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Abstract—The induction of angiogenesis is a promising
therapeutic strategy for the amelioration of peripheral
arterial disease (PAD). This occlusive disease results in
muscle ischemia, and neovascularization is a route to
increasing the perfusion in the tissue. The vascular endothe-
lial growth factor (VEGF) family of potent pro-angiogenic
cytokines is a potential therapeutic agent, increasing VEGF-
receptor signaling on tissue vasculature. To investigate the
effects of possible therapies on the VEGF concentrations and
gradients within the tissue, we consider three such strategies:
VEGF gene therapy (e.g. by adeno-associated virus); VEGF
cell-based therapy (injected myoblasts that overexpress
VEGF); and chronic exercise (which upregulates VEGF
receptor expression). The multi-scale computational model
used to investigate these strategies is an integration of several
components: an anatomical description of the muscle geom-
etry and cell types; microvascular blood flow; tissue oxygen
distribution; VEGF secretion from muscle fibers; VEGF
transport through interstitial space; and VEGF-receptor
binding on microvascular endothelial cells. Exercise training,
which results in increased VEGF secretion in hypoxic tissue
and increased VEGF receptor expression, exhibits increases
in both VEGF concentration and VEGF gradients, and is
predicted to be more effective than the other, VEGF-only
treatments.

Keywords—Vascular endothelial growth factor (VEGF),
Angiogenesis, Human therapy, Mathematical model, Mus-
cle, Endothelial cell, Theoretical model.

INTRODUCTION

Angiogenesis (or neovascularization), the growth of
new blood vessels from existing microvasculature, is
implicated as a pathological factor in many diseases,
including cancer,"*!? diabetic retinopathy,® age-related
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macular degeneration®® and arthritis.’” However, in
contrast to these diseases of hypervascularization, there
are also pathologies for which increased angiogenesis is
being pursued as a potential treatment. These include
myocardial ischemia,'?! delayed wound healing® and
peripheral obstructive vascular diseases, in particular
peripheral arterial diseases (PAD).?!2>%

PAD patients experience insufficient blood flow
during exercise (intermittent claudication) or rest.
PAD affects 15% of adults over 55; patients have a
25% higher mortality rate, and amputation is often
performed (50,000 cases/year in the United States).'*®
Exercise training is currently regarded as the most
effective treatment for intermittent claudication.
However, its therapeutic mechanisms are poorly
understood and it is applied only to select patients.>

Vascular endothelial growth factor (VEGF) is a
family of pro-angiogenic cytokines. The proteins of
this family are key promoters of both physiological
and pathological angiogenesis. In in vitro studies, they
increase survival, proliferation and migration of
endothelial cells;> in vivo, they act as a chemoattrac-
tant and direct capillary growth.'>?*>% In this study,
we use the term VEGEF to refer to the two most com-
mon protein products of the rat VEGF-A gene,
VEGFlzo, and VEGF]()4 (VEGFlZl and VEGF165,
respectively, in humans). The difference between these
two proteins is the ability of the longer isoform to bind
to both glycosaminoglycans (GAGs) in the interstitial
space and Neuropilin co-receptors on endothelial
cells.>7-6¢

Due to the dual effects of VEGF as mitogen and
chemoattractant, the angiogenic response to VEGF
depends on both: VEGF concentration (and the
resulting formation of VEGF-VEGF receptor com-
plexes on endothelial cells); and the formation of
extracellular gradients of VEGF concentration. These
are the two primary quantities that we report in this
computational study.
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Currently, experimental measurements at the
microvascular scale of VEGF concentrations and
concentration gradients are not possible in vivo. While
this makes it difficult to compare the results of these
simulations to experimental data, it is the ability of this
model to predict these values that makes it novel and
uniquely useful in furthering the understanding of the
behavior of the VEGF system at the single-vessel, and
single-cell, level.

The models on which these simulations are based
have been developed over several previous stud-
jes.?#23:31:32.3436 The components of these models in-
clude: an anatomical description of the muscle
geometry and cell types, including muscle fibers, blood
vessels, extracellular matrix (ECM) and basement
membranes (BMs); blood flow in the microvasculature;
oxygen distribution in the tissue; oxygen-dependent
VEGF secretion from the muscle fibers; VEGF trans-
port through the interstitial space, including seques-
tration by glycosaminoglycans of the ECM and BMs;
and VEGF-receptor binding on endothelial cells of the
microvasculature.

The models are coupled at several points. Anatomy
(geometry) is a common basis for the blood flow,
oxygen transport, and VEGF transport models. The
results of the blood flow model are an input into the
oxygen transport model. The oxygen concentrations
that are predicted are integrated across the muscle fi-
bers and used to calculate the local VEGF secretion
rate, a key driver of the VEGF transport model. The
oxygen—-VEGF secretion relationship>** is based on
experimental data on the regulation by oxygen of the
expression of VEGF via its transcription factor, hy-
poxia-inducible factor 1o (HIF1o).2%2%:48:59

The complexity of this system—including the
interactions of VEGF ligands with their receptors and
co-receptors, as well as the development of spatial
gradients in an anatomically representative geome-
try—makes it impossible to achieve a quantitative
understanding using experimental methods alone. We
build here on our previously constructed models:
studying VEGF interactions with VEGF receptors in
healthy and ligated rat extensor digitorum longus
(EDL)***'2 and in human vastus lateralis muscle,*®
and interactions with Neuropilin-1 (NRP1) and pla-
cental growth factor (PIGF) in vitro.>>-*

The most common animal model of PAD is surgical
ligation of the femoral or iliac arteries.’%-4447:31:53
Although this does not completely reproduce the
symptoms of PAD, it has become a valuable tool and a
useful correlation. Thus, the simulations we present
here are for rat EDL muscle following femoral liga-
tion. The muscle loses perfusion due to the loss of a
major artery, but re-perfusion begins within the first
2 weeks as a result of collateralization (i.e. the dilation

or remodeling of smaller arteries and microvessels).®'

At rest, the recovery in tissue oxygen content is suffi-
cient, but limb activity is hindered as exercise exerts
demands on the provision of oxygen to the tissue.>'”**
Our models of VEGF transport in EDL muscle have
been applied to resting muscle,’’ exercising muscle,*”
and a femoral ligation model of PAD in resting and
exercising muscle.”*

Here, we apply the model to the prediction of
VEGF concentration and VEGF gradient formation
following three post-ligation therapeutic interventions
in EDL muscle: VEGF gene therapy, using an adeno-
associated virus (AAV)-type construct; VEGF cell-
based therapy, using VEGF-overexpressing myoblasts
that incorporate into muscle tissue following injection;
and chronic exercise, which increases VEGF receptor
expression, and therefore increases the signaling po-
tential of VEGF.

These simulations will aid in understanding of the
role of VEGF, VEGF receptors, and VEGF gradients
in PAD, either through physiological changes (e.g. as a
result of exercise) or through protein, gene or cellular-
based therapies. The model is also general enough to
be applicable to other tissue types in the future.

METHODS

The model used here was developed over several
studies and all aspects are described in detail
there.?***132 Here we present an overview of the
structure of the model, and some of the important
aspects of physiology and molecular, and cellular
biology included. We present the reaction—diffusion
equations governing VEGF transport in a general
form, not reported previously. The full set of equations
is provided in the online supplement.

Anatomy

The three-dimensional model system is a
400% 208 x 800 um> volume of rat EDL muscle,
including muscle fibers, microvessels, ECM and BMs.
The fiber diameters, vessel diameters, capillary density,
volume of the interstitial space, and thickness of BMs
are based on experimental observations both in rest
and exercise (Fig. 1).3:%:14:20:27:30.38-40.42.59.62 This three-
dimensional model is used in calculations of blood flow
and oxygen distributions. However, due to the com-
plexity of the system and the number of the parameters
that are of physiological interest, we choose a two-
dimensional cross section of the tissue (400 x 208 um?,
boxed in Fig. 1a) for the VEGF transport calculations.
We have shown previously that VEGF gradients in the
longitudinal direction (parallel to the muscle fibers) are
an order of magnitude smaller, on average, than the
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FIGURE 1. Schematics of muscle model geometry and VEGF
transport. (a) Three-dimensional microvascular network of
simulated rat EDL muscle. The muscle fibers, parallel to the
capillaries, have been removed for illustration purposes.
Paired arterioles and venules (larger vessels) act as the inlet
and outlets for the capillaries. Blue discs denote where cap-
illaries intersect a cross section (boxed) of the tissue. (b)
Cross section of rat EDL muscle (boxed area in (a)). Skeletal
Muscle (SM) fibers (red) and capillaries (blue) are separated
by interstitial space (white). SM fibers are regularly spaced
and hexagonally packed. (c) Detail of the interstitial space
near a capillary (boxed area in (b)). Muscle fibers are sur-
rounded by a myocyte basement membrane (MBM); capillar-
ies (formed by endothelial cells) are surrounded by an
endothelial basement membrane (EBM). The ECM lies be-
tween the EBM and MBM. VEGF diffuses throughout the
interstitial space: ECM, EBM, and MBM. (d) Diffusion of VEGF
isoforms and binding to receptors. VEGF,5, and VEGF¢,4 are
secreted from SM into MBM and diffuse throughout the
interstitial space. Only VEGF¢4 binds to glycosaminoglycans
(GAGs), which exist at different concentrations in each layer.
Near the endothelial cell surface (in the EBM), VEGF can
interact with VEGFR1 (marked 1), VEGFR2 (2) and NRP1 (N).
VEGF;¢4 can bind both VEGFR2 and NRP1 simultaneously,
binding first one and then the other. VEGFR1 and NRP1
interact directly, and this complex binds VEGF;5, but not
VEGF;¢4. All VEGF-bound and -unbound receptors can be
internalized.

transverse gradients for both uniform and oxygen-
dependent VEGF secretion.>® This is due to the par-
allel nature of the capillaries and the muscle fibers;
vascular density changes more quickly in the transverse
direction than in the longitudinal direction, and thus so

do oxygen and VEGF. We therefore assume that the
two-dimensional analysis captures the major features
of VEGF distribution.

Blood Flow

In rats, femoral ligation is used as a model of PAD.
Significant, non-uniform collateralization in the hind-
limb follows, resulting in large regions of perfused and
unperfused muscle.’’ In addition, average capillary
blood velocity is higher in rats that have undergone
exercise training.” Thus, using empirical relationships
for viscosity and hematocrit distribution,”>*® and
experimental measurements of blood oxygenation and
velocity in ligated rat EDL*!®!74446 e simulated
blood flow for perfused tissue and partially perfused
tissue (where only half of the tissue arterioles have
blood flow).

Tissue Oxygenation

The distribution of oxygen in the muscle is calcu-
lated using our published model of oxygen transport in
EDL,? based on the above geometrical and blood flow
considerations. In exercise, oxygen consumption in-
creases substantially; for low intensity exercise, we
assume here 6-fold over basal (resting) consumption.
The blood oxygen saturation in the inlet arterioles
(SO54) plummets following ligation, and slowly
recovers to the healthy value of 0.6-0.8 over
2 weeks.?** Based on measurements of tissue PO, and
hemoglobin saturation calculations'®!”* we estimate
SO, to be 0.06, 0.3, and 0.6 at 2, 7, and 14 days fol-
lowing ligation, respectively.

Oxygen-dependent VEGF Secretion

VEGF expression and secretion from each nucleus
in the skeletal muscle fibers is dependent on the aver-
age oxygen tension (PO,) in the myocyte. Although the
exact relationship has not been experimentally mea-
sured, we used experimental data on the dependence of
VEGEF release on HIF1a and 0,2%?%*5? o formulate
an empirical relationship between oxygen tension
(averaged across the myocyte cross section) and local
VEGF release.’ Non-exercise trained rats do not in-
crease VEGF secretion in response to hypoxia®>*47
but exercise-trained rats do,”>* and based on experi-
mental data,’®>° we assume that the maximum hy-
poxia-induced secretion increase is six times the level of
VEGF secretion in normoxia.****

VEGF Transport and VEGF-receptor Binding

VEGEF released by the myocyte into the interstitial
space diffuses and (in the case of VEGFq) can be
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sequestered by binding to GAG chains in the ECM
and BM. Reaction—diffusion and mass balance equa-
tions are used to describe VEGF transport from the
myocyte into the interstitial space and through the
ECM and BM. At the endothelial cell surface, VEGF
can bind to one or more receptors (Fig. 1). Here we
follow the biochemical interaction scheme and kinetics
validated in vitro for VEGF isoforms.?***3¢ Once
bound to cell-surface receptors, VEGF can be inter-
nalized by the endothelial cells and degraded.

Concentration of proteins in the ECM is given by an
equation of the form:

ifi+/bind
0C;/ot=DiV?Ci— Y (konijCiCi — ko iCy) (1)

J

where C; and C; are the concentrations of molecules
that are present in the interstitial space. Here
C; = [Via] or [Vies]; C;=[GAG]. Note that only
VEGF ¢4 (and not VEGF;,y) binds to the GAG
chains, so here C;; = [V64GAG] only. The volumetric
concentrations, C, are expressed in pM, and can be
converted to pmol/(cm® tissue) using geometrical
parameters of the tissue (i.e. volume fraction of the
interstitial space). Although we have simulated only
two isoforms of VEGF, the equations as written allow
others to be included.

Concentration of proteins in the BM of either the
endothelial cells or the myocytes is given by an equa-
tion of the form:

ifi+mbind
aCz’/at: <5i+ Z (koff,imRim _kon,i,m CiRm) _Jout,z)

ifi+jbind
/ dvi+ Y (komyCy—koniyC:iCy)  (2)
7

where s; is the secretion rate of molecule 7 from the cell;
R, is the concentration of receptor m on the cell sur-
face; R,,, is the concentration of the cell-surface i—m
complex; Jou is the Fickian diffusive flux of VEGF
from the BM to the ECM; and dgy is the thickness of
the basement membrane. In this study, we assume that
secretion takes place only from myocytes, and thus
q; = 0 for EBM. Autocrine secretion from endothelial
cells can be included by changing this value. In addi-
tion, we assume here that endothelial cells express
receptors and myocytes do not; therefore the concen-
tration of receptors in the MBM equation is zero.
Recent evidence of receptor expression on myocytes
could be incorporated simply by making those terms
non-zero in the above equation. In this study, R, in-
cludes [VEGFRI1], [VEGFR2], [NRPI1], and [VEG-
FR1-NRPI1]. R,,, therefore includes all complexes of
those receptors with VEGF 5, or VEGF44.

For the receptors and ligand-receptor complexes on
the cell surface, equations of the following type are
formulated:

aRm/at =Sm — kint,mRm
if i+ mbind
- Z (kon,i,m CiRm - koff,imRim)
i
if m+ ncouple

- g (kcouple,m,anRn - kdissoc‘mann)

(3)

where s, is the insertion rate of newly synthesized
receptors into the membrane; ki, ,, is the rate of
internalization of receptor m; Kcoupie.m,» i the kinetic
rate of binding of two surface receptors m and n to
each other; and kgissoc.mn 1 the rate of unbinding of the
coupled complex. The cell-surface concentrations of
receptors and complexes, R, are expressed in units of
mol/cm?, and can be converted to molecules/cell
assuming an abluminal endothelial cell-surface area of
1000 um?, and to pmol/(cm® tissue) using the total
microvessel surface area per unit volume of tissue.

As receptor tyrosine kinases, dimerization of VEGF
receptors is necessary for autophosphorylation and the
initiation of intracellular signaling. VEGF receptor
dimerization is not explicitly modeled in the formula-
tion presented here, but rather its effects are implicitly
included through the kinetics of receptor binding,
which are effective rates that incorporate the dimer-
ization step.*

Initial VEGF concentrations were obtained from
experimental measurements.'® The density of VEGF
receptors expressed on the surface of endothelial cells
in vivo have not yet been measured, however using
other experimental measurements we estimated the
density in previous studies.”*3"*? The receptor densi-
ties change for exercise-trained rats and mice following
ligation.””>® The VEGF secretion rate is set so that the
non-diseased muscle reaches the measured steady state
concentration of VEGF, approximately 1 pM.>*31:3%36

The above equations are general, and can be used to
include additional molecular families that are involved
in angiogenesis, for example: PIGF, Neuropilin-2, an-
giopoietins and Tie receptors, semaphorins and plex-
ins, ephrins and Eph receptors.

Simulations and Solutions

The blood flow is described by a system of non-
linear algebraic equations (with rheology described by
Pries and Secomb*®) that are solved by iterative con-
verging calculation.”” The oxygen transport, which
depends on the blood flow, is governed by coupled
partial differential equations describing intravascular
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and extravascular transport, solved using a numerical
finite-difference scheme on an orthogonal 1 um grid.
The extravascular equations apply across both the
interstitial space and inside the muscle fibers. The
VEGF transport equations described above are valid
only in the interstitial space and on the cell surface; the
muscle fibers and blood vessels are boundary surfaces
for the calculations. These were also solved using a
uniform orthogonal grid spacing of 1 um. At the tissue
boundaries, for both oxygen and VEGF transport,
periodic conditions were used in the y- and z-direc-
tions, along with no-flux conditions in the x-direction.
The steady state solution for each simulation was
found using a red-black successive over-relaxation
scheme (red-black SOR)."*> We used a convergence
criterion of 1077 fractional change per step in VEGF 5,
and VEGF 44 at each grid point. The model is coded in
C+ + and the two-dimensional simulations require
approximately 30 min to reach steady state on a
2.5 GHz Itanium?2 processor with 2 GB of RAM.

VEGF Concentration and Gradient Measurements

Both VEGF concentrations and VEGF gradients
are thought to be sensed by endothelial cells.'>*>* Cells
do not typically proliferate and migrate simulta-
neously, and therefore both absolute concentration
and relative gradient may play a role in the cellular-
level decision-making process. Both values are difficult
or impossible to measure in vivo at the microenviron-
mental level, and we report predicted values for both in
this study.

Absolute VEGF concentrations are reported here as
the unbound (free) VEGF concentration in the inter-
stitial space of the tissue. We have previously reported
that increased VEGF secretion and decreased VEGF
internalization result in increased VEGF concentra-
tion.*!*® In addition, the presence of Neuropilin can

reduce the VEGF concentration by increasing binding
to the cell surface.**

VEGF gradients are reported in units of % VEGF/
10 um, and represent the absolute change in VEGF
concentration across 10 um, divided by the average
interstitial VEGF concentration across the cross sec-
tion of muscle. These are relative gradients, and can
thus be converted to absolute gradients by multiplying
by the mean interstitial VEGF concentration. Non-
uniform VEGF expression (e.g. due to oxygen gradi-
ents, or transfection) can result in VEGF gradients,
but even for uniform VEGF expression in the tissue,
the non-homogenous distribution of the microvessels
(and thus the VEGF receptors) results in clevated
VEGF interstitial gradients.>’ We have also shown
that increased cell-surface receptor expression can
significantly increase the magnitude of VEGF gradi-
ents.”*312 The size of the gradient over 10 um can be
compared with the typical length of endothelial tip
cells, approximately 30-50 um,'>>* to determine whe-
ther the gradient is steep enough to be sensed by the
cell.

RESULTS

Untreated, Diseased (Femoral-ligated) Muscle

In rats, the ligation of a femoral artery will result in
hindlimb ischemia followed by some recovery due to
collateralization. In non-exercise trained rats, however,
VEGF secretion is not increased significantly in re-
sponse to the hypoxia in ischemic parts of the muscle.
There is also no change to the VEGF receptor
expression. Thus, the VEGF expression remains as for
healthy muscle.”* VEGF is secreted evenly throughout
the muscle, and the VEGF gradients are relatively
small, averaging 3.3%VEGF/10 um (Fig. 2). There
is a small variation in the activation levels of the
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FIGURE 2. VEGF gradients and receptor signaling is limited for untreated ischemic muscle. Simulations of VEGF transport for
uniform VEGF secretion from muscle fibers and basal VEGF receptor and NRP1 expression. (a) Distribution of unbound VEGF in
interstitial space. (b) VEGF gradients (arrows point in the direction of increasing VEGF concentration) and VEGF-bound VEGFR2
per capillary (236 molecules/cell maximum; 209 molecules/cell average).
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microvessels (with VEGF-VEGFR?2 as a surrogate for
pro-angiogenic signaling), but not different from
healthy tissue.>**"*> This suggests that during ische-
mia following femoral ligation (as a model of PAD),
there is no increase in VEGF signaling, and this may
lead to insufficient recovery of tissue perfusion.

Note that even increased (but still uniform) secre-
tion of VEGEF results in increased VEGF concentra-
tion, but not increased values of the relative VEGF
gradients.’’ Absolute gradients (i.e. the absolute
change in concentration of VEGF over a short dis-
tance) would increase as the VEGF concentration in-
creases, but it is not yet clear whether endothelial cells
respond to relative or absolute gradients.

Cell-based Therapy: VEGF-expressing Myoblasts

In cell-based pro-angiogenesis therapies, transgenic
myoblasts with VEGF secretion rates between 10- and
100-fold basal (0.85-9.3 molecules/myoblast/s for dif-
ferent transgenic clones) are injected into muscle.**’
The myoblasts incorporate into the muscle fibers, and
continue to secrete elevated levels of VEGF. However,
the spatial heterogeneity of incorporation has not been
measured. We simulate myoblast implantation for
cases of two myoblasts separated by at least four
muscle fibers and of two myoblasts placed adjacent to
each other. Each implanted myoblast secretes VEGF

at 40-fold above basal level and the size of each myo-
blast is assumed to be the same as that of a single
myonuclear domain (the volume and associated sur-
face are of the multinucleate myocyte under the control
of a single nucleus; for rat EDL we have estimated the
surface area’' at 2500 um?). Therefore, each implanted
myoblast replaces one muscle fiber in our EDL
geometry (Fig. 3, stars). VEGF-receptor concentra-
tions (and the VEGF secretion rates of other fibers)
remain at basal levels, in this non-exercise-trained rat.

For pro-angiogenic cells separated by at least four
muscle fibers (Fig. 3a), maximum VEGF gradients in
the interstitial space increase from 12%VEGF/10 um
to 25%VEGF/10 um and the strongest gradients are
directed toward and localized near areas of implanted
cells. Maximum VEGFR?2 binding on endothelial cells
increases from 236 to 740 molecules/cell, three times
that of untreated muscle (Fig. 2). For adjacent im-
planted pro-angiogenic cells, maximum VEGF gradi-
ents are increased further to 38%VEGF/10 ym and
maximum VEGFR2 binding is increased to 1230
molecules/cell (Fig. 3b). Furthermore, the strongest
VEGF gradients are directed toward the implanted
cells from all directions in both cases (i.e. VEGF dif-
fuses away from the implanted cells). The synergistic
effect of adjacent cell implantation can be further in-
creased if more transgenic cells are placed adjacent to
one another.’!
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FIGURE 3.

Ischemic EDL muscle transplanted with pro-angiogenic cells. Distribution of unbound VEGF in the interstitial space,

VEGF gradients (arrows point toward increasing VEGF concentration) and average VEGF-bound VEGFR2 per capillary. Myocytes
with (*) indicate transgenic cells with 40-fold VEGF secretion rate above basal level. (a) Two pro-angiogenic cells separated by at
least four muscle fibers. Maximum VEGF gradient is 25%VEGF/10 um and maximum capillary VEGF-bound VEGFR2 is 740 mol-
ecules/cell. (b) Adjacent pro-angiogenic cells result in larger gradients (38%VEGF/10 ym maximum) and increased VEGFR2
binding (1230 molecules/cell maximum). Regardless of spatial placement, the largest VEGF gradients are directed toward pro-

angiogenic cells.
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Gene Therapy: AAV-VEGF Construct

We use AAV-VEGF delivery as an example here,
but the results that follow could be applied to many
gene delivery strategies for the VEGF pathway, for
example, chronic stimulation of HIF to induce VEGF
expression,’ or use of an engineered zinc-finger binding
protein with a transcriptional enhancer to target
VEGF regulation.®

Experiments for AAV delivery of VEGF gene into
skeletal muscle have not quantified VEGF secretion
rates per myocyte. In this study, we increase both
VEGF |,y and VEGF ¢4 secretion. Transduction effi-
ciency by VEGF AAYV inter-arterial delivery has been
quantified for rat tibialis anterior (TA) muscle to range
between 10 and 20%.° Also, total VEGF protein
content of homogenized TA muscle increases 50%
from local injection of VEGF AAV.* Although the
results of the two delivery methods cannot be directly
compared, they allow for the estimation of induced
VEGF upregulation in affected cells. Total muscle
VEGTF protein content includes VEGF located within
muscle fibers and endothelial cells. However, assuming
that a 50% increase in VEGF protein corresponds to a
50% increase in total VEGF secretion rate,’' and

Secretion ® [0 |

(fold basal) 1 5 9

Unbound . l .

VEGF (pM) 1 45 8

VEGF Gradient

assuming 10% of myocytes are transduced, this would
correspond to a 5-fold increase in VEGF secretion for
each affected cell on average. This estimate corre-
sponds to a physiologically relevant VEGF upregula-
tion found in rats during exercise.”” Normally,
upregulation of VEGF in hypoxia may induce upreg-
ulation of VEGF receptors as well,”® but hypoxia from
PAD does not seem to induce such a response without
exercise. Therefore, we assume basal levels of VEGF
receptors and Neuropilin.

Staining experiments for AAV transduction in gas-
trocnemius muscle show that regions of adjacent
myocytes become transduced while other regions of
adjacent myocytes remain non-transduced.’ Therefore,
we perform simulations for areas where all skeletal
myocytes are transduced, and secrete VEGF 44 either
uniformly at six times the basal level, or between 3- and
9-times the basal level (randomly per myocyte, aver-
aging six times the basal level for the whole tissue vol-
ume) since AAV gene delivery may not be equal for
adjacent myocytes (Fig. 4a). We also perform simula-
tions for a region in which all myocytes are transduced
(VEGF secretion is six times the basal level) adjacent to
aregion in which no myocytes are transduced (Fig. 4b).

(%VEGF/10um) 2 4 6
VEGFR2Bound [0 - |
(molecules/cell) 240 870 1500

AN NN
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FIGURE 4. Ischemic EDL muscle treated with VEGF¢4 gene delivery. VEGF secretion rate from muscle fibers, distribution of
unbound VEGF in the interstitial space, VEGF gradients (arrows point toward increasing VEGF concentration) and average VEGF-
bound VEGFR2 per capillary. (a) In large regions of transduced muscle fibers, VEGF secretion upregulation (3-9 times basal)
increases VEGF gradients (4.1%VEGF/10 um average) and VEGFR2 binding (1600 molecules/cell maximum) without preferred
orientation. (b) In a region between transduced muscle fibers (VEGF secretion rate six times basal level) and non-transduced

fibers, VEGF gradients are directed toward the transduced cells.
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For simulations in a small area where all fibers are
transduced, we assume all muscle fibers express VEGF
uniformly at six times the basal level. Our results show
an average gradient of 3.1% VEGF/10 ym and maxi-
mum VEGFR2 binding of 1500 molecules/cell (data
not shown). Thus, although VEGF and VEGF-receptor
binding have increased, the VEGF gradients have not.

VEGF genes may not be uniformly delivered by
AAV. To simulate more heterogeneous delivery,
VEGF ¢4 secretion from each muscle fiber is randomly
chosen between 3- and 9-times the basal level (aver-
aging six times for all fibers in tissue). VEGF gradients
increase to 4.1%VEGF/10 ym but VEGFR2 binding
is not changed significantly from the uniform 6-fold
overexpression (1600 molecules/cell maximuim)
(Fig. 4a). For VEGF transport between a group of
transduced myocytes (each expressing at six times the
basal level) and non-transduced myocytes (each
expressing at basal level), gradients average
5.8% VEGF/10 ym but can be as high as 27%VEGF/
10 um at the boundary between transduced and non-
transduced fibers, and gradients are directed towards
the region of transduced myocytes (Fig. 4b). Maxi-
mum VEGFR2 binding reaches up to 1550 molecules/
cell for endothelial cells located near transduced fibers.

Long-term Exercise Training

The response of muscle to ischemia is considerably
different for exercise-trained rats. Along with a hy-
poxia-dependent increase in the VEGF secretion,
VEGTF receptors are upregulated. We have previously
shown that the model predicts VEGF signaling to be at
its strongest during the first week following femoral
ligation.”* We simulate here a time point 7 days after
ligation; blood oxygenation has begun to return to
normal due to collateralization, and VEGF receptors
are upregulated 3.5, 7.2, and 2.1 times control lev-
els*> (VEGFR1, VEGFR2, and Neuropilin, respec-
tively). Although the rat is exercise-trained, the muscle
is at rest in this simulation.

For fully perfused tissue (Fig. 5a), we note that al-
though VEGF binding to VEGFR2 is only slightly
elevated compared to the non-exercise trained rat,
VEGF gradients are considerably higher, averaging
12%VEGF/10 um. VEGF is not upregulated signifi-
cantly, due to the return of perfusion and thus in-
creased oxygen, but the gradients are higher because of
the elevated receptor density. During the exercise per-
iod, hypoxia induces VEGEF secretion, and both
VEGFR activation and VEGF gradients are elevated
compared with the untreated case (Table 1).

At the junction between one region of perfused tis-
sue and an unperfused region, the gradients are even
higher (Fig. 5b); in addition, hypoxia experienced by

the muscle fibers in the non-perfused region results in
increased VEGF secretion and increased VEGF-
VEGFR?2 binding.

DISCUSSION

The stimulation of angiogenesis to improve tissue
perfusion in diseases of hypovascularization such as
PAD is a fertile area of basic and clinical research. Rat
models of PAD (in particular, femoral artery ligation)
are helping to answer questions about the pathogenesis
and treatment of the disease. In an attempt to further
this experimental approach, we have developed a
model of rat EDL, in which blood flow, oxygen
transport, and VEGF transport and VEGF-receptor
activation are combined to predict the impact of var-
ious therapies.

The results illustrate the importance of distinguish-
ing between absolute VEGF concentration and relative
VEGF concentration gradients. An increase in the
absolute concentration of VEGF results in increased
VEGFR2 binding and pro-angiogenic signaling.
VEGF gradients are important for chemotactic guid-
ance of angiogenic sprouts. It is likely that both in-
creased concentrations and gradients that the cell can
sense'>>? are required for the efficient vascularization
of ischemic or hypoxic tissue.

It is possible to change the VEGF concentration
without changing the local gradients, and vice versa.
For example, a uniform increase in VEGF secretion
increases VEGF concentration (and thus VEGFR2
signaling) without a change in gradients. This means,
in effect, that all the microvessels experience a similar
increase in activation. This can be avoided by altering
the spatial distribution of increases in VEGF secretion;
either as individual fibers (Fig. 3) or groups of fibers
(Fig. 4). The more severe the differences between
secretion levels, the steeper the gradients. As a result,
certain vessels are more likely to be activated than
others (the activation of sprouting from only a subset
of vessels is characteristic of angiogenesis).

Similarly, the gradient of VEGF concentration can
be increased by elevated receptor expression, without
changing the VEGF concentration significantly
(Fig. 5a). The action of these two mechanisms
together—spatially varying VEGF upregulation and
receptor upregulation—may explain why exercise
training has been found to be clinically useful in the
treatment of PAD, at least for a subset of patients. At
the junction between perfused and unperfused regions,
high VEGFR2 signaling and high VEGF concentration
gradients coincide (Fig. 5b). It would be informative to
interrogate whether the responsiveness of certain
patients to exercise is a function of their ability to
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FIGURE 5. Ligated hindlimb EDL muscle in exercise-trained rat. Oxygen distribution, VEGF secretion rate from muscle fibers,
distribution of unbound VEGF in the interstitial space, VEGF gradients (arrows point toward increasing VEGF concentration) and
average VEGF-bound VEGFR2 per capillary for 1 week after ligation. (a) In fully perfused muscle, VEGF gradients increase
(12%VEGF/10 um average) vs. untreated muscle, but VEGFR2 binding remains low (332 molecules/cell maximum). (b) In a region
between perfused and unperfused tissue, VEGF gradients reach up to 26%VEGF/10 um directed towards the unperfused tissue
region, and maximum bound VEGFR2 per capillary reaches up to 1670 molecules/cell.

TABLE 1. VEGF gradients and VEGFR2 activation.

VEGF-VEGFR2
(molecules/cell)

VEGF gradients
(%VEGF/10 um)

Muscle condition Average Maximum Average Maximum
Untreated ligated muscle 3.3 12 209 236
Cell therapy—distant cells 3.9 25 515 740
Cell therapy—adjacent cells 4.1 38 632 1230
Gene therapy—homogenous induction 3.1 12 1160 1500
Gene therapy—heterogenous induction 4.1 14 1160 1600
Gene therapy—regional induction 5.8 27 1420 1550
7 days exercise training—rest period (fully perfused tissue) 12 23 259 332
7 days exercise training—during exercise (fully perfused tissue) 14 28 1180 1610
7 days exercise training—rest period (partly perfused tissue) 13 26 768 1670
7 days exercise training—during exercise (partly perfused tissue) 14 28 1270 1790

upregulate VEGF receptor expression, or the robust-
ness of their hypoxia-dependent VEGF secretion.

In summarizing the therapeutic strategies described
here, it seems clear that exercise—with concomitant
increases in VEGF and VEGF receptor expression—is
predicted to be the most effective in inducing angio-

genesis. Induction of VEGF alone, cither by gene
delivery or cell-based methods, does not produce the
same level of response. However, it may be possible to
combine VEGF delivery with VEGF receptor upreg-
ulation; this simultaneous, two-cell approach (i.e.
VEGF delivery to, or upregulation in, myocytes; and
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delivery or upregulation of VEGF receptors in endo-
thelial cells) may prove a more widely applicable
therapy than exercise.

Although this study is based on the rat EDL muscle,
and uses rat experimental data of receptor expression
and VEGF secretion, there are clear parallels in human
studies. Systems biology approaches such as gene
expression microarrays are resulting in the ability to
obtain information on the upregulation or downregu-
lation of multiple genes and proteins in healthy, dis-
eased, and treated conditions. For example, in acute
skeletal muscle ischemia in humans, VEGF, HIF1a
and VEGFR2 are all upregulated,®' along with other
pro-angiogenic molecules. However, in chronic muscle
ischemia, these molecules are no longer upregulated.®!
This is in keeping with the rat data, where chronic
ischemia due to ligation results in no upregulation of
VEGTF or its receptors in response to hypoxia. In the
rat, exercise training can change this and increase
receptor density and VEGF responsiveness to oxygen;
one could think of exercise as changing the chronic
ischemic response to one of acute ischemia. This may
then explain the response of some PAD patients
to exercise. It is an open question as to whether a
better animal model of ischemic disease will become
available.

Systems biology studies such as the one just de-
scribed are extremely important for the development of
models and simulations like those presented here.
Human disease is vastly complex and there are many
subtleties that it is important to capture in the exper-
imental design; for example, the link and interplay
between diabetes and PAD.*’ To make further pro-
gress, we need to combine data-rich biology and
physiology with multi-scale computational models of
increasing complexity. Additional modules, such as
intracellular signaling, ECM proteolysis and tissue
remodeling, may be needed for a more complete model
of PAD. We hope this study will stimulate further
work to characterize the response to diseased states
and therapies at the molecular and cellular level.

There are modifications or improvements that can
be made in the future to the model and simulations
presented here. The muscle geometry (e.g. fiber shape
and packing) is somewhat idealized, and while we be-
lieve that a representation closer to that observed in
explanted tissue will not alter the results significantly, it
remains a worthwhile step to take. In addition, we
have limited the analysis here to myocyte expression of
VEGF and endothelial cell expression of VEGF
receptors. In fact, VEGF may be expressed in some
amount by the endothelial cells (possibly functioning
in an autocrine way), though the experimental evidence
is not clear. In addition, myocytes may express VEGF
receptors.®*%” Both of these points can be incorporated

using the equations presented here, but results are not
presented here.

The oxygen—-HIF10—VEGF pathway for the deter-
mination of oxygen-dependent VEGF secretion was
simplified for the purposes of this model. A more de-
tailed model of HIFla behavior in response to
changing oxygen®® may be incorporated to better
simulate the oxygen—VEGF link. In vivo experimenta-
tion—measurement of microenvironmental oxygen,
HIF activation, and VEGF secretion—would also be
extremely useful for clarification of this important
pathway.

The simulations presented here do not include the
resulting changes to the vasculature due to VEGF
signaling. Inclusion of such a module would allow the
multi-scale model to come ‘full-circle’: the changes to
tissue and vascular geometry can result in re-calcula-
tion of the blood flow and oxygen distribution, and
thus new inputs for the VEGF transport model. The
growth of new blood vessels would bring oxygen to
hypoxic tissue and shut down the VEGF upregulation
system. We have not yet developed a model of vascular
growth to incorporate. Other groups have developed
growth models****® though these do not include
dependence on VEGF and VEGF-receptor signaling
with the detail that our model would require.

Many other protein families besides VEGF, and
other molecules such as nitric oxide and nitric oxide
synthases (NOS), are involved in angiogenesis, either
enhancing or inhibiting neovascularization, and are
found to be up- or down-regulated in ischemic dis-
ease.®’ Some of these may form part of a therapy for
PAD.*! In addition, the intracellular signaling down-
stream from VEGF receptors may be altered in the
diseased state. The material presented here focuses only
on VEGF and its receptors, and therefore we cannot
definitively state that angiogenesis is affected only by
the parameters of this model. It is a subject of contin-
uing research to determine the relative importance of
each of the molecular and cellular processes to patho-
logical, physiological, and therapeutic angiogenesis.

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (doi:10.1007/
$10439-007-9303-0) contains supplementary material,
which is available to authorized users.
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