

To examine the influence of enhanced muscle flow without training-associated muscular

contraction, several studies have used chronic peripheral arteriolar dilatation (48,49). Using

alpha-1 receptor antagonist prazosin, capillary shear stress was 3-fold (4 to 15 dyn/cm2)

greater than in control animals or animals treated by chronic electrical stimulation alone

(27,50). Although prazosin was associated with little demonstrable endothelial cell

proliferation by PCNA staining (16,51), there were elevated levels of VEGF in both the

prazosin and chronic electrical stimulation conditions (50). Most importantly, histologic

assessment of the prazosin-treated muscle (2 weeks) demonstrated a 40% increase in

capillary:fiber ratio (50). TEM of the muscle in similar treatment conditions has shown

intussusceptive pillars and an intact capillary basement membrane (50).

These results suggest that shear stress alone, in the absence of obvious extraluminal growth

factor or metabolic stimulation, can trigger intussusceptive angiogenesis. The preservation

of intact basement membranes (8,14,30) suggests that the process of intussusceptive

angiogenesis has important distinctions from typical sprouting angiogenesis; namely,

endothelial cell proliferation, basement membrane degradation and abluminal endothelial

cell migration appear to be unnecessary for intussusceptive capillary replication. These

observations, however, raise several intriguing questions. First, how are the divided

capillaries redistributed within the muscle fibers? After 2 weeks, the capillaries appear to be

uniformly surrounding the skeletal muscle (52). The process of capillary redistribution is

likely associated with gradual basement membrane remodeling and perhaps distraction

forces unique to skeletal muscle.

Second, how does this process occur with minimal endothelial cell proliferation? Capillary

luminal division alone—without a concomitant increase in endothelial cell circumference--

results in a 50% decrease in cross-sectional area. Although post-intussusceptive endothelial

cell enlargement has been observed (9), it is likely that the growth phase of intussusceptive

angiogenesis in skeletal muscle is also associated with endothelial cell division; however,

we speculate that the proliferation is temporally more protracted and spatially more

distributed than is observed in models of sprouting angiogenesis.

Third, how does the increased wall shear stress trigger the development of intussusceptive

pillars? To date, in vitro studies of endothelial cell responses to variable levels of shear

stress have not identified pillar-like endothelial cell structures (22). The absence of shear

stress-induced in vitro pillars may reflect insufficiently sensitive assessments of endothelial

morphology. Alternatively, shear stress-induced endothelial cell changes may require in
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vivo elements—such as an intact capillary basement membrane—that are necessary for the

initiation of intussusceptive angiogenesis. Of note, measures of endothelial cell

transcriptional responses to shear stress have demonstrated the potential involvement of

many genes and signaling pathways (53,54).

Finally, the elevated shear stress associated with muscle training in intussusceptive

angiogenesis appears to be in conflict with our blood flow simulations in the chick CAM

and mouse colitis models; namely, the computational observations that pillars appear to

form in regions of low shear stress and are limited by high shear stress. A potential

explanation for this apparent paradox is the temporal pattern of blood flow in skeletal

muscle. It is possible that it is the sequential exposure of the vessel lining cells to high and

low shear stress leads to pillar formation. The capillary leak associated with muscle training

(8) may also facilitate endothelial contact reminiscent of the Baxter-Jain model of blood

flow heterogeneity in tumors (55).

Extraluminal stimulus

A complementary model of adult intussusceptive angiogenesis is murine colitis. In

chemically-induced murine colitis, the administration of chemicals such as dextran sodium

sulfate (oral) or trinitrobenzene sulfonic acid (rectal instillation) results in both acute and

chronic colitis. In acute colitis, murine video endoscopy shows inflammation of the colonic

mucosa (56). Histology of the colon demonstrates an infiltration of the superficial mucosa

with an inflammatory mononuclear infiltrate (57). In chronic colitis, the mucosa

demonstrates increased vascularity. Corrosion casting and SEM of the chronically inflamed

mucosal microcirculation has demonstrated duplicated and triplicated mucosal vessels (14).

The blood flow to the colonic mucosa is supplied by a polygonal mucosal network

surrounding the colonic crypts (58). Within the first 4 days of inflammation, corrosion

casting and SEM demonstrate a significant increase in the diameter of mucosal plexus

vessels. The diameter of the mucosal vessels nearly doubles (8-15 μm) in many regions of

the mucosal plexus within 96 hours (57). Associated with this dilatation is a 50% reduction

in flow velocity (1500 μm/s to 700 μm/s) (57). By 7 days after the onset of acute colitis,

intravital microscopy of the mucosal plexus demonstrates complex flow patterns (58,59). In

15-25% of vessel segments, tracer flow is excluded. Flow variability appears to be spatially

related to occlusive platelet aggregates within the mucosal plexus (60). Coincident with the

decrease in blood flow and increase in excluded segments, corrosion casting and SEM

demonstrates filling defects in the casts consistent with intussusceptive pillars (14). The

pillars are consistently identified at vessel bifurcations and are oriented orthogonal to the

bifurcation plane. TEM demonstrates that the pillar is composed of endothelial cells dividing

the original mucosal plexus capillary lumen into 2 vessels (14).

Corrosion casting and SEM 28-31 days after the onset of inflammation demonstrates regions

of the mucosa with significant vascular replication (14). Some regions of the mucosal plexus

demonstrated multiple new layers of the vascular plexus. In both models of chemically-

induced colitis, replication of the vessels in the mucosal plexus is heterogeneous with

“patchy” areas demonstrating little or no angiogenesis.
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In a time course similar to vessel duplication, a subset of vessel bifurcations in murine

colitis demonstrate significant remodeling of the vessel branch angle. The morphologic

features of the remodeled vessel angles are reminiscent of the intussusceptive process

resulting in luminal duplication. In this case, however, pillar extension appears to extend

toward the apex of the vessel angle. Also similar to other intussusceptive processes, the

spatial orientation and the periodicity of the remodeled angles has suggested that remodeling

was a response to regional flow patterns (39).

These results indicate that that pillar formation in two models of chemically-induced colitis

leads to both intussusceptive angiogenesis and branch angle remodeling. Similar to skeletal

muscle models, these models of extraluminal stimulation of intussusceptive angiogenesis

suggest several outstanding questions. First, what is the influence of blood flow

heterogeneities in intussusceptive angiogenesis? Platelet aggregates are likely a common

source of heterogeneity in many models of tissue inflammation. In tumor biology, blood

flow heterogeneities have been associated with leaky capillaries and interstitial hypertension

(55). It is possible that there are features common to inflammation and tumorigenesis that

contribute to intussusceptive angiogenesis.

Second, how are the duplicated capillaries redistributed in the tissue? The colitis model

provides an example of vascular duplication without the contractions associated with

skeletal muscle angiogenesis. In chronic colitis, the vessels were often distributed close

together. The absence of significant distraction suggests that the arrangement of duplicated

capillaries depends upon the anatomical constraints (crypts) and mechanical forces (skeletal

muscle) in the surrounding tissue.

Third, what are the inflammatory signals that trigger intussusceptive angiogenesis? An

interesting observation in murine colitis is the relative imbalance of blood vessel growth

toward intussusceptive angiogenesis; little sprouting angiogenesis was observed after

chemical stimulation. Whether the differential angiogenic response was a reflection of the

inflammatory cell composition, growth factor milieu or tissue response is unknown.

Pillar extension

Although observations in the chick chorioallantoic membrane indicates that pillar extension

often occurs “downstream” to the initial pillar, the mechanism of pillar extension is

unknown. The morphologic evidence, based on corrosion casting and SEM, suggests

endothelial nuclear impressions in the expanding pillar are indistinguishable from other

mural lining cells. The endothelial cell nuclear impressions reflect comparable size and

orientation relative to the presumed flow stream (23). There are no morphologic clues

suggesting an explanation for the selective downstream proliferation of pillar endothelial

cells. We have also been unable to identify focal areas of endothelial proliferation.

Although undetected endothelial proliferation is a possible explanation, it is also possible

that the intussusceptive pillar functions as a “trap” for blood borne endothelial progenitor

cells (EPCs). The presence of endothelial progenitor cells (EPC) in the blood has been

suspected since DeBakey and colleagues suspended a small piece of crumpled Dacron—

called a “hub”—with monofilament sutures in the aorta of small pigs (61). Within a month,
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the piece of Dacron was coated with endothelial cells as documented by electron microscopy

(62). Although the report was underappreciated at the time, it is now clear that Stump,

O’Neal, DeBakey and colleagues introduced the field of endothelial progenitor cell (EPC)

biology. These studies also identified an essential feature of the EPC “trap”; that is, the

efficient delivery of EPCs by placing the “hub” or “trap” within the flow stream.

Our group has developed a parabiotic cross-circulation model to investigate the possibility

of an EPC trap (63). Parabiosis establishes a common blood circulation by surgical pairing;

that is, creating a surgical union of twin animals or parabionts (64). The development of

genetically engineered mice expressing green fluorescent protein (GFP) have provided an

opportunity to track blood borne cells with a persistent cytoplasmic marker (65). Most

importantly, parabiosis provides a fate map of cell migration without bone marrow

transplantation or ex vivo labeling. Using the parabiosis model we have demonstrated

dramatic numbers of EPCs migrating to, and integrating into, the vascular endothelium of

the growing mouse lung (66).

We have also used the parabiosis model to investigate EPC migration in inflammatory

colitis (14). In the colon, we tracked GFP+ cells into the colonic vasculature (integration was

confirmed by confocal co-localization). An intriguing finding was the pattern of GFP+

migration. Readily analyzed because of the planar vascular network in the colon,

concentrations of GFP+ cells were identified in regions of known intussusceptive

angiogenesis; that is, at vessel bifurcations within the mucosal plexus (14). Further, the

frequency of these aggregated GFP+cells was statistically identical to the frequency of

intussusceptive pillars (14). Immunostaining demonstrated that these cells at the vessel

bifurcations expressed the EPC marker CD34. Also, vessels already having undergone

intussusceptive duplication demonstrate diffusely positive, but lower levels of GFP

fluorescence—a characteristic of EPC that have transitioned into mature vascular lining

(endothelial) cells (67). Together, these findings suggest that blood-borne EPC may co-

localize at the site of intussusceptive angiogenesis.

Summmary

In this review, we discussed our current understanding of the structure and function of the

intussusceptive pillar in the process of intussusceptive angiogenesis. 1) Observations in the

chick CAM suggest that pillars form in areas of low shear stress. An unresolved paradox is

that skeletal muscle intussusceptive angiogenesis appears to be stimulated by high blood

flow and elevated wall shear stress. 2) The nonrandom orientation of pillars orthogonal to

the bifurcation plane of branching vessels in most models suggests that pillar location is

dependent upon blood flow, but the requisite conditions for pillar formation remain unclear.

3) Finite element models of the chick CAM and murine colitis models suggest that shear

stress has both a permissive and limiting influence on intussusceptive pillar; however, these

observations are unresolved with the high blood flow conditions associated with skeletal

muscle intussusceptive angiogenesis. 4) The intravascular location of the intussusceptive

pillar suggests its potential role in localizing blood-borne elements, such as endothelial

progenitor cells, to areas of the microcirculation undergoing active angiogenesis. We
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anticipate that further studies in these areas will provide fundamental insights into the

remodeling and expansion of microvascular networks.

Abbreviations

CAM chick chorioallantoic membrane

EPC endothelial progenitor cell

GFP green fluorescent protein

SEM scanning electron microscopy

TEM transmission electron microscopy
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Figure 1.
Intussusceptive pillars in the chick chorioallantoic membrane (CAM). A) Corriosion casting

of the CAM microcirculation was imaged with scanning electron microscopy. B) Because

the casting media fills the intraluminal space, the intussusceptive pillar is seen as a hole in

the vessel. C) Confocal microscopy of fluorescent casts demonstrates the transluminal

orientation of the pillar. An en face view of the vessel (i) was analyzed in orthogonal planes

(ii) demonstrating a typical appearance of an intussusceptive pillar in cross-section (iii).

Unpublished figures courtesy of Drs. Maximilian’ Ackermann and Grace Lee.
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Figure 2.
Schematic representation of pillar extension with three different results. Pillar growth

toward the vessel angle results in the remodeling of vessel bifurcation. Pillar extension down

the axis of the vessel results in vessel duplication. Asymmetric pillar growth can result in

pruning of a redundant or energetically inefficient vessel.
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Figure 3.
Speculative comparison of the early processes of sprouting and intussusceptive

angiogenesis. In sprouting angiogenesis, tip cells project into the extracellular matrix

through a disrupted basement membrane (dotted lines). In contrast, intussusceptive pillars

may project across the vessel lumen with an intact basement membrane.
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Figure 4.
Schematic comparison of the later stages of sprouting and intussusceptive angiogenesis. The

fusion of abluminal sprouts may or may not be influenced by dominant flow fields within

the microcirculation. In contrast, intraluminal pillars are necessarily exposed to blood flow

within the vessel undergoing intussceptive remodeling (arrow denotes blood flowing around

the intraluminal pillar).
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Figure 5.
Finite element models of bifurcating vessels in the chick CAM (after (23)). A) An example

of a vessel with multiple or “serial” pillars (blood flow indicated by black arrows). B) A

finite element model of the vessel without the pillars demonstrating the flow velocity

streamlines. C) Wall shear stress calculations of the vessel without pillars demonstrate low

shear stress in the region of the first pillar (white arrow). D) Similar flow conditions with the

sequential addition of the pillars (1 through 4) suggest that pillars in series form

“downstream” from the initial pillar.

Mentzer and Konerding Page 19

Angiogenesis. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


