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ABSTRACT

In the adult, angiogenesis leads to an expanded microvascular

network as new vessel segments are added to an existing microcir-

culation. Necessarily, growing neovessels must navigate through

tissue stroma as they locate and grow toward other vessel elements.

We have a growing body of evidence demonstrating that angiogenic

neovessels reciprocally interact with the interstitial matrix of the

stroma resulting in directed neovascular growth during angiogen-

esis. Given the compliance and the viscoelastic properties of

collagen, neovessel guidance by the stroma is likely due to

compressive strain transverse to the direction of primary tensile

forces present during active tissue deformation. Similar stromal

strains control the final network topology of the new microcircu-

lation, including the distribution of arterioles, capillaries, and

venules. In this case, stromal-derived stimuli must be present during

the post-angiogenesis remodeling and maturation phases of neo-

vascularization to have this effect. Interestingly, the preexisting

organization of vessels prior to the start of angiogenesis has no

lasting influence on the final, new network architecture. Combined,

the evidence describes interplay between angiogenic neovessels and

stroma that is important in directed neovessel growth and invasion.

This dynamic is also likely a mechanism by which global tissue

forces influence vascular form and function.
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INTRODUCTION

A number of challenges to tissue homeostasis result in the

expansion of the microvasculature within the affected tissue.

Either as an adaptation to long-term physiological changes or

in response to pathological insult, vascular beds in affected

tissues often expand, leading to increases in vessel density

and changes in network topology. For example, in chronic

exercise, skeletal muscle vasculatures expand to increase

blood perfusion volumes and capillary surface area for

exchange to accommodate new metabolic demands associ-

ated with elevated muscle workloads [12,13]. Following

ischemic injury, expansion of the vascular beds adjacent to

the ischemic zone provides additional blood flow to the

insulted area to relieve the ischemia and to facilitate tissue

repair [2,34,44]. However, uncoupling of new vasculature

formation from tissue needs and function leads to nonho-

meostatic changes, thereby exacerbating dysfunction and

creating disease [5,17,46].

Effective expansion of a vasculature involves a complex

interplay of vessel growth (i.e., angiogenesis) and vascular

remodeling/adaptation that, in homeostatic processes, results

in a vascular tree with a larger vascular volume and surface

area that still retains effective perfusion potential [30].

Intimately coupled with remodeling processes such as

arteriogenesis [51] and vessel diameter adaptation [45],

angiogenesis, either by splitting or sprouting processes, is the

primary means by which new vessel segments are added to

the vascular tree. Decades of research have uncovered a vast

array of cellular and molecular mechanisms underlying

endothelial and perivascular cell activities related to

angiogenesis, including recent discoveries of molecules

orchestrating neovessel sprouting and elongation (see

[1,6,9,12,16]). Despite these significant advances in our

understanding of angiogenesis (sprouting angiogenesis in

particular), much is still to be learned. One such area relates

to the interplay between the intact, growing neovessel and the

surrounding, 3-D tissue environment and how bulk tissue

dynamics influences larger scale angiogenic behavior.

During angiogenesis, growing neovessels must move

through the tissue stroma, navigating around and between

parenchymal cells. Furthermore, to effectively integrate into
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the existing vascular network, the growing neovessel must be

able to locate and extend toward other vessels (likely other

growing neovessels rather than existing, mature vessels).

How these neovessels navigate through this three-dimen-

sional stromal space is not clear, especially in the context of

the adult tissue where there is a paucity of “global”

patterning cues such as those in embryo (when body and

organ plans are being established). Regardless of the

mechanism, the stroma is playing a central role in neovessel

navigation, acting directly or indirectly to influence neovessel

behavior.

STROMA

While each tissue bed exhibits a specific and unique

composition, most tissues generally contain some combina-

tion of parenchymal cells embedded within a stromal

environment. This stroma is comprised of an extracellular

matrix within which reside tissue support cells and the

microvasculature. In general, the matrix environment is an

interstitial gel consisting of collagens, glycosaminoglycans,

and hyalurons all of which establish a fluid-rich, 3-D

environment [18,31,35]. Matrix molecules also assemble

into fibrils/fibers, which are integrated within and around the

matrix gel creating a complex biochemical and mechanical

milieu [29,31]. A key feature of most (if not all) stromal

matrices is the viscoelastic behavior exhibited when mechan-

ically loaded [28,39,42]. Acting simultaneously with the

stretch and relaxation of the elastic elements of the matrix

(typically the fibrous components) is a viscous drag created

by the water trapped within the gel matrix. Thus, the stroma

generally will undergo time-dependent, nonlinear changes in

strain (e.g., change shape) when a stress is applied (e.g., as in

stretching). This time-dependent dynamic is important for a

number of tissue responses and functions [32,36,48]. Also, as

will be discussed later, the viscoelasticity of the stromal

matrix impacts angiogenesis and neovessel guidance.

As mentioned, embedded within the stromal matrix are a

variety of tissue cell types. Generally thought to play critical

roles in supporting parenchyma and tissue homeostasis,

these cells synthesize and remodel matrix, and interact with

parenchyma and the microvasculature (via paracrine and

juxtacrine processes) to integrate tissue function

[3,7,22,35,37]. While the stromal cells within a given tissue

may have phenotypes unique to that tissue, the collection of

stromal cell types across the many tissues in the body include

fibroblasts, perivascular cells, mesenchymal pluripotent cells,

and immune cells. No one cell appears to be more important

in tissue health and function than another, although all are

necessary as deficits in any one cell type may lead to

dysfunction and disease. While virtually all cells synthesize

and deposit matrix, the fibroblast has long been considered

the primary driver cell type responsible for much of the

stromal matrix deposition and remodeling, particularly in

fibrotic diseases [23,49]. Only recently have the roles of other

mesenchymal and immune cells in matrix deposition been

uncovered [10,21,38,40,41]. Similarly, the stromal cells

influence angiogenesis and vascular remodeling. Virtually

all cells secrete factors that directly or indirectly regulate

vascular cell activity and angiogenesis. Recently, there has

been a renewed emphasis in the role the tissue macrophage

plays in regulating angiogenesis either through the produc-

tion of angiogenic factors and chemokines [19,33,43] or

through direct interaction with the angiogenic vascular

elements [14].

As an integrated complex of viscoelastic matrix and

various cell types, the stroma creates a dynamic environment

entailing a vast array of biochemical/biomolecular stimuli

and biomechanical influences. These input signals to both

the parenchymal and stromal cells are the means by which

tissue function and health are performed and maintained. It

is in this complex environment that angiogenesis occurs,

during which growing neovessels must integrate with each

other to effectively expand the tissue microcirculation.

NEOVESSEL NAVIGATION DURING
SPROUTING ANGIOGENESIS

Our understanding of the processes underlying the forma-

tion of a new angiogenic sprout from a parent microvessel

and its growth have been well-described. Briefly, following an

angiogenic stimulus, the microvessel wall is locally remod-

eled concomitant with the sprouting of an endothelial cell

away from the microvessel. This endothelial cell establishes

the growing tip of the angiogenic sprout and serves to lead

the advancement of the forming neovessel during angiogen-

esis. Cross talk between the tip cell and the nascent stalk cells

that make up the bulk of the growing neovessel (see

[9,15,16]) maintains the long aspect ratio of the neovessel,

keeping growth and migration directed. Thus, the tip cell

serves to navigate through the stromal environment while

coordinating the organization of the lagging, proliferating

stalk cells.

Recently, we have observed in detail the behavior of a

sprouting neovessel as it originates from the parent micro-

vessel, advances through the stroma, and connects with a

second advancing neovessel. Over a six-day period, time-

lapse, two-photon video microscopy revealed that the

behavior of the tip endothelial cell is dynamic, involving

the extension of numerous, short filopodia during the entire

neovessel growth period (Figure 1). Coordinately, the neo-

vessel advances, retracts, and changes direction as the

filopodia extend and retract. Interestingly, the stalk of the

neovessel does not uniformly advance with the tip cell.

Instead, the cell bodies of stalk endothelial cells move

episodically along in the neovessel, first trailing behind and
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then quickly moving forward toward the tip. It is clear from

the 3-D volume renderings of these time-lapse videos that

growing neovessels are able to locate and advance toward

other neovessels, some of which can be separated by

hundreds of micrometers. Finally, collagen fibrils are actively

remodeled, condensed, and deformed at the neovessel tip

and along the neovessel stalk during the entire angiogenesis

process. This latter observation highlights a question that our

collaborative team and others have been addressing for many

years related to the dynamics between the growing neovessel

and the surrounding stromal matrix. Our focus has been on

the role that biomechanical factors play in this dynamic.

Specifically, we have been working to determine what

happens to the matrix environment during angiogenesis

from a stress–strain perspective and how this reciprocally

influences neovessel behavior and overall microvascular

outcomes.

GENERAL FORCES PRESENT DURING
ANGIOGENESIS

As the neovessel advances through the stromal matrix, there

is a combination of both pulling and pushing forces [50]. As

shown by many experiments using isolated cells, the tip cell is

Figure 1. A sequence of still frames from time-lapse video of neovessel sprouting, growth, and inosculation within a collagen gel stroma. Microvessels

(red) were imaged via confocal microscopy and collagen fibril structure (green) was visualized using SHG imaging. Over the course of ~4.5 days, a

neovessel sprout (white arrow) forms, grows, changes direction to eventually inosculate (wide arrow) with a second neovessel (open arrow) that appears

from out of the field of view. Brackets indicate areas of collagen condensation occurring at neovessel walls. The asterisk marks a neovessel sprout that

forms and then regresses approximately three days later.

J.B. Hoying et al.
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likely extending forward into the surrounding matrix,

anchoring to the matrix, and then pulling itself forward

[24]. Being attached to neighboring stalk cells, this effort will

necessarily apply stress along the neovessel as the stalk (still

attached to the parent vessel and comprised of a chain of

cells) will not readily move forward with the tip cell. This

stress, in part, may explain the episodic advancement of the

stalk cell cytoplasm observed in the time-lapse video. It is

likely that as the tip cell attempts to pull forward the adjacent

stalk segment experiences tension. This tension may then

pull stalk cells forward following subsequent release of

downstream anchors resulting in a “sling-shot” type effect.

Coordinately, there are cells within the stalk segment that are

dividing, thereby providing the cellular building blocks for

the growing neovessel. Given that proliferation must be

constrained along the long axis of the neovessel during

angiogenesis (otherwise the vessel would grow outward in

diameter as opposed to lengthwise growth), the two daughter

cells formed by cell division now occupy the space previously

filled by the one parent cell. Either these two daughter cells

are compressed and become smaller or they push outward

along the neovessel length to create new space. These

outward forces would then act to push forward the portion

of the neovessel distal to the cell division event (conversely

the stalk segment proximal to the cell division would be

compressed against the parent microvessel). It is intriguing

to think that perhaps the release event contributing to the

rapid, episodic forward movement of cell bodies while under

stress may be the result of a proliferative event and the

addition of a new cell to the stalk, which is pulled forward by

the tip before establishing new substrate anchors.

ANGIOGENESIS MODIFIES THE MATERIAL
PROPERTIES OF THE STROMA

Regardless of the types of stresses generated by the neovessel,

it is clear that the neovessel mechanically remodels the

surrounding stromal matrix. Using a model of sprouting

angiogenesis in which neovessels grow from isolated, intact

microvessel segments within type I collagen gels, our

collaborative team has shown that the overall stroma

harboring the angiogenesis event becomes softer initially,

and then later stiffer, as angiogenesis proceeds [26]. Initially,

preceding angiogenesis, the simple stroma (microves-

sels + collagen) is slightly less stiff (more compliant) than

collagen gels alone. The stroma becomes even less stiff early

following angiogenic sprouting from the parent microvessels.

However, in the presence of actively growing neovessels, the

stroma stiffens to 1.59 that of empty collagen gels [26]

(Figure 2). These changes are occurring as neovessel density

increases. The period of lessened stiffening is associated with

increased metalloproteinase activity [26]. However, MMP

expression remains elevated during the entire angiogenesis

period (Figure 3), indicating that MMPs are inhibited during

the later stages of active neovessel growth (i.e., after the

initial sprouting event) or some other process is occurring

that counteracts matrix degradation to stiffen the matrix in

later growth phases. While neovessel density is increasing in

this system, it is unlikely that the addition of new neovessel

segments to the gel is sufficient to explain the increases in

stiffness observed later in angiogenesis. Neovessels contribute

less than ~1% to the volume of the constructs, even in fully

compacted gels (Weiss JA, personal observation). Also,

inclusion of nylon fibers (as inert neovessel mimics) into

collagen gels without microvessels does not appreciably

change the collagen stiffness (Weiss JA, unpublished data).

Interestingly, concomitant with the increase in neovessel

density is the contraction of the collagen stroma. However,

this contraction does not occur until the later phase when

stroma stiffness increases so dramatically [26], suggesting a

causal relationship. Certainly, compaction of the collagen

fibrils due to the gel contraction would produce a stiffer

system as fibril density increases. Empty collagen gels do not

appreciably contract or change stiffness over time [28]. Yet,

the addition of cytochalasin D to the microvessel system for

disruption of the cytoskeleton, and, therefore, force gener-

ation by the cells, prevented gel contraction, even at high

neovessel densities [52]. Thus, growing neovessels alter

matrix material properties during angiogenesis via a combi-

nation of protease activity and force generation.

GROWING NEOVESSELS REORGANIZE
COLLAGEN FIBRILS

The contraction of the collagen stroma by the growing

neovessels suggests that the endothelial cells comprising the

neovessel are engaging with the collagen and exerting force.

While there are many different types of collagen, fibrous

collagen (types I, II, and III) makes up the bulk of the

interstitial collagen of the stroma [29,47]. Type I collagen

polymerization is complex and can lead to multiple types of

secondary and tertiary structure and organization [47].

Collagen is synthesized and assembled by the cell into a

triple helix, which is further bundled via side-by-side

interactions among many helices into fibrils which

contribute to the larger fibers. Because of its highly ordered

structure, the fibrils within a stroma are readily visualized via

different microscopic approaches [4,53]. Using SHG and

two-photon microscopy to visualize the fibrils, we

determined that the interstitial collagen matrix is actively

reorganized by the growing neovessel during angiogenesis

[20]. This reorganization presented in two different config-

urations: fibril rearrangement and condensation. As the

sprouting neovessel advanced away from the parent vessel

out into the surrounding stroma, collagen fibrils at the

leading tip were organized such that they radiated out from
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the sprout and neovessel tip along the axis of neovessel

growth (Figure 4). Concomitant with this nascent fibril

reorganization at the sprout and neovessel tips is an SHG-

bright (i.e., fibrous) layer of collagen accumulating at regions

along the neovessel wall [20]. We have interpreted this

condensation as a consequence of fibril recruitment and

compaction by the neovessel endothelial cells; perhaps these

are the fibrils first aligned by the tip cell, which are then

compacted as the neovessel moves through that fibril region.

However, the condensed collagen may be due to new

collagen synthesis instead of or in addition to fibril

recruitment. Ongoing experiments are addressing this. It is

not yet clear what role fibril alignment and condensation play

during neovessel growth and navigation through the stroma.

While not specifically addressed in this previous study, the

size of the region of fibrils influenced by the neovessel

depends on the density of collagen in the matrix with smaller

zones of fibril aligned at the neovessel tip in more dense

collagen gels (Hoying JB, personal observation). Given that

the density of collagen also influences neovessel density,

length and branch points [52], it is likely that fibril alignment

(and the ease at which these fibrils align) may influence

neovessel guidance and growth persistence.

GROWING NEOVESSELS RESPOND TO
DEFORMATION FIELDS AND NOT STRESS
FIELDS

It is clear from these studies that the growing neovessel is

actively remodeling the stromal matrix environment during

angiogenesis: metalloproteinases mediate changes in collagen

dynamic stiffness and neovessel endothelial cells pull and

rearrange collagen fibrils. Together, these activities can lead to

relatively large deformations of the stroma environment,

unless the boundaries of the stroma are anchored [11,52].

Interestingly, the extent and direction of the stroma

Figure 2. Phase microscopy images of neovessels growing from isolated parent microvessels in 3-D collagen gels over the course of 10 days. Given

below is an analysis of the stiffness of the microvessel-collagen cultures over this same time course. Modified from [26].

J.B. Hoying et al.
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deformation can have profound effects on the morphology

and organization of neovessels [27]. Growing neovessels

within round collagen gels of which all edges are anchored or

free to deform uniformly randomly orient in the gel [27].

However, in a rectangular gel for which the two short sides of

the gel are anchored while the two long sides are free to

deform, the neovessels now orient parallel to the long axis of

constraint (Figure 5). Conversely, anchoring the long sides

but not the short sides has little impact on neovessel

orientation (Figure 5). Importantly, unlike in the long-

axis-constrained gels, little deformation occurs in these

short-axis-constrained gels. Similar outcomes were observed

if the gels were stretched (periodically or statically) along one

axis allowing for deformation of the other axis [26]. Interest-

ingly, in gels in which deformation did not occur, there was

less angiogenesis and fewer neovessel branching [52].

Modeling of collagen and neovessel dynamics indicate

that, due to the viscoelastic nature of fibrillar collagen gels

[28], cellular traction forces applied by angiogenic neoves-

sels to the collagen fibril lattice do not accumulate and

are rapidly dissipated in this simple stroma system

[11,52]. Experiments in which one end of the anchored

Figure 3. Expression of select MMPs by neovessels growing through collagen over the same time course as shown in Figure 2. Shown on the right are

two adjacent images slices from a Z-stack of confocal images in which DQ-gelatin was used to localize gelatinase activity to a parent microvessel at a time

when neovessel sprouting is just beginning. Modified from [26].

A B C D

Figure 4. Two examples of collagen fibril reorientation by the tips of growing neovessels. Collagen fibrils (white) and endogenous endothelial cell

fluorescence were visualized using SHG/two-photon microscopy. Yellow arrows point to new sprouts arising from the parent microvessel (green).

Modified from [20].

Neovessel-Stroma Interactions

ª 2014 The Authors. Microcirculation Published by John Wiley & Sons Ltd. 283



long-axis-constrained culture was released in the presence of

cytochalasin indicated that there is effectively no stress on

these gels that is maintained longer than seconds [52]. In

addition, as mentioned, neovessels do not form an aligned

network in collagen gels that are fully constrained around the

edges (as in the fully constrained round and short-axis-

constrained configurations described above). Finally, the

density of collagen fibrils and, therefore, the compliance (or

stiffness) of the collagen matrix influences the degree of

matrix contraction and subsequently neovessel alignment

and behavior [11]. Thus, given the absence of a persistent

tension in the matrix and the coordinate changes in neovessel

alignment with changes in the matrix strain field, it appears

that during angiogenesis, cellular traction forces produced by

growing neovessels result in stromal deformation (i.e.,

compressive strain), the extent of which is determined by

A

B

C

D

Figure 5. Neovessel alignment in 3-D angiogenesis cultures in constrained conditions. (A) Schematic of long-axis and short-axis-constrained gels (pink) by

anchors (black bars). Gels are free to contract perpendicular to the constrained axis. (B) Projections of confocal image Z-stacks of neovessels (green) within

these constrained cultures. (C) Top views of constrained cultures showing the extent and direction of gel deformation. (D) Finite element simulations of

constrained gels showing relative strain fields in the long (Exx), short (Eyy), and vertical (Ezz) axes. Scale bar indicates the magnitude of the strains, which is a

ratio of (L � Lo)/Lo. Negative values indicate compressive strain (contraction). Modified from [11,52].

J.B. Hoying et al.
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the effective compliance and boundary conditions of the

matrix. When the boundary constraints allow directionality

in the resulting strain field, neovessels align perpendicular to

the primary direction of compressive strain and not along

directions of tensile stress [52]. Interestingly, the collagen

fibrils within the gel also align along the axis of constraint

(i.e., perpendicular to the compressive strain axis) regardless

of whether there are vessels present or not [52], suggesting

that perhaps neovessels are following collagen fibril paths via

contact guidance [25]. It is not yet clear whether fibril

alignment precedes neovessel alignment or vice versa. But, if

neovessel alignment lags behind fibril alignment, it would

suggest that fibril orientation within a stromal matrix can

influence neovessel guidance and orientation.

If true, perhaps then the active local reorientation of

collagen fibrils by the neovessels described earlier may in fact

be a means by which neovessel growth is mechanically

directed. If neovessels preferentially grow along zones of

parallel fibrils (as might be indicated in the constrained gels)

and the neovessel tip is actively aligning fibrils in one

direction (i.e., parallel), then it seems reasonable that this

dynamic might maintain a persistent direction of neovessel

growth, the path of which would be influenced by the

deformability of the fibril lattice. How spatial gradients of

growth factors likely present within the stroma influence

directional behavior in the context of these guiding

mechanical stimuli has yet to be determined.

MICROVASCULAR NETWORK TOPOLOGY IS
ALSO INFLUENCED BY STROMAL
DEFORMATION

As mentioned, angiogenesis in the adult results in the

addition of new vessel segments to an existing

microcirculation. Thus, the neovessels generated via

angiogenesis must inosculate with other microvessels to

form a provisional network consisting of new and existing

microvessel segments eventually leading to a mature network

of defined topology [30]. Our previous research has shown

that stroma deformation influences angiogenesis outcomes

with respect to neovessel orientation and character of

neovessel growth. It appears that these same biomechanical

stimuli can act to determine the final topology of a new

microcirculation as well [8]. While constraining the long axis

of a collagen gel containing angiogenic neovessels results in

anisotropic neovessel alignment, removal of this constraint

during progression to a mature network disrupts this

organization, resulting in randomly oriented segments within

the final network (Figure 6) [8]. However, maintaining the

long-axis constraint during post-angiogenesis network

remodeling and maturation resulted in arrays of parallel,

mature microvessels within the functional microcirculation

(Figure 6). Interestingly, as seen during angiogenesis, this

biomechanical stimulus correlated with changes in the

segment makeup of the network as the mechanically

constrained networks had a higher proportion of capillaries

(Figure 6). Despite this change in vessel composition, the

constrained, ordered networks were as equally perfused as

the unconstrained, disordered networks [8]. As observed in

the other studies, there was substantial uniaxial stromal

deformation associated with the parallel orientation of the

vessel segments in the constrained microvascular networks

and uniform deformation in the unconstrained networks.

DISCUSSION

During angiogenesis, the growing neovessel responds to a

broad spectrum of inputs from the stroma and parenchyma

[6]. Within the stroma, nonvascular cells produce a variety of

soluble and insoluble paracrine signals modulating and

directing neovessel growth. Molecular signals from the

extracellular matrix similarly mediate neovessel stability,

growth, and morphology. Growing evidence now demon-

strates that the physical character of the stromal matrix also

strongly influences neovessel dynamics. Furthermore, there is

a reciprocal interplay between the neovessel and the matrix

(Figure 7) such that the neovessel actively remodels the

matrix, which in turn leads to matrix deformation, which in

turn influences neovessel growth and morphology. Thus, the

matrix, as a biomechanical environment, is not simply a

passive structure that the neovessel must move through but

instead is an indirect determinant of neovessel growth and

navigation. We envision the following working model of how

neovessel-matrix interactions contributes to neovessel

navigation through the stromal environment during

angiogenesis. At the single neovessel level, as the sprouting

neovessel extends forward, the preceding matrix fibrils are

pulled by the neovessel tip thereby aligning the fibrils in

advance of the neovessel. Because a neovessel appears to

preferentially grow in the direction of aligned fibrils, it will

extend into this freshly aligned zone simultaneously aligning

the fibrils in the next forward zone and so on. Coordinately,

matrix condensation along the growing neovessel signifi-

cantly reduces adjacent fibril deformability thereby retarding

changes in direction without a more active remodeling event

(i.e., metalloproteinase degradation). As many neovessels

(tens of thousands in our experiments) are simultaneously

pulling on the matrix fibrils, there is a global contraction of

the stromal environment. In the absence of any boundary

constraints (or complete boundary constraint), only local

fibril remodeling will occur resulting in local control of

neovessel navigation. However, if the stroma is not fully

constrained, it will deform in bulk resulting in global changes

to fibril organization. Depending on the nature of the

deformation (uniaxial in our experiments), this larger fibril

organization, the extent of which is determined by the matrix
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deformability, will possibly establish a larger scale neovessel

organization as they grow within this prestructured fibril

environment. Differences in stromal compliance and physical

constraints may explain, in part, how the different vascular

topologies arise specific to different tissues (compare the

topology of the mesentery to that of skeletal muscle).

While there are a number of implications in this model,

deformability of the fibrils, which can be modulated via

cross-linking, fibril density, other matrix elements, and

stromal cells, is a central feature. The extent at which a

neovessel can deform the fibrillar matrix, considering both

the forces needed to do so, and the size of the affected fibril

zone extending from the neovessel tip, determines the

direction of the growing neovessel tip and, perhaps, even

the generation of new branch points. In stiffer, less deform-

able matrices, the neovessel can align a smaller preceding

C

A B

Figure 6. Architecture of and vessel type distribution in microvascular networks formed in unconstrained (A) or long-axis-constrained (B) stromal

environments. The axis of constraint in (B) is from left to right. (C) Distribution of microvessel types and vessel density within the unconstrained (UF) and

constrained (F) networks. Modified from [8].

Figure 7. Schematic highlighting the interplay between the growing neovessel and the surrounding matrix structure.

J.B. Hoying et al.
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zone of fibrils effectively retarding neovessel activity. Con-

versely, a neovessel can create large zones of aligned fibrils in

a highly deformable matrix, which might enable directional

changes and/or branching. Changes to the matrix deform-

ability via cross-linking or additional matrix elements that

entangle and interconnect fibril networks would alter the

deformability of matrix elements and fibril networks, which

would in turn regulate neovessel growth direction and

character. This may explain why neovessel activity is limited

in collagen gels prepared with higher concentrations of

collagen and therefore higher densities of fibrils [52].

Similarly, some tissues have specifically organized vascula-

tures, which may reflect, in part, the composition of the

stromal matrix and, therefore, the matrix deformability.

It is difficult to resist speculating on the role matrix (and

specifically fibril) deformation might play in neovessel

navigation. It is generally considered that neovessels grow

toward higher sources of angiogenic factors or away from

repulsive factors [1]. However, growth factor gradients alone

do not explain how one active neovessel is able to locate and

grow toward another active neovessel resulting in the

inosculation between the two neovessels. Besides the fact

that two neovessels might incidentally grow toward each

other as they grow to the top of a growth factor gradient,

similar gradients do not adequately explain how the two

neovessels can locate each other so effectively (as we see in

the time-lapse video of angiogenesis). If, for example, the tip

cell was to generate a paracrine gradient to attract a nearby

neovessel, there would need to be many different gradient

molecules such that each neovessel is responding to a

separate signaling gradient and not its own (Figure 8). While

there may indeed be growth factor signals that direct

neovessel growth over a large scale (most likely from

nonvascular point sources), deformation of nascent fibrils

extending from the growing neovessel tip may act to track

neovessels to each other in the final stages of interconnection.

In this scenario, the fibril “fan” of one neovessel might

overlap with that of another, thereby creating a shared fibril

track that both neovessels can follow necessarily “meeting in

the middle” (Figure 8). An implication is that larger zones of

fibril alignment in front of neovessels, perhaps due to greater

matrix deformability, would enable more zones to overlap

thereby promoting more neovessel connections. Indeed, in

our angiogenesis experiments, less stiff, more deformable

collagen gels do indeed contain more interconnected (mea-

sured as branch points) neovessels.

A B

C D

Figure 8. Diagrams of different means by which growing neovessels might locate each other. (A) An extravascular source of diffusible signal (graded

pink) causes two neovessels (blue) to grow up the signal gradient incidentally approaching each other. (B) The tips of each growing neovessel produce a

diffusible signal that forms a gradient the other neovessel recognizes and grows into. However, for this to occur, the signal from each neovessel would

need to be a different molecule. (C) The “fan” of aligned matrix fibrils (red lines) that forms in front of each growing neovessel would act to “track” the

neovessels toward each other when overlapping. (D) Consequences to neovessel location due to differences in the size of the fibril–alignment zone. A

small fibril–alignment zone (due to stiffer matrix) would not readily overlap, while a larger zone (due to a less stiff matrix) would make overlapping of

these tracks between neighboring neovessels more likely.
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In the adult, the growing neovessel in angiogenesis

navigates through the complex tissue space moving through

the stroma between parenchymal compartments. Clearly,

there is a large spectrum of diffusible and matrix-bound

molecular signals critical to neovessel behavior. In addition,

much is known concerning the intra- and extracellular force

dynamics underlying endothelial cell interactions with the

matrix related to angiogenic neovessel activity. Adding to this

broad understanding, our recent body of evidence indicates

that growing neovessels sense strain fields and not stress

fields within the 3-D stromal space, the responses of which

also influence microvascular network topology. Furthermore,

the interplay between the growing neovessel and the physical

behavior of the surrounding may contribute to neovessel

guidance and growth direction. How these different molec-

ular and physical stimuli are integrated to produce an

effective microcirculation remains to be understood.

PERSPECTIVE

There is a dynamic interplay between growing neovessels and

the surrounding stroma during angiogenesis in which

growing neovessels actively remodel the matrix which in

turn passively influences neovascular topology. The orienta-

tion and extent of neovessel growth is sensitive to the

compressive strain or deformation within the stroma, which

is influenced by the neovessels as they pull and remodel the

matrix fibril structure. Differences in matrix compliance (i.e.,

stiffness) influences the extent of stromal deformation and

therefore angiogenic neovessel organization. Thus, this back

and forth dynamic between neovessels and stroma matrix

may explain the different microcirculatory architectures

present within the many different tissues of the body, and

may be manipulated in the regeneration of vascularized

tissues. In addition to the numerous molecular and cellular

elements of the stroma influencing neovessel activity, it is

becoming clear that the integrated physical aspects of the

stromal matrix also strongly influence the growing neovessels

and may act to guide neovessel growth.
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