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ascular disease, cancer, stroke, neurodegeneration,

diabetes, inflammation, asthma, obesity, arthritis

the list of conditions that involve angiogenesis reads

like main chapters in a book on pathology. Angiogene-

sis, the growth of capillaries from preexisting vessels, also occurs

in normal physiology, in response to exercise or in the process of

wound healing. Why and when is angiogenesis prevalent? What

controls the process? How can we intelligently control it? These

are the key questions driving researchers in fields as diverse as

cell biology, oncology, cardiology, neurology, biomathematics,

systems biology, and biomedical engineering. As bioengineers,

we approach angiogenesis as a complex, interconnected system

of events occurring in sequence and in parallel, on multiple lev-
els, triggered by a main stimulus, e.g., hypoxia.

In response to hypoxia, the transcription factor hypoxia-
inducible factor 1 (HIF1) activates hundreds of genes [1], [2],
including vascular endothelial growth factor (VEGF). VEGF
proteins stimulate chemotaxis and proliferation in endothelial
cells (ECs) during capillary sprouting. There are seven known
isoforms of VEGEF, each with a different effect on cell behav-
ior, and ultimately, on vascular pattern formation [3]-[5].

Although VEGF is a main angiogenic growth factor, numer-
ous other proangiogenic factors exist, including fibroblast
growth factor, angiopoietin, tumor necrosis factor, and trans-
forming growth factor. The balance of proangiogenic factors
with antiangiogenic factors, e.g., endostatin, thrombospondin-1,
and angiostatin, controls the extent of microvascular growth.
At the onset of angiogenesis and throughout the process, cell
activation, cell migration, and cell proliferation are a function
of local growth factor concentrations and gradients (Figure 1).
Furthermore, angiogenic sprouting also involves cell-matrix
interactions by a complex synergy of chemical and mechanical
cues. Matrix metalloproteinases (MMPs) are the key molecules
involved in the process of an activated cell proteolyzing its sur-
rounding extracellular matrix (ECM), forming a moving sprout
tip, and releasing ECM-bound factors as it migrates. Once a
capillary sprout develops, its fate is determined by the sur-
rounding vascular network and tissue: it can anastomose and
attach to adjacent vessels; it can retract; it can split or it can
branch. As sprouts form and connect, a new capillary network
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arises, eventually capable of carrying blood and bringing oxy-
gen to hypoxic regions.

To put the complexity of this process into perspective, at the
molecular level, various degrees and durations of hypoxia yield
different activity of HIF degradation enzymes, HIF synthesis
and reactive oxygen species (ROS), and hence oxygen sensitiv-
ity; there are three known isoforms of HIF, three main isoforms
of HIF prolyl hydroxylases (PHDs), seven isoforms of one
VEGF gene, five VEGF genes, five VEGF cell-surface recep-
tors [5], three isoforms of MMP2, one of the 26 MMPs [6], and
hundreds of peptides endogenous to the local matrix capable of
altering cell migration or proliferation. At the single and multi-
ple cell level, other ligand—-receptor combinations such as notch
and delta-like ligand 4 (DI14) change tip cell density and capil-
lary branching properties [7]. Furthermore, the position of a cell
on a capillary sprout determines what growth factor concen-
trations it sees, its activation and protein expression, and its
locomotive properties [8], [9]. In addition, while ECs are the
cellular focus for this review, pericytes, precursor cells, and
stromal cells, among others, play important roles in cell signal-
ing, growth factor production, EC movement, vessel stability
and capillary permeability [10]. Finally, tissue composition and
heterogeneity ultimately determine network structure, and para-
crine signaling from different organs and organ systems, blood
flow, inflammatory response, and lymphatics can alter angio-
genesis [10]. Not only is multiscale modeling a useful tool in
determining how these factors interact, deciphering new experi-
mental findings in angiogenesis and proposing new experi-
ments, one could argue it is an essential tool to truly understand
a process of such biological complexity.

Modeling Approaches

Before describing modeling approaches, we first define what
we mean by multiscale modeling. In our context, it is computa-
tional modeling across levels of biological organization, with
respect to space or time. We revolve our discussion around four
main biological spatial levels: molecule (subcellular), cell, tis-
sue, and organ system. For further explanation of multiscale,
recent reviews have been devoted to defining multiscale in bio-
logical systems, and offered detailed critiques of linking
between scales [11], [12]. Here we focus strictly on multiscale
models of angiogenesis and their integration.

MARCH/APRIL 2009

Authorized licensed use limited to: IEEE Xplore. Downloaded on April 3, 2009 at 19:21 from IEEE Xplore. Restrictions apply.



The basis of this review is molecular models and how multi-
scale modeling emerges from their development. However,
even before VEGF or HIF1 or the MMPs were isolated and
characterized, computational modeling of microvascular
growth had begun. Mathematical representations of angiogen-
esis date to the 1970s and earlier, and some of the first models
used differential equations to represent a generic growth factor
as a chemotactic stimulus, produced and released by a tumor
mass, and inducing growth of vessels into the tumor [13]—
[15]. Models have since included detailed equation-based net-
work models of tumor-induced angiogenesis [16], a model of
capillary growth in a corneal pocket assay [17], molecular
level interactions of VEGF and its receptors coupled to vessel
oxygenation [18], a cell-level rule-based model of network
growth in mesenteric tissue [19], Potts models of angiogenic
and vasculogenic growth [20], [21], network formation stem-
ming from capillary movement through a matrix composed of
aligned collagen fibers [22], VEGF-driven angiogenic growth
applied to a vascular engineering construct environment [23],
among many others [24]-[26]. Each model brings a new
perspective on the biological phenomenon behind neovascula-
rization, and together, they give insight on the multiple condi-
tions affecting angiogenesis and the multiple conditions
affected by angiogenesis. Here, we describe angiogenic proc-
esses modeled at different biological scales, introduce diverse
types of computational models, report on progress toward
integrating multiscale representations, and summarize exam-
ples of multiscale model applications from work in our labora-
tory and from other investigators in the field. In this brief
review, we do not attempt to cover

discrete objects [19], [20], [27]-[29] and growth factor gra-
dients may be discretized from continuous equations. The
utility of hybrid approaches is being explored with emerging
multiscale models that can couple previously developed
detailed, differential equations with discrete representations of
growth factors, cells, ECMs or tissues. A benefit of the hybrid
approach is that it is intrinsically designed with modularity,
whereas continuous models may need significant internal code
changes, e.g., to introduce a new molecular compound in-
volved in binding reactions, and for example, discrete models
may introduce error in their assumption that cells are in a single
discrete state at every time step. Besides model integrative
properties, the biological levels of interest, the hypotheses
being tested, the availability and type of experimental data, and
spatial resolution determine the optimal methodology. Such
diverse approaches as fractals and wave equations have charac-
terized patterns in capillary formation and offered phenomeno-
logical hypotheses about the system that other methodologies
would be unable to capture. Logic-based models have also
emerged in angiogenesis and tumor growth models as a means to
represent biological processes as rules. Rules can be of any form
expressed logically or mathematically—equations, Boolean
rules, and probabilities are examples employed so far.

The degree of complexity introduced in angiogenesis models
can be designed to parallel or extend beyond the biological resolu-
tion attainable by experiments. High model resolution comes at
the cost of requiring exhaustive literature searches or experimen-
tal comparisons and parameter analysis. Like other models, all
multiscale modeling approaches risk under- or overfitting of

all existing models of angiogenesis
nor provide a comprehensive analy-
sis of multiscale modeling approaches.
Throughout the text and in the conclud-
ing summary, we list several additional
resources and reviews that delve deeper
into subjects covered in this article.

Angiogenesis

Multiscale Modeling

Table 1 highlights the models of
angiogenesis and their properties
across the molecular, cellular, tissue,
and organ system levels. Reaction
and reaction-diffusion-based differ-
ential equation approaches using the
continuum approximation so far
have the dominated models of angio-
genesis; they are the first method to
have been used at all four biological
scales. In areas where differential
equations have limited utility, other
methodologies have been intro-
duced. Discrete models have the

benefit of being able to represent
biological components as single,
complete entities with guiding prop-
erties and rules that can be independ-
ent of adjacent compartments—this
has been primarily applied at the
cellular level, where cells are the

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE

Fig. 1. Schematic of processes involved in angiogenesis. 1) Hypoxia-inducible factor 1
(HIFT) is upregulated in a hypoxic cell. HIF1 activates the franscription of vascular
endothelial growth factor (VEGF), which is then secreted by the cell. 2) VEGF-VEGFR
binding on the capillary surface. 3) Vessel permeability changes. 4) An activated EC
(the tip cell) starts to break down the basement membrane. 5) Stalk cells proliferate
behind the tip cell. 6) The leading edge of the moving sprout releases MMPs which
proteolyze the surrounding extracellular matrix, allowing the cell fo migrate.
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parameters. This effect is
most relevant to multiscale,
integrative modeling, where
error could be propagated
between models and across
scales. That said, benefits of
model integration outweigh
costs. Existing models ap-
proach different pieces of the
angiogenic process (Figure 1):
blood flow to oxygen trans-
port, hypoxic sensing to growth
factor secretion, growth factor
signaling to cell migration
and proliferation, and neovas-
cular formation to new capil-
lary networks. Figure 2 shows
current modules developed in
our laboratory, and the aim
and breadth of possible inte-
gration. Later, we introduce
these angiogenesis models,
describe their applications at
different biological levels, and
discuss routes for combining
their predictive abilities.
Throughout this article, la-
beled schematics are used to
illustrate the design of the
models, while graphs high-
light results, and other fig-
ures show computational
predictions of vessel proper-
ties. So far, most angiogene-
sis models are neither highly
integrative nor used outside
a single laboratory. It is the
aim of this article to foster
integration of many existing
and future models with the
work described here.

Blood Flow and

Oxygen Transport

Most commonly, angiogenesis
starts where there is insuffi-
cient blood flow to meet a tis-
sue’s metabolic demand for
oxygen. Models of microvas-
cular blood flow and oxygen
transport have been described
in numerous publications
from different laboratories. A
recent review on the subject
describes the state of the art
in the field [30]. Briefly, a
three-dimensional (3-D) geo-
metrical model of a micro-
vascular network in a tissue
volume is constructed. Given
appropriate boundary condi-
tions (pressure or flow),

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE

VEGF

Module

- ..

Molecular Level

MMP
Module

Cell
Blood-Flow Module

Module

FGF
Module

Tissue

Level Organ

System

O, Transport
Level

Module

" Tissue
Geometry
Module

Parameter
Databases

(a)

Tissue
Geometry
Module

Parameter

Controller or Integrator

—

Cell

Module Module

Input: Geometry Input: Geometry,  Input: Geometry,  Input: Geometry

Output: Blood Flow Flow Oxygen [VEGF]

Model Type: Output: Oxygen Qutput: [VEGF] Output: Modified

Algebraic Equations  Levels Model Type: PDE  Geometry
Model Type: PDE Model Type:

Agent Based
(b)

Fig. 2. Schematics illustrating the design and implementation of multiscale models of angio-
genesis. (a) Proposed integration of angiogenesis modules developed in our laboratory. Cur-
rent modules are shown in rectangles, placed spatially on the ring representing the main
biological level the models address. An integrator is being developed to regulate scheduling
and data passing between any two or more models. A database stores parameters such as
kinetic rates, organized by conditions and microenvironment (e.g., in vivo, ischemic). (b) A
flow diagram showing the integration of four models currently being developed. The controller
(a type of integrator) passes all data, runs programs, and controls scheduling.
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blood flow and hematocrit distribution can be calculated
throughout the network by solving a set of nonlinear algebraic
equations for pressure at the network nodes (bifurcations) and
blood flow rate and hematocrit in the vascular segments. An
example of such computer simulations is shown in Figure 3
(modified from [31]). Having simulated blood flow in the net-
work, convection-diffusion-reaction partial differential equa-
tions governing oxygen transport are solved numerically,
resulting in 3-D distribution of oxygen in the microvascular net-
work and surrounding tissue [32]. An example is given in Fig-
ure 4(b) for the skeletal muscle under normal and low-oxygen
exercising conditions (left panels). The calculated detailed
distribution of oxygen concentration provides a basis for mod-
eling cellular response to oxygen via HIF.

Oxygen to HIF1 Signaling

Transient Hypoxia: Molecular Level

Cellular response to oxygen hinges in large part on the tran-
scription factor HIF. HIF1, the first characterized member of
the HIF family, is a heterodimer composed of subunits HIF1«
and HIF1(3. The B subunit is constitutively expressed in cells.
Expression of the a subunit may be induced by a number of
pathways, and its degradation is highly sensitive to O, levels.
Called a master switch for hypoxic gene expression [1], [33],
intracellular HIF 1« is experimentally undetectable under nor-
moxic conditions; during hypoxia, it rapidly accumulates in
the cell nucleus and triggers gene expression. Hundreds of
genes associated with angiogenesis in cancer, exercise and
ischemia, energy metabolism, nutrient transport, cell cycle,
and cell migration are activated by HIF1 [1], [34].

Therapeutic Use of Molecular Cofactors

in the HIF1 Regulatory Pathway

Considering HIF1’s transcriptional activity, therapeutic regu-
lation of the HIF1 pathway presents an attractive way to con-
trol angiogenesis [35]-[39]. Cofactors in HIF1 degradation
are prime molecular level targets; these include PHDs, iron,
ascorbate, hydrogen peroxide, 2-oxoglutarate (20G), succi-
nate (SC), and von Hippel-Lindau protein [Figure 5(a)].

Computational modeling was used to test two possible molecu-
lar therapies in conditions of cellular hypoxia—therapies sup-
plementing with ascorbate alone, and the combination therapy
of supplementing with iron and ascorbate [Figure 5(b)] [40].
Both decreased HIF1a expression during hypoxia, and where
iron was in limited supply, the model showed that ascorbate
had a significant effect in modulating oxygen response and
HIF1a expression. The utility of ascorbate supplementation,
through its HIF1 hydroxylation role, has now been validated in
vivo and has been shown to inhibit tumor growth [41].

Chronic Hypoxia: Molecular Level

Hypoxia occurs in cancer, prolonged exercise, and long-term
ischemia with durations of several hours or more. Under these
conditions, the threshold of hypoxic response changes.
Mammalian cells exposed to chronic hypoxia (5% oxygen)
and then exposed to a lower level of oxygen (0.5%) are capa-
ble of showing a response consistent with acute hypoxia but
attenuated [42]. Additionally, hypoxic preconditioning con-
tributes to a limited hypoxic response in reoxygenated cells
[43] and shows protective effects in mammals exposed to
ischemia [44]. Hydroxylation enzyme synthesis and its effect
on degradation of HIFla contribute to this set point adjust-
ment [42], [43], [45], [46]. We computationally tested the
hypothesis that three feedback loops (HIF1a synthesis, PHD
synthesis, and SC production inhibition) work in combination
to tightly regulate the effects of chronic hypoxia via control of
HIFla degradation [47]. Results demonstrate that PHD, SC,
and HIFla feedback determine intracellular HIFla levels
over the course of hours to days. The model provides quantita-
tive insight critical for characterizing molecular mechanisms
underlying a cell’s response to long-term hypoxia.

Hypoxia, HIF1, and ROS

There are several hypotheses as to how ROS interact with the
HIF1 pathway and alter HIFla expression (recent related
reviews include [48], [49]). One possibility is that hydrogen
peroxide oxidizes ferrous iron (Fe?*) to its ferric form (Fe’™),
preventing the necessary binding of ferrous iron to the HIF1a
hydroxylation enzymes PHDs [50] [Figure 5(a)]. Another

@)

00E+00 20E-01 4.0E-01 6.0E-01 80E-01
(b)

Fig. 3. (o) Velocity and (b) hematocrit distributions for a representative 100 um by 100 um by 800 um capillary network in rat skeletal
muscle. The figure is adapted from (31) with permission from Elsevier, where the equation-based models representing blood flow
and oxygen tfransport are discussed. Average vessel geometries were approximated from skeletal muscle experiments, and a sto-
chastic algorithm based on geometric constraints was then used fo generate the set of capillaries shown, as described in (31).
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Fig. 4. Vascular endothelial growth factor and its receptors. (a) The VEGF ligandome consists of several products for each of
five genes; the VEGFR receptorome comprises five genes; and their inferactome is a result of the bivalency of the ligands
and the homo- and heterodimerization of the monomeric cell surface receptors. Further complexity not included in this dia-
gram includes the binding of some ligands to proteoglycans of the extracellular matrix, and the cell-released soluble
fruncated receptors that sequester ligands. (b) From left: The relationship between tissue oxygen levels; VEGF secretion from
muscle fibers; VEGF concentration in the extracelluar (interstitial) space; and VEGF receptor activation on the microvascula-
ture. The upper panels show moderate exercise, and the lower panels show moderate exercise with low inspired oxygen; in
the two cases, the vascular networks are the same because these results represent early signaling (before vascular remodel-
ing takes place). From left: Tissue oxygen, delivered to skeletal muscle tissue by the microvascular network; note higher oxy-
gen near vessels; VEGF secretion from muscle fibers (cylinders), upregulated in areas of low oxygen tension because of the
activation of hypoxia-inducible transcription factors; VEGF concentration in the interstitial space (between the muscle fibers),
nonuniform throughout the fissue, illustrating the existence of VEGF gradients due to microanatomical heterogeneity; and
lastly, distribution of VEGF receptor activation along the microvessels; note that the highest levels of activation correspond to
areas of lower oxygen density, and that the activation varies more perpendicularly to the capillaries than it does along the
vessels. Modified from (81).
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Fig. 5. Hypoxia-inducible factor 1 regulation and signaling. (a) The intracellular HIFT pathway. HIF1a hydroxylation and degra-
dation in the presence of oxygen involves the following: 1) the independent oxidation-reduction reactions of ascorbate
(Asc) and iron (Fe); 2) and 3) prolyl hydroxlyase 2 (PHD2) binding to Fe, 20G, and O,; 4a) PHD2 hydroxylation of HIF1«, involv-
ing 4b) production of the by-products SC and CO,; 5) unbound hydroxylated HIFTa moving in the cell cytoplasm; 6) the von
Hippel-Lindau (VHL)—elongin B (EB)-elongin C (EC) complex ubiquitinating HIF1e; and 7) HIF1a degradation. A color change
in HIFTa indicates addition of a hydroxyl group. In hypoxia, HIF1a enters the nucleus, where hydroxylation, but no degradation
occurs. 8) HIFTa-HIF18 binding occurs, and 9) the HIFT dimer can transcriptionally activate genes such as VEGF at the hypoxia
response element (HRE) site. 10) ROS such as H,O, also regulate HIF1. H,O, binds to Fe, changing it to its Fe** form, which
cannoft react in HIF hydroxylatfion. Developed computational models have modeled the HIF1a hydroxylation process using
chemical kinetics and differential equations. (b) Testing potential antiangiogenic strategies targeting HIF 1« hydroxylation dur-
ing normoxia and hypoxia. The effect on hydroxylation by addition of ascorbate or iron and ascrobate is shown for [O,] = 50
and 100 um. For [Fe”} > 5puM, the increase in hydroxylated HIFTa when [ASc], is increased from 1,000 to 2,000 pM, remains
0.02uM at both O, levels. For [Fez*} < 5uM, ascorbate supplementation can cause upwards of a 30% increase in HIF1a
hydroxylation. For each reaction, fime = 10 min. (¢) Model predictions for chronic hypoxia show a secondary peak in HIFT«
levels dependent on PHD2: HIFTa synthesis ratios. (d) Schematic showing the main regulators of HIFTa expression during
hypoxia, as proposed by the computational model including ROS and the metabolite SC. (e) A simplified diagram illustrating
stimuli modulating HIFT« in angiogenesis and HIFT signaling effects on VEGF and VEGFRs.
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change could be in the recruitment of ascorbate as a free radical
scavenger, preventing ascorbate from reducing ferric iron, or
preventing ascorbate from binding directly to the PHDs. If ROS
increase rather than decrease free Fe’", as suggested by some
experiments, HIF1a hydroxylation would instead increase [S1].
Additionally, 20G and SC are also compounds involved in
HIFla hydroxylation, whose concentrations could be altered
by free radicals and mitochondrial dysfunction [50]-[52]. A
fourth mechanism by which ROS could influence the HIF1
pathway is through changing the availability of oxygen to bind
directly to the PHDs or changing PHD phosphorylation. To
address these alternate mechanisms, and analyze possible com-
peting factors involved in pro- and antioxidant therapy in can-
cer and ischemia, we developed a computational model
describing the behavior of the HIF1 system in vivo and used it
to predict dynamics currently inaccessible at the molecular
level in vivo [Figure 5(d)] [47], [53]. Experimentally, ROS
have been shown to affect the HIF1 pathway through changes
in Hy,O,, Fe?t, Asc, 20G, or SC levels [50], [54], and mecha-
nisms involving these compounds were the focus of the study.
The computational model results justified the hypothesis that
ROS work by two opposite ways on the HIF1 system. Results
of the model predicted the following: 1) ROS up- and downre-
gulate HIF1, through modulation of PHD?2 levels; 2) ROS have
a differential effect in tumor cells versus cells in ischemic con-
ditions, leading to different apoptotic rates; and 3) cell apopto-
sis and H,0O, steady-state levels are highly dependent on
extracellular HO, levels and largely independent of initial
intracellular H,O, levels during hypoxia.

HIF1 Intracellular Signaling to VEGF Regulation

Although HIF1 has been discussed in the context of molecular
interactions so far, it is equally important to describe known
and hypothesized effects of HIF1 signaling in angiogenesis. A
network representation of HIF1 signaling as it relates to VEGF
is shown in Figure 5(e). The schematic shows the four ways by
which HIF1a protein is regulated during angiogenesis: oxygen,
ROS, PHDs, and protein kinase signaling through PI3K. These
four mechanisms are simplified in the diagram; multiple path-
ways interconnect them, which are highly dependent on the rel-
ative levels of each compound. HIFla protein, upon being
phosphorylated, enters the nucleus and binds to HIF13. This
dimer is known to bind to the hypoxic response element of
VEGF, VEGFR1, and GLUT1 genes. Independently, hypoxia
can upregulate VEGFR2, while the ERK1/2 pathway has
recently been shown to upregulate VEGF-VEGFRI1 binding
and signaling, which leads to a positive feedback upregulating
ERK1/2 and HIF1 [55]. There are additional feedbacks at multi-
ple levels (not shown), including HIF1 autocrine upregulation
and downregulation of HIF1 when angiogenesis effectively
increases oxygen supply. Furthermore, glucose metabolism and
GLUT1 are hypothesized to have effects on VEGF and its
receptors, both in terms of protein concentrations and signaling.
The signaling discussed so far is autocrine signaling, e.g., in a
cancer cell, in a skeletal muscle during exercise, or even in ECs
during angiogenesis; beyond this, there could be paracrine sig-
naling, where, for example, VEGF levels secreted from an adja-
cent tissue upregulate the expression of kinases or HIF1 within
ECs. Although the experimental basis for the HIF1-VEGF con-
nectivity is being explored, computational modeling in parallel
can highlight which pathways dominate under different physio-
logical conditions and predict dynamics of the interactions
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during neovascularization. At the network level, a Boolean-
based or thresholding approach to the kinetics, where detailed
quantitative binding and signaling information is unavailable,
can offer a means to characterize feedbacks. Once this signaling
is well established, it would provide a critical, detailed link
between molecular-based models of hypoxic sensing and
VEGF secretion during angiogenesis. Having briefly men-
tioned this desired integration, later we summarize intricate,
molecular-based models of VEGF and a multiscale simulation
of VEGF distribution and signaling in skeletal muscle.

VEGF Distribution and VEGFR Activation,

from Molecules to Whole Body

The VEGF family of ligands comprises five genes, each encod-
ing multiple secreted cytokines translated via alternative splicing
[56]. The expression of these genes is regulated by many micro-
environmental stresses, including hypoxia [57]. The five genes
encoding cell-surface VEGF receptors are three receptor tyrosine
kinases (VEGFR-1, -2, and -3) and two largely nonsignaling cor-
eceptors, neuropilin-1 and -2 [58], [59]. Neuropilins appear to
increase binding of VEGF isoforms to VEGFR2 but decrease
binding to VEGFR1 [60], [61]. In addition, heparan sulfate pro-
teoglycans have been shown to be central to VEGF binding to all
of these receptors [62]-[64].

Cell Signaling Is Regulated by Multiple VEGF
Receptors Competing for Multiple Ligands
The VEGEF receptor system transduces proliferation, migration,
and survival signals. Cell behavior will therefore depend on a
combination of VEGF ligand concentrations (and their receptor
characteristics) and the receptor densities (e.g., VEGFR2 ini-
tiates proangiogenic signals; VEGFR1 modulates it). VEGF
ligands bind multiple VEGF receptors (some simultaneously,
some competitively), and receptors can bind multiple ligands
(competitively, one per receptor monomer). The combination
of simultaneous and competitive receptor—ligand interactions
leads to complex and interesting behavior that is best studied
with the aid of molecular-based computational models.
Placental growth factor (PIGF), the product of one of the
VEGF genes (plgf) has been shown to potentiate the effects of
VEGEF (in this context, the products of the vegfa gene) on the
migration, proliferation, and survival of cultured ECs [65].
Unlike VEGF, PIGF binds VEGFR1 but not VEGFR2.
VEGFR1 was thought at one time not to transduce signals,
largely because of its low kinase activity (relative to that of
VEGFR?2) [66] and the lack of developmental impact in remov-
ing the kinase domain [67]. A working hypothesis for the PIGF-
VEGF synergy was formed: PIGF displaced VEGF from the
dummy receptor VEGFR1, and the released VEGF bounded to
VEGFR?2 and increased its signaling. We constructed a compu-
tational model of in vitro cell culture experiments to simulate
the binding of VEGF and PIGF to cell-surface receptors and re-
create, in silico, the experiments that demonstrated synergy
[65], [68]. The results of the simulations showed that under the
conditions used, PIGF did displace VEGF from VEGFR1, but
that no significant change in VEGFR2 binding and signaling
should occur, because of the large pool of VEGF present in the
cell culture media. Our alternate hypothesis for PIGF-VEGF
synergy, that PIGF and VEGF cause differential signaling of
VEGFRI1, was experimentally validated [69]. Note that this
does not preclude PIGF functioning to shift VEGF from
VEGFR1 to VEGFR?2 in other situations, e.g., in vivo.
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The utility of computational models in testing the hypothe-
ses of molecular mechanisms of action was further demon-
strated using an expanded model of in vitro experiments that
included the neuropilin-1 coreceptor and the two isoforms of
VEGF, VEGF)3; and VEGF¢5 [70]. These isoforms differ in
their ability to bind neuropilin-1, and using seven independent
sets of experiments from five groups of investigators, we vali-
dated a model of VEGF-neuropilin-VEGFR2 binding in
which VEGF s couples (acts as a bridge for) the two recep-
tors through distal binding sites. Neuropilin-1 had been sug-
gested as a target for anti-VEGF therapeutics, and an antibody
to neuropilin had been shown to inhibit ocular neovasculariza-
tion [71]. From our simulations, it appeared that the inhibition
of VEGFR2 activation caused by the antibody was beyond
that possible by blocking of the neuropilin binding site for
VEGF. Instead, the simulations confirmed an alternate
hypothesis that matched the published data: the antibody did
not interfere with VEGF-neuropilin binding but rather with
the VEGFR2-neuropilin coupling, and this makes it poten-
tially significantly more effective as a therapeutic [70], [72].

The bivalent ligand—monovalent receptor building block of
the VEGF interactome [Figure 4(a)] leads to the formation of
six receptor complexes (homo- and heterodimers) from the
three receptor tyrosine kinases. This results in nine distinct
signaling initiation points; for example, the activation of
VEGFRI1 by the kinase domain of VEGFR2 or of VEGFR3
results in a phosphorylation profile of VEGFRI1 that is differ-
ent from that resulting from activation by another VEGFR1
[73]. Moreover, the ability of different ligands to alter the acti-
vation of each receptor and the need for computational models
become even more clear. Heterodimeric receptors have been
shown to be important experimentally and are predicted by
simulations to be prevalent [74] even to the exclusion of cer-
tain homodimers [75].

Molecular Therapies Working at the

Tissue Level in VEGF-Dependent Diseases

The goal of building detailed molecular models of the VEGF
and VEGF receptor families is to design and test therapeutics
in silico for the many VEGF-dependent diseases. To this end,
we developed a compartmental model of tissues in vivo,
which includes multiple cell types (endothelial, myocytes,
tumor cells) [61], [72]. For these models, microanatomical
parameters are based on real tissues (e.g., surface areas of cell
types; blood volume and volume of interstitial spaces). Gra-
dients of VEGF are neglected here but simulated in other mod-
els described in the next section.

In cancer, inhibition of VEGF signaling is an active area of
therapeutic research—the first anticancer VEGF therapeutics
have recently been approved by the FDA, with more in the
pipeline. Some of these sequester VEGF; some sequester
VEGF receptors; others are small-molecule tyrosine kinase
inhibitors. With our detailed molecular model of the VEGF
system, we are able to make predictions of the efficacy of each
of these classes of drugs. We tested three therapeutics target-
ing neuropilin-1: knockdown of neuropilin expression (e.g. by
siRNA); peptide blockade of VEGF binding to neuropilin; and
blockade of VEGFR2-neuropilin coupling [72]. The models
predicted that, in tumors, the efficacy of the first two of these is
heavily dependent on the microenvironment, specifically, the
level of expression of the VEGF receptors VEGFRI1 and
VEGFR2 on the tumor vasculature. The third one was predicted
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to be effective in many tumors that the others were not. This
impact of microenvironmental conditions (e.g., receptor expres-
sion) on therapeutic design or selection is a particularly useful
direction for computational modeling. We note that, in physio-
logical and pathological conditions, blood flow may change
receptor expression and growth factor distribution in the tissue
over time. In the models discussed here for integration, blood
flow indirectly affects capillary structure (new sprouts, branch-
ing and vessel diameter changes are output of the cell-based
module), which in turn affects receptor distribution (neuropilin,
VEGFR1, and VEGFR2) and VEGEF distribution in the tissue.
Direct effects of blood flow (e.g., shear stress) on receptor
expression or VEGF distribution are not yet considered.

Unlike cancer, ischemic diseases may be tackled using strat-
egies to increase VEGF signaling to restore blood flow to
hypoxic regions. VEGF gene and protein delivery has not so
far realized its expected success in either coronary or periph-
eral artery disease (CAD and PAD) [76]-[78]. Exercise has
been shown to be effective for some PAD patients; in exercise-
trained rats, both VEGF and its receptors are upregulated, and
thus we used a model of human skeletal muscle to test the
impact of increasing both VEGF and its receptors compared
with monotherapy of VEGF [61], [79]. The increase in VEGF
results in elevated signaling by both VEGFR1 and VEGFR2,
but VEGFR1 has been shown to be inhibitory or modulatory to
VEGFR2’s proangiogenic signaling. By increasing VEGFR2
or decreasing VEGFRI1 in concert with VEGF secretion
increases, the competition for VEGF binding leads to elevated
proangiogenic signaling and decreased antiangiogenic signal-
ing. This opens the possibility for using combination therapies
to mimic the beneficial effects of exercise, possibly in those
patients physically unable to undertake exertion.

Tissue Heterogeneity Driving

Oxygen-Dependent VEGF Gradients

The 3-D structure of tissues—with some cell types secreting
VEGF and others expressing the receptors that bind and inter-
nalize it—Ileads to the formation of gradients of the cytokine
throughout the tissue. These gradients have been hypothesized
to be important for the guidance of nascent angiogenic
sprouts. Each tissue in the mammalian body has a different
vascular structure; thus, detailed 3-D descriptions of each tis-
sue can give insight into VEGF gradients and how these would
affect vascular remodeling in that tissue.

We developed a 3-D model of the rat extensor digitorum
longus muscle that includes the myocytes (muscle fibers) and
the microvascular bed that supplies them with oxygen [Figure
4(b)] [18], [80]-[82]. For these simulations, VEGF secretion
by the myocytes is a function of the oxygen pressure in those
cells; the function is based on experimentally observed oxy-
gen-HIF-VEGF relationships. The capillaries are not uni-
formly spaced within the muscle, and this leads not only to
inhomogeneity of oxygen distribution but also of VEGF
receptor expression within the tissue. The result is a basal level
of VEGF gradients: approximately 3% change in VEGF con-
centration across 10 pm (representative of cellular scales) [18].
This gradient also results in a distribution of VEGFR2 activation
across the many vessels in the capillary bed; that is, if a threshold
of VEGFR?2 signaling is required for angiogenic sprouting, some
vessels can reach this threshold while others do not. The VEGF
gradient is increased locally by the incorporation of cells that over-
express VEGF (cell-based therapeutics) but is not significantly
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altered by the more homogenous gene therapeutic approaches to
increase VEGF secretion. Exercise, which upregulates both VEGF
secretion by myocytes and VEGF receptor expression on ECs,
increases VEGF gradients significantly.

From Tissue Expression to Whole-Body

Distribution of VEGF

VEGEF is present in all tissues in the body at different levels, as
well as in the blood. As indicated by an alternative name for
VEGEF, vascular permeability factor (VPF), it plays a role in
blood-to-tissue, and hence tissue-to-tissue, communication. For
normal breast tissue and skeletal muscle (the two tissues we
tested computationally so far), the experimentally measured
interstitial concentration of free VEGF is similar to the plasma
VEGEF concentration [83]-[85]. The whole-body distribution of
VEGF is of particular interest in disease, e.g., in the prediction of
deleterious side effects of systemic or regional VEGF-targeted
therapeutics. In the light of this, we have constructed a compart-
ment model comprising the blood compartment and normal and
diseased tissue compartments [86]. Many tumors produce and
release VEGF, resulting in the experimentally measured eleva-
tion of VEGF concentration in the blood [87]. This may disturb
the homeostasis of other tissues, as may the systemic delivery of
VEGF-sequestering agents such as bevacizumab.

Matrix Metalloproteinases

The rate-determining step for sprouting angiogenesis is the dis-
engagement of the natural barriers that restrict the migration of
the ECs into the neovascularized tissue [88]. These barriers are
composed of the structural elements of the basement mem-
brane and the ECM, comprising the different types of colla-
gens, either fibrillar (collagen I, II) or network forming
(collagen IV), elastic fibers, proteoglycans, and glycosamino-
glycans (GAGs) as well as various glycoproteins, the biochem-
ical glue for all of these components. Activated ECs overcome
the ECM barrier by initiating a biochemical pathway that is
responsible for the proteolytic degradation of the structural ele-
ments. Growth factor stimulation of the ECs leads to the secre-
tion of ECM-digesting enzymes. Proteases are also secreted by
stromal cells and, in the case of tumor angiogenesis, by the sur-
rounding tumor cells. The production of proteases by these
cells can lead to profound changes in the structure of the sur-
rounding ECM, reducing the restrictive structural barriers and
allowing the migrating and proliferating ECs to penetrate avas-
cular or poorly vascularized tissue [66], [89], [90]. One well-
studied class of proteases is the MMPs.

MMPs: Regulation and Function
MMPs have been recognized as important proteolytic modula-
tors of the ECM, cytokines such as VEGF and bFGF [91]-{95],
cell-adhesion molecules, and signaling receptors [96]—[98].
Collectively, MMPs regulate the angiogenic processes of
sprout initiation [99], tube formation and stability [100], and
capillary regression. There are more than 25 known MMPs,
which can be subdivided based on their substrate specificity as
either collagenases (e.g., MMPs 1, 8, 13, MT1-MMP), gelati-
nases (MMPs 2, 9), or stromelysins (MMPs 3, 10, 11), and by
cellular localization as either diffusible or membrane-type
MMPs (MT-MMPs) [101].

In response to various angiogenic factors, both the expres-
sion and activation of MMPs are upregulated, and MMPs are
localized at the fronts of migrating cells. Because most of the
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diffusible MMP species are synthesized as inactive zymogens,
with latency maintained by the enzymes’ propeptide domains,
proteolytic activity usually requires a bimolecular or multimo-
lecular proteolytic processing event in which the MMP prodo-
main is cleaved [101]. This proteolytic event can be carried
out by another, already-activated protease from the serine
protease or MMP families. The activation of MT1-MMP
occurs intracellularly at the trans-Golgi network. Among the
six MT-MMPs, MT1-MMP was the first to be identified as a
specific activator of pro-MMP2 (gelatinase A) at the cell sur-
face [102]. Activators of pro-MMP9 include active MMPs 2,
3, and 13, as well as the serine protease plasmin [103].

Additional regulation of MMP activity is mediated by the tis-
sue inhibitors of metalloproteinases (TIMPs), of which four
have been discovered (TIMP 1-4) [104]. TIMPs are a family of
low-molecular-weight (20-30 kDa) proteins that bind primarily
to the active forms of MMPs, both surface localized and diffusi-
ble, and inhibit their proteolytic activity. Despite their inhibi-
tory role for active MMPs, TIMPs may assist in pro-MMP
activation by facilitating the interaction between a pro-MMP
and an active MMP. For example, TIMP2 can act both as an
activating adaptor for pro-MMP2 and as an inhibitor of MT1-
MMP. In order for pro-MMP?2 to be activated, it must bind to a
preformed MT1-MMP:TIMP2 complex, which acts as a cell-
surface receptor for pro-MMP2 [105]. Specifically, the active
amino-terminal domain of TIMP2 binds and inhibits the cata-
lytic domain of a free MT1-MMP, while the carboxy-terminal
domain of TIMP2 binds to the PEX domain of pro-MMP2.
Once pro-MMP2 is bound at the cell surface, a second TIMP2-
free MT1-MMP molecule serves as the activator and cleaves
the propeptide of pro-MMP2 in the receptor complex [105].
The requisite proximity of receptor and activator molecules is
accomplished by forming a homophilic complex involving the
PEX domain of MT1-MMP [106]. Because of TIMP2’s dual
role, increasing TIMP2 expression does not directly correlate
with inhibiting protease activity [107]. TIMP2 effectively plays
arole in modulating the localization of proteolytic activity from
the cellular surface (MT1-MMP) to the diffusible forms
(MMP2) [108]. These processes are illustrated in Figure 6. It is
important to note that TIMPs may also have MMP-independent
functions. For example, TIMP3 is known to directly interfere
with the binding of VEGF to VEGFR2.

Models of MMPs, Cell Migration, and VEGF Release

To delineate the ECM-digesting biochemical pathways as
well as the molecular mechanisms involved and the nature of
signaling during the cell migration, numerous in vitro systems
mimicking the natural tissue environment have been devel-
oped. These include the growth of ECs or blood vessel frag-
ments on two-dimensional (2-D) membranes, in 3-D type [
collagen matrices, and in Matrigel [109]. A common charac-
teristic of these in vitro systems is not only EC migration but
also the subsequent remodeling of the surrounding ECM. The
role of MMPs in sprout formation has also been directly
observed in vivo, for example, in ischemia-induced angiogen-
esis in rat skeletal muscle [99]. The role of basement mem-
brane penetration is primarily attributed to the type IV
collagenases (MMP2 and MMP9), while the proteolysis of
type I collagen in the ECM can be performed by any of the
fibrillar collagenases, MT1-MMP or MMP2. Despite a
volume of experimental data [66], [105], [110]-[113], there is
no integrated, quantitative model of ECM degradation and
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release of growth factors from the ECM. Our goal is to initiate
this effort (Figure 6). In our computational approach to study
angiogenesis, MMPs operate at the molecular scale to deter-
mine cellular level decisions and events. We have formulated
biochemically detailed models of the postsecretional regula-
tion of MMPs, including the processes of proMMP activation
and MMP inhibition by the TIMPs [107], [108], [114]. Our
kinetic models capture the dynamics of the MT1-MMP/
TIMP2/proMMP2 and MMP3/TIMP1/proMMP9 systems
under in vitro conditions [107], [114]. These models repro-
duce the biphasic dependence of MMP2 activation on TIMP2
as well as biphasic inhibition of MMP9 by TIMP1. These local
models are incorporated into cell-level geometrical models
and MMP secretion to provide spatial and temporal descrip-
tions of collagen proteolysis in the vicinity of a moving tip
cell. The MT1-MMP/TIMP2/proMMP2 system has the ability
to describe both the EC penetration of the basement mem-
brane as well as migration within the ECM. Ultimately, this
information is fed back to the cellular compartment to deter-
mine the migratory response of a sprout.

Currently, we are also developing models to recapitulate
the observed role of MMPs in the release of VEGF. VEGF can
bind to heparan sulfate GAGs in the basement membrane and
ECM proteoglycans. This pool of VEGF is biologically rele-
vant as it has been shown to be active either in its bound form
or as soluble molecules via proteolytic cleavage of VEGF or
the proteoglycan core proteins [115]. MMPs that can directly
cleave VEGF include MMPs -1, -3, -7, -9, -16, and -19 [94].
The proteolysis results in a VEGF isoform of 113 amino acids,

which exhibits similar angiogenic behavior to the VEGF)y;
isoform [94]. The released VEGF regulates the sprout patterns
and the resulting efficacy of tissue oxygenation, possibly as a
result of MMPs modulating both the mean levels of VEGF in
tissue as well as the VEGF spatial distribution.

Our kinetic models of MMP reaction networks tie into our
existing cell-level models to describe the role MMPs play in
sprout migration during angiogenesis. In a commonly ac-
cepted paradigm of sprouting angiogenesis, secreted VEGF
induced by hypoxia activates ECs to migrate up a VEGF
gradient into regions of hypoxic tissue to enable blood flow
and restore oxygen tension. MMPs are secreted by the ECs to
locally degrade the natural barriers that the activated cells
face. Proteases can also be derived from stromal, tumor, and
leukocytes such as neutrophils or macrophages [116]. The
migration of individual sprouts may thus be mediated by non-
specific events in the tissues undergoing angiogenesis as well
as localized sprout-dependent proteolysis.

Given the current in vitro and in vivo experimental data, the
exact role and cellular origin of MMPs (as well as their sub-
strates and end effects) under various physiological and patho-
logical angiogenic processes are not completely understood.
In muscle angiogenesis, MMPs are highly regulated by the
nature of the mechanical stimuli and the nature of the induced
ischemia. For example, exercise-induced ischemia seems to
have different characteristics than injury-induced or artery
ligation-induced ischemia. Specifically, in the latter, the pres-
ence of an inflammatory response may result in the migration
of neutrophils and macrophages; these cells secrete MMPs
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Fig. 6. Schematic showing the existing integrative MMP models, as applied to skeletal muscle angiogenesis. (a) lllustration of
the role of MMPs in sprouting angiogenesis. MMPs are involved in both the proteolysis of the structural components in the
extracellular matrix such as type | collagen as well as the release of VEGF bound to GAG chains in the heparan sulfate proteo-
glycans. (b) Schematic of MMP reactions involved in collagen proteolysis and VEGF release. Collagen proteolysis is conducted
by both MT1-MMP and MMP2, the latter which is also activated by MT1-MMP in the presence of TIMP2. VEGF release as a 113
amino-acid isoform can be performed by MMPs 1, 3, 7, 9, 16, 19, some or all of which may play a role in angiogenesis.
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and thereby alter the release of VEGF from the ECM [116].
The nonmigratory role of MMPs is much more complex and
uncertain than the role of MMPs in cell migration. Just as
MMPs can regulate VEGF levels in tissue, the products of
MMP-mediated proteolysis, e.g., angiostatin, can have an
antiangiogenic role [116]. Thus, the nonmigratory role of
MMPs is tissue- and situation-specific. Here, the role of
MMPs is deeply interconnected with that of its substrates,
both in terms of temporal and spatial localization.

Capillary Sprout Formation

The interaction of VEGF, MMPs, and the ECM at the molecu-
lar level set the stage for a series of events that can be
described at the cell level: tip cell activation; EC migration,
chemotaxis and haptotaxis, and cell proliferation. We used an
agent-based approach to develop a 3-D, computational model
to mimic cellular sprouting at the onset of angiogenesis [Fig-
ure 7(a)] [117]. The model is based on experimental work
compiled from extensive literature research and applied to
conditions that might occur in a 3-D in vitro setting. We repre-
sent physiological changes at the cell level; simulate in 3-D
assumptions behind cell activation, migration, elongation,
proliferation, and branching; and test cell level behavior in
response to different stimuli, focusing in the current model on
activation by a threshold change in VEGF and changes in D114
ligand presence. Individual cell behaviors (activation, elonga-
tion, migration, and proliferation) combine to produce a novel
capillary network, emerging out of combinatorially complex
interactions of single cells. Capillary formation can then be
characterized by branching, multiple sprouts, anastomosis,
looping, and regression. The cell-based model presents a 3-D
framework upon which the hypotheses about the tissue-level
effect of molecular and cell-level events are tested and quanti-
tatively characterize possible mechanisms underlying blood
vessel growth. A particular benefit of the rule- or event-based
modeling is the ability to easily produce in silico knockouts on
multiple biological levels. Here we give two examples—a
molecular level knockout of DIl4 ligand [Figure 7(b)] and
cell-level knockouts of individual cellular processes [Figure
7(c)]—and show their predicted effects on vessel growth.

DIll4 Knockouts

DIll4 is a transmembrane ligand for notch receptors, and it is
critical to vascular development. So important is DIl4, that
like VEGF, haploinsufficiency of the D14 gene is embryoni-
cally lethal in many mouse strains as a result of extensive
vascular defects [118]-[120]. D114 is primarily expressed in
ECs, and it is correlated to the local concentration of VEGF
[121] as well as to VEGF receptor concentrations; a blockade
of VEGF leads to a decrease of DII4 [122], while notch-delta
signaling downregulates VEGFR2 [123]. One study showed
that the presence of D114 reduced tip cell formation as a func-
tion of VEGF [124], and another demonstrated that notch sup-
pressed branching and proliferation at the sprout tip [118]. A
DIl4 deficiency causes an increase in sprout formation, but the
vessels appear nonproductive, with less capability of carrying
blood or reducing hypoxia in surrounding tissue [122]. Over-
expression of DI14 diminishes the growth of new sprout tips.
In the computational research presented here, we show the
effects of VEGF protein concentrations and D114 haploinsuffi-
ciency on ECs. We show how cell-level behavior alone con-
tributes to differences in capillary network formation, and the
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vascular networks resulting from the model appear similar in
vascular density, branching, and tortuosity to networks found
in D114 experiments [Figure 7(b)].

Event Knockouts

Using the computational model, in silico experiments were per-
formed that knocked-out events of migration, elongation or pro-
liferation of tip or stalk cells independently. The goal was to
test the contribution of each cellular parameter at the total ves-
sel level. Cumulative vessel length changes over time were used
for quantitative comparisons of the effect on capillary growth.
Results from the model are shown in Figure 7(c). In silico
experiment 4 is the positive control where all events are
allowed, while experiment 3 is the negative control, where there
is no migration, elongation, or proliferation beyond the initial
activation and tip cell formation. Cell elongation had a signifi-
cant effect on total vessel length [experiment 2, Figure 7(c)]. A
hypothesis of the model at the cellular level is that tip elonga-
tion is the stimulus for cell proliferation and migration; without
it, the cell may migrate to an extent, but will not proliferate until
stimulated. The event knockout in silico experiments also pre-
dict that stalk cell proliferation dominates tip cell proliferation
in determining total vessel growth, even during the first 24 h of
angiogenesis; experiment 1 is the in silico experiment where tip
cell proliferation is inhibited [Figure 7(c)].

Integration
The utility of the molecular-cell-level, rule-based model will
grow, as models are integrated within it, and the detailed rules
based on experiments are applied to specific in vivo physio-
logical conditions. Beyond mere integration, the goal is to
coordinate feedbacks (Figure 2). From blood flow to oxygen
transport, to hypoxic response to VEGF secretion, to cell sens-
ing, proteolyzing its matrix and migrating through the ECM to
cell proliferation, sprout formation and new vessel building,
and back. The first example of this integration includes four
models [Figure 2(b)]. An initial vascular network structure in
3-D is input into the model. This structure can be obtained
through quantitative descriptions or image analysis of micro-
vessels in specific tissues, such as muscle or tumor. Blood
flow and hematocrit throughout the vessels are then calcu-
lated, which leads to prediction of oxygen distribution. Using
an empirical correlation between oxygen pressure, HIF activa-
tion, and local VEGEF secretion levels, we can then predict the
VEGEF distribution in the tissue. VEGF concentrations and
gradients are in turn sensed by the ECs, and vessel growth can
result from cellular migration and proliferation. The formation
of new microvasculature starts the next round of calculations,
and the new structure is fed back into the blood-flow module.
Although this whole process could (and has) be modeled at
some level, the integration of the detailed molecular level
components with cellular resolution and network response
modules is what will make computational angiogenesis mod-
els powerful tools in understanding the complex biology and
dynamics of neovascularization. A goal is to coordinate angio-
genic models written in diverse languages and apply the
process to dynamically represent healthy and diseased vascular
conditions. The technical part of the integration revolves
around a unit called the controller, which provides the integra-
tion platform. The controller can link with the modules written
in different languages and pass the parameters between them.
Parameters include kinetics (e.g., rate constants) and physical
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Fig. 7. Schematics and figures for the cell-based module. (a) Schematic of the three-dimensional cell-based module. Capilla-
ries are represented by ECs. An example of a growing network with four capillaries is shown in the gray inset. Cells are divided
info segments. Each segment is represented by fwo nodes. Currently, cell sesgments are modeled as cylinders specified by a
length and radius (gray inset); an activated segment’s length and radius can change during a model run. The local environ-
ment surrounding a cell is defined in each voxel of the grid. In the present model, voxels contain values for the local VEGF
concentration. All cell sesgments have the capability of sensing what is located in the 26 voxels surrounding each of its nodes.
For every time step of the current model, this sensing is restricted o the leading node of the fip cell (red) and the adjacent
node (purple), shared by the fip and activated stalk segment. The local search for the highest growth factor gradient sur-
rounding the leading node of a tip cell determines the direction the sprout tip moves. (b) Effect of haploinsufficiency of DIl4
on blood vessel sprouting compared with control conditions, shown by visual output of the model. In the DIl4 knockout, total
vessel length is greater, while the vessels are more tortuous. (¢) Vessel length predicted by the model, 24 h after the onset of
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sprouting angiogenesis, for different in silico experiments using event knockouts. Experiment 4 is the positive control, where all
processes are allowed. Experiment 3 is the negative control, where only activation of tip cells occurs. Experiment 2 is where
cell elongation is restricted and all other processes are allowed; and in experiment 1, there is no fip cell proliferation, while all
other events occur.

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE

MARCH/APRIL 2009
Authorized licensed use limited to: IEEE Xplore. Downloaded on April 3, 2009 at 19:21 from IEEE Xplore. Restrictions apply.



parameters (e.g., 3-D tissue and vascular geometry). To mini-
mize error propagation during integration, parameter sensitiv-
ity analysis and potentially parameter optimization will be
performed on the individual models and independently on the
combined integrated model. The models will be validated for
their specific application with available tissue-, cell- and
molecular-specific literature data, and the output of the inte-
grated model will be compared to experiments. This multiscale
integration allows predictions across both temporal and spatial
scales, through an interactive hierarchy of molecular, cellular,
tissue, and organ system components, which is essential in
rational drug development and therapeutic regime design, and
will encourage numerous related experiments in parallel.

Perspectives and Conclusions
Computational models of angiogenesis so far have brought us a
critical quantitative perspective on the field, predicted cell migra-
tory speeds through different tissue matrices [108], allowed in
silico predictions of molecular- and cell-based therapies [18],
[40], [82], differentiated vasculature from cancerous brain tissue
from noncancerous sites [125], among other contributions.
Multiscale molecular-based modeling paves the way to a
future for integrative medicine, where we will be able to pre-
scribe optimal individualized therapeutic or nutritional regimes

based on molecular biomarkers for individual patients—for
example, using a blood sample or biopsy to computationally
predict whole body response. To reach this point, we need
highly evolved integration of models. This article aims to pro-
mote integration of angiogenesis-related models, both integra-
tion of the work described herein and many other existing and
future models. With this in mind, we conclude by highlighting
tools for multiscale modeling (Table 2) and briefly mentioning
areas for integrative, multiscale modeling that merit in-depth
discussion, but are limited to a few words and citations in this
paper: parameter sweeping, experimental comparisons, and
learning algorithms.

Dealing with a large number of parameters, some, if not most,
unknown experimentally, comes with the process of multiscale,
integrative modeling. Sophisticated, accurate, efficient means of
analyzing parameter sensitivity are starting to be applied in bio-
logical models and will likely become a requirement for rapid
progress in the field, as well as a means to help correlate model
parameters with experiments. Learning algorithms, too, limited
in their application to the field of angiogenesis, will likely
emerge as a means to keep programs updated and evolving as
new data become available—moreover, such algorithms could
be employed to better portray biological adaptation to disease
states and angiogenic development, as examples.

Multiscale Modeling Tools

Integrated databases
(outside NCBI)

Cell cycle database (136)
BRENDA enzyme database (137)

CellX cell type-specific training set database (138)

BioXBase (139)

Pathway daftabases (140), (141)

Markup languages and formalisms SBML (142)

CellML, AnatML, FieldML (143)
Sequential logic formalism (144)

Kohn maps (145)

Parameter analysis and model
comparisons

Sloppy parameter sensitivities (146)
Parameter extrapolation: metabolic network to dynamics (147)

Latin hypercube sampling in multiscale models (148)
Design optimization of network simulations, with parameter estimation (149)

Integrators and intfegration

Comparison of integration tools (150)

Functional inferactions in signaling and gene networks (151)

Computational resources

MIRIAM modeling annotation (152)

Systematic clinical-computational model integration (153)
SigPath information system (154)

JSim simulation interface

Quantitative cellular imaging review (155)

Gepasi biochemical simulation soffware (156)

Integrative multiscale projects
relevant to angiogenesis

IntBioSim: http://intbiosim.org/
Intfegrative Biology Project: http://www.integrativebiology.ox.ac.uk/

Physiome Project (12): http://www.physiome.org.nz/, http://www.physiome.org/
E-Cell Project (157): http://www.e-cell.org/ecell/

MSM Wiki: http://www.imagwiki.org/mediawiki/

VIABS Project: http://www.beaconprojects.org.uk/viabs.htm

Virtual Cell Project (158): http://www.vcell.org/

CompuCell3D (159): http://compucell3d.org

Recent reviews: multiscale and (
infegration
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Matrix metalloproteinases are the key

molecules involved in the process of an

activated cell proteolyzing its surrounding

extracellular matrix.

Integration of molecular mechanisms with cell- and organ-
level models allows investigators to study angiogenesis from per-
spectives in time and space that were once unattainable. As new
tools develop for the systematic validation, integration, visualiza-
tion, and adaptation of these models, the field of angiogenesis
heralds an era where modeling becomes an essential component
of rigorous experimental design and therapeutic advances.

Acknowledgments

This work was supported by NIH grants RO1 HL79653 and
R33 HLO087351, and NIH 1F32HLO085016-01 (Amina A.
Qutub). Feilim Mac Gabhann is currently supported by NIH
training grant T32 HL7284. We thank James Ji, Carmen Kut,
and Michael Yang for their contributions to this research, and
Mikhail Basilyan for his work on software development. We
also thank laboratory members Marianne Stefanini, Kejing
Chen, David Noren, Jacob Koskimaki, and Florence Wu for
numerous discussions and constructive suggestions, Florence
Wau for drawing Figure 1, and Nikolaos Tsoukias for provid-
ing Figure 3.

Amina A. Qutub graduated with a B.S.
degree in chemical engineering from Rice
University in 1999. She received her Ph.D.
degree in bioengineering from the Univer-
sity of California, Berkeley, and the Univer-
sity of California, San Francisco (UCSF), in
2004, under the mentorship of C. Anthony
Hunt. For her doctoral work, she researched
the blood-brain barrier, using computational and experimental
approaches. She is a postdoctoral fellow in biomedical engineer-
ing at Johns Hopkins University School of Medicine, under the
mentorship of Aleksander S. Popel. Her research focuses on
modeling hypoxic response and sprouting angiogenesis.

Feilim Mac Gabhann received a B.E. de-
gree in chemical engineering at University
College Dublin in 1997. He received his
Ph.D. degree in biomedical engineering at
Johns Hopkins University in 2007, under
the mentorship of Aleksander S. Popel. His
thesis work focused on computational
modeling of vascular endothelial growth
factor and its receptors. He is a postdoctoral fellow at the
University of Virginia Robert M. Berne Cardiovascular
Research Center, under the mentorship of Shayn M. Peirce-
Cottler and Thomas C. Skalak, where he is working on experi-
mental studies of angiogenesis and arteriogenesis.

Emmanouil D. Karagiannis received his B.E. degree in chemi-
cal engineering at Aristotle University of Thessaloniki, Greece in

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE

2001. He received his Ph.D. degree in bio-
medical engineering at Johns Hopkins Uni-
versity in 2008, under the mentorship of
Aleksander S. Popel. He is a postdoctoral
fellow in chemical engineering at Massa-
chusetts Institute of Technology, under the
mentorship of Robert S. Langer. His primary
research interests include the combination of
computational and high-throughput screening experimental meth-
odologies for the identification of bioactive peptides.

Prakash Vempati received his B.S. de-
gree in biomedical engineering at Johns
Hopkins University, where he started work
under Aleksander S. Popel, characterizing
the role of matrix metalloproteinase 9. He
5, is an M.S. candidate in biomedical engi-
%2 neering at Johns Hopkins University School
of Medicine, under the mentorship of
Aleksander S. Popel. His research focuses on the kinetic
characterization of matrix metalloproteinase systems as well
as their interactions with vascular endothelial growth factor to
elucidate their roles in angiogenesis.

Aleksander S. Popel is a professor of
biomedical engineering at Johns Hopkins
University School of Medicine. His research
interests are in systems and computational
biology, microcirculation and angiogenesis.
He is a fellow of the American Institute of
Medical and Biological Engineering, Ameri-
can Heart Association, American Physiologi-
cal Society, and American Society of Mechanical Engineers, and
an inaugural fellow of the Biomedical Engineering Society. He
has been a member of several editorial and review boards of bio-
logical and biomedical engineering journals, such as Annals of
Biomedical Engineering, American Journal of Physiology, Micro-
circulation, Microvascular Research, and Cellular and Molecular
Bioengineering. He is cochair of the Physiome and Bioengineer-
ing Committee of the International Union of Physiologica.

Address for Correspondence: Amina A. Qutub, Department
of Biomedical Engineering, School of Medicine, Johns Hop-
kins University, 613 Traylor Building, 720 Rutland Avenue,
Baltimore, MD 21205 USA. E-mail: aqutub@jhu.edu.

References

[1] G. L. Semenza, “Hydroxylation of HIF-1: Oxygen sensing at the molecular
level,” Physiology, vol. 19, pp. 176-182, 2004.

[2] B. H. Jiang, G. L. Semenza, C. Bauer, and H. H. Marti, “Hypoxia-inducible
factor 1 levels vary exponentially over a physiologically relevant range of O, ten-
sion,” Am. J. Physiol., vol. 271, no. 4, pp. C1172—C1180, 1996.

MARCH/APRIL 2009

Authorized licensed use limited to: IEEE Xplore. Downloaded on April 3, 2009 at 19:21 from IEEE Xplore. Restrictions apply.



[3] Y. Yamazaki and T. Morita, “Molecular and functional diversity of vascular
endothelial growth factors,” Mol. Divers., vol. 10, no. 4, pp. 515-527, 2006.

[4] R. Roskoski, Jr., “Vascular endothelial growth factor (VEGF) signaling in
tumor progression,” Crit. Rev. Oncol. Hematol., vol. 62, no. 3, pp. 179-213, 2007.
[5] F. Mac Gabhann and A. S. Popel, “Systems biology of vascular endothelial
growth factors,” Microcirculation, vol. 15, no. 8, pp. 715-738, 2008.

[6] C. Amalinei, I. D. Caruntu, and R. A. Balan, “Biology of metalloprotei-
nases,” Rom. J. Morphol. Embryol., vol. 48, no. 4, pp. 323-334, 2007.

[7] G. Thurston, I. Noguera-Troise, and G. D. Yancopoulos, “The delta paradox:
DLLA4 blockade leads to more tumour vessels but less tumour growth,” Nat. Rev.
Cancer, vol. 7, no. 5, pp. 327-331, 2007.

[8] A. F. Siekmann, L. Covassin, and N. D. Lawson, “Modulation of VEGF signal-
ling output by the Notch pathway,” Bioessays, vol. 30, no. 4, pp. 303-313, 2008.
[9] M. T. Holderfield and C. C. Hughes, “Crosstalk between vascular endothelial
growth factor, notch, and transforming growth factor-beta in vascular morphogen-
esis,” Circ. Res., vol. 102, no. 6, pp. 637-652, 2008.

[10] R. H. Adams and K. Alitalo, “Molecular regulation of angiogenesis and lym-
phangiogenesis,” Nat. Rev. Mol. Cell Biol., vol. 8, no. 6, pp. 464-478, 2007.

[11] J. Southern, J. Pitt-Francis, J. Whiteley, D. Stokeley, H. Kobashi, R. Nobes,
Y. Kadooka, and D. Gavaghan, “Multi-scale computational modelling in biology and
physiology,” Prog. Biophys. Mol. Biol., vol. 96, no. 1-3, pp. 60-89, Jan.—Apr. 2008.
[12] P. J. Hunter and T. K. Borg, “Integration from proteins to organs: The Physi-
ome Project,” Nat. Rev. Mol. Cell Biol., vol. 4, no. 3, pp. 237-243, 2003.

[13] A. S. Deakin, “Model for initial vascular patterns in melanoma transplants,”
Growth, vol. 40, no. 2, pp. 191-201, 1976.

[14] D. Balding and D. L. McElwain, “A mathematical model of tumour-induced
capillary growth,” J. Theor. Biol., vol. 114, no. 1, pp. 53-73, 1985.

[15] M. Chaplain and A. Anderson, “Mathematical modelling of tumour-induced angio-
genesis: Network growth and structure,” Cancer Treat. Res., vol. 117, pp. 51-75, 2004.
[16] M. A. Chaplain, S. R. McDougall, and A. R. Anderson, “Mathematical modeling
of tumor-induced angiogenesis,” Annu. Rev. Biomed. Eng., vol. 8, pp. 233-257, 2006.
[17] S. Tong and F. Yuan, “Numerical simulations of angiogenesis in the cor-
nea,” Microvasc. Res., vol. 61, no. 1, pp. 14-27, 2001.

[18] F. Mac Gabhann, J. W. Ji, and A. S. Popel, “Computational model of vascu-
lar endothelial growth factor spatial distribution in muscle and pro-angiogenic cell
therapy,” PLoS Comput. Biol., vol. 2, no. 9, p. 127, 2006.

[19] S. M. Peirce, E. J. Van Gieson, and T. C. Skalak, “Multicellular simulation
predicts microvascular patterning and in silico tissue assembly,” FASEB J.,
vol. 18, no. 6, pp. 731-733, 2004.

[20] A. L. Bauer, T. L. Jackson, and Y. Jiang, “A cell-based model exhibiting
branching and anastomosis during tumor-induced angiogenesis,” Biophys. .,
vol. 92, no. 9, pp. 3105-3121, 2007.

[21] R. M. Merks, S. V. Brodsky, M. S. Goligorksy, S. A. Newman, and
J. A. Glazier, “Cell elongation is key to in silico replication of in vitro vasculo-
genesis and subsequent remodeling,” Dev. Biol., vol. 289, no. 1, pp. 44-54, 2006.
[22] S. Sun, M. F. Wheeler, M. Obeyesekere, and C. W. Patrick, Jr., “A deter-
ministic model of growth factor-induced angiogenesis,” Bull. Math. Biol., vol. 67,
no. 2, pp. 313-337, 2005.

[23] E. Jabbarzadeh and C. F. Abrams, “Strategies to enhance capillary formation inside
biomaterials: A computational study,” Tissue Eng., vol. 13, no. 8, pp. 20732086, 2007.
[24] L. Olsen, J. A. Sherratt, P. K. Maini, and F. Arnold, “A mathematical model
for the capillary endothelial cell-extracellular matrix interactions in wound-healing
angiogenesis,” IMA J. Math. Appl. Med. Biol., vol. 14, no. 4, pp. 261-281, 1997.
[25] K. Bentley, H. Gerhardt, and P. A. Bates, ““Agent-based simulation of notch-
mediated tip cell selection in angiogenic sprout initialisation,” J. Theor. Biol.,
vol. 250, no. 1, pp. 25-36, 2008.

[26] X. Zheng, S. M. Wise, and V. Cristini, “Nonlinear simulation of tumor
necrosis, neo-vascularization and tissue invasion via an adaptive finite-element/
level-set method,” Bull. Math. Biol., vol. 67, no. 2, pp. 211-259, 2005.

[27] E. Jabbarzadeh and C. F. Abrams, “Simulations of chemotaxis and random motil-
ity in 2D random porous domains,” Bull. Math. Biol., vol. 69, no. 2, pp. 747-764, 2007.
[28] A. R. Anderson and M. A. Chaplain, “Continuous and discrete mathematical mod-
els of tumor-induced angiogenesis,” Bull. Math. Biol., vol. 60, no. 5, pp. 857-899, 1998.
[29] C. L. Stokes and D. A. Lauffenburger, ““Analysis of the roles of microvessel
endothelial cell random motility and chemotaxis in angiogenesis,” J. Theor. Biol.,
vol. 152, no. 3, pp. 377-403, 1991.

[30] D. Goldman, ‘“Theoretical models of microvascular oxygen transport to tis-
sue,” Microcirculation, to be published.

[31] N. M. Tsoukias, D. Goldman, A. Vadapalli, R. N. Pittman, and A. S. Popel, “A
computational model of oxygen delivery by hemoglobin-based oxygen carriers in three-
dimensional microvascular networks,” J. Theor. Biol., vol. 248, no. 4, pp. 657-674, 2007.
[32] J. W. Ji, N. M. Tsoukias, D. Goldman, and A. S. Popel, “A computational
model of oxygen transport in skeletal muscle for sprouting and splitting modes of
angiogenesis,” J. Theor. Biol., vol. 241, no. 1, pp. 94-108, 2006.

[33]1 F. L. Powell, “Functional genomics and the comparative physiology of
hypoxia,” Annu. Rev. Physiol., vol. 65, pp. 203-230, 2003.

[34] G. L. Wang, B. H. Jiang, E. A. Rue, and G. L. Semenza, “Hypoxia-inducible
factor 1 is a basic-helix-loop-helix-PAS heterodimer regulated by cellular O, ten-
sion,” Proc. Natl. Acad. Sci. USA, vol. 92, no. 12, pp. 5510-5514, 1995.

[35] R. E. Airley and A. Mobasheri, “Hypoxic regulation of glucose transport,
anaerobic metabolism and angiogenesis in cancer: Novel pathways and targets for
anticancer therapeutics,” Chemotherapy, vol. 53, no. 4, pp. 233-256, 2007.

[36] O. Algawi, M. Moghaddas, and G. Singh, “Effects of geldanamycin on HIF-
la mediated angiogenesis and invasion in prostate cancer cells,” Prostate Cancer
Prostatic Dis., vol. 9, no. 2, pp. 126-135, 2006.

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE

[37] M. C. Brahimi-Horn and J. Pouyssegur, “Harnessing the hypoxia-inducible factor in
cancer and ischemic disease,” Biochem. Pharmacol., vol. 73, no. 3, pp. 450-457, 2007.
[38] J. A. Garcia, “HIFing the brakes: Therapeutic opportunities for treatment of
human malignancies,” Sci. STKE, vol. 2006, no. 37, p. 25, 2006.

[39] G. L. Semenza, “Development of novel therapeutic strategies that target
HIF-1," Expert Opin. Ther. Targets, vol. 10, no. 2, pp. 267-280, 2006.

[40] A. A. Qutub and A. S. Popel, “A computational model of intracellular oxy-
gen sensing by hypoxia-inducible factor HIF1 alpha,” J. Cell Sci., vol. 119,
pp. 3467-3480, 2006.

[41] P. Gao, H. Zhang, R. Dinavahi, F. Li, Y. Xiang, V. Raman,
Z. M. Bhujwalla, D. W. Felsher, L. Cheng, J. Pevsner, L. A. Lee, G. L. Semenza,
and C. V. Dang, “HIF-dependent antitumorigenic effect of antioxidants in vivo,”
Cancer Cell, vol. 12, no. 3, pp. 230-238, 2007.

[42] S. Khanna, S. Roy, M. Maurer, R. R. Ratan, and C. K. Sen, “Oxygen-
sensitive reset of hypoxia-inducible factor transactivation response: Prolyl hydrox-
ylases tune the biological normoxic set point,” Free Radic. Biol. Med., vol. 40,
no. 12, pp. 2147-2154, 2006.

[43] G. D’Angelo, E. Duplan, N. Boyer, P. Vigne, and C. Frelin, “Hypoxia up-regulates
prolyl hydroxylase activity: A feedback mechanism that limits HIF-1 responses during
reoxygenation,” J. Biol. Chem., vol. 278, no. 40, pp. 38183-38187, 2003.

[44] F. R. Sharp, R. Ran, A. Lu, Y. Tang, K. I. Strauss, T. Glass, T. Ardizzone,
and M. Bernaudin, “Hypoxic preconditioning protects against ischemic brain
injury,” NeuroRx, vol. 1, no. 1, pp. 26-35, 2004.

[45] D. P. Stiehl, R. Wirthner, J. Koditz, P. Spielmann, G. Camenisch, and
R. H. Wenger, “Increased prolyl 4-hydroxylase domain proteins compensate for
decreased oxygen levels. Evidence for an autoregulatory oxygen-sensing system,”
J. Biol. Chem., vol. 281, no. 33, pp. 23482-23491, 2006.

[46] N. M. Jones, E. M. Lee, T. G. Brown, B. Jarrott, and P. M. Beart, “Hypoxic
preconditioning produces differential expression of hypoxia-inducible factor-la
(HIF-1a) and its regulatory enzyme HIF prolyl hydroxylase 2 in neonatal rat
brain,” Neurosci. Lett., vol. 404, no. 1-2, pp. 72-77, 2006.

[47]1 A. A. Qutub and A. S. Popel, “Three autocrine feedback loops determine
HIFla expression in chronic hypoxia,” Biochim. Biophys. Acta, vol. 1773,
no. 10, pp. 1511-1525, 2007.

[48] J. Pouyssegur and F. Mechta-Grigoriou, “Redox regulation of the hypoxia-
inducible factor,” Biol. Chem., vol. 387, no. 1011, pp. 1337-1346, 2006.

[49] R. D. Guzy and P. T. Schumacker, “Oxygen sensing by mitochondria at
complex III: The paradox of increased reactive oxygen species during hypoxia,”
Exp. Physiol., vol. 91, no. 5, pp. 807-819, 2006.

[50] Y. Pan, K. D. Mansfield, C. C. Bertozzi, V. Rudenko, D. A. Chan,
A. J. Giaccia, and M. C. Simon, “Multiple factors affecting cellular redox status
and energy metabolism modulate hypoxia-inducible factor prolyl hydroxylase
activity in vivo and in vitro,”” Mol. Cell. Biol., vol. 27, no. 3, pp. 912-925, 2007.
[51] A. V. Kozhukhar, I. M. Yasinska, and V. V. Sumbayev, “Nitric oxide inhib-
its HIF-la protein accumulation under hypoxic conditions: implication of
2-oxoglutarate and iron,” Biochimie, vol. 88, no. 5, pp. 411-418, 2006.

[52] E. Gottlieb and I. P. Tomlinson, “Mitochondrial tumour suppressors: A genetic
and biochemical update,” Nat. Rev. Cancer, vol. 5, no. 11, pp. 857-866, 2005.

[53] A. Qutub and A. Popel, “Reactive oxygen species regulate hypoxia-inducible
factor HIFla differentially in cancer and ischemia,” Mol. Cell. Biol., vol. 28,
pp- 5106-5119, 2008.

[54] M. Lopez-Lazaro, “Dual role of hydrogen peroxide in cancer: Possible relevance
to cancer chemoprevention and therapy,” Cancer Lett., vol. 252, no. 1, pp. 1-8, 2007.
[55] B. Das, H. Yeger, R. Tsuchida, R. Torkin, M. F. Gee, P. S. Thorner,
M. Shibuya, D. Malkin, and S. Baruchel, “A hypoxia-driven vascular endothelial
growth factor/Flt] autocrine loop interacts with hypoxia-inducible factor-la
through mitogen-activated protein kinase/extracellular signal-regulated kinase 1/2
pathway in neuroblastoma,” Cancer Res., vol. 65, no. 16, pp. 7267-7275, 2005.
[56] M. R. Ladomery, S. J. Harper, and D. O. Bates, “Alternative splicing in
angiogenesis: the vascular endothelial growth factor paradigm,” Cancer Lett.,
vol. 249, no. 2, pp. 133-142, 2007.

[57] G. L. Semenza, “HIF-1: Using two hands to flip the angiogenic switch,”
Cancer Metastasis Rev., vol. 19, no. 1-2, pp. 59-65, 2000.

[58] M. Shibuya, “Vascular endothelial growth factor receptor-1 (VEGFR-1/Flt-1):
A dual regulator for angiogenesis,” Angiogenesis, vol. 9, no. 4, pp. 225-231, 2006.
[59] C. A. Staton, I. Kumar, M. W. Reed, and N. J. Brown, “Neuropilins in physio-
logical and pathological angiogenesis,” J. Pathol., vol. 212, no. 3, pp. 237-248, 2007.
[60] S. Soker, H. Q. Miao, M. Nomi, S. Takashima, and M. Klagsbrun,
“VEGF165 mediates formation of complexes containing VEGFR-2 and neuropi-
lin-1 that enhance VEGF165-receptor binding,” J. Cell. Biochem., vol. 85, no. 2,
pp. 357-368, 2002.

[61] F. Mac Gabhann and A. S. Popel, “Interactions of VEGF isoforms with VEGFR-
1, VEGFR-2, and neuropilin in vivo: A computational model of human skeletal
muscle,” Am. J. Physiol. Heart Circ. Physiol., vol. 292, no. 1, pp. H459-H474, 2007.
[62] H. Gitay-Goren, S. Soker, I. Vlodavsky, and G. Neufeld, “The binding of vascu-
lar endothelial growth factor to its receptors is dependent on cell surface-associated
heparin-like molecules,” J. Biol. Chem., vol. 267, no. 9, pp. 6093-6098, 1992.

[63] T. Cohen, H. Gitay-Goren, R. Sharon, M. Shibuya, R. Halaban, B. Z. Levi,
and G. Neufeld, “VEGF121, a vascular endothelial growth factor (VEGF) isoform
lacking heparin binding ability, requires cell-surface heparan sulfates for efficient
binding to the VEGF receptors of human melanoma cells,” J. Biol. Chem.,
vol. 270, no. 19, pp. 11322-11326, 1995.

[64] C. W. Vander Kooi, M. A. Jusino, B. Perman, D. B. Neau, H. D. Bellamy,
and D. J. Leahy, “Structural basis for ligand and heparin binding to neuropilin B
domains,” Proc. Natl. Acad. Sci USA, 2007, vol. 104. no. 15, pp. 6152-6157.

MARCH/APRIL 2009

Authorized licensed use limited to: IEEE Xplore. Downloaded on April 3, 2009 at 19:21 from IEEE Xplore. Restrictions apply.

29



30

[65] P. Carmeliet, L. Moons, A. Luttun, V. Vincenti, V. Compernolle, M. De Mol,
Y. Wu, E. Bono, L. Devy, H. Beck, D. Scholz, T. Acker, T. DiPalma, M. Dewerchin,
A. Noel, I. Stalmans, A. Barra, S. Blacher, T. Vandendriessche, A. Ponten, U. Eriksson,
K. H. Plate, J. M. Foidart, W. Schaper, D. S. Charnock-Jones, D. J. Hicklin,
J. M. Herbert, D. Collen, and M. G. Persico, “Synergism between vascular endothelial
growth factor and placental growth factor contributes to angiogenesis and plasma extra-
vasation in pathological conditions,” Nat. Med., vol. 7, no. 5, pp. 575-583, 2001.

[66] S. Hiratsuka, Y. Maru, A. Okada, M. Seiki, T. Noda, and M. Shibuya,
“Involvement of Flt-1 tyrosine kinase (vascular endothelial growth factor receptor-
1) in pathological angiogenesis,” Cancer Res, vol. 61, no. 3, pp. 1207-1213, 2001.
[67] S. Hiratsuka, O. Minowa, J. Kuno, T. Noda, and M. Shibuya, “Flt-1 lacking
the tyrosine kinase domain is sufficient for normal development and angiogenesis
in mice,” Proc. Natl. Acad. Sci. USA, 1998, vol. 95. no. 16, pp. 9349-9354.

[68] F. Mac Gabhann and A. S. Popel, “Model of competitive binding of vascular
endothelial growth factor and placental growth factor to VEGF receptors on endothelial
cells,” Am. J. Physiol. Heart Circ. Physiol., vol. 286, no. 1, pp. H153-H164, 2004.
[69] M. Autiero, J. Waltenberger, D. Communi, A. Kranz, L. Moons,
D. Lambrechts, J. Kroll, S. Plaisance, M. De Mol, F. Bono, S. Kliche,
G. Fellbrich, K. Ballmer-Hofer, D. Maglione, U. Mayr-Beyrle, M. Dewerchin,
S. Dombrowski, D. Stanimirovic, P. Van Hummelen, C. Dehio, D. J. Hicklin,
G. Persico, J. M. Herbert, M. Shibuya, D. Collen, E. M. Conway, and
P. Carmeliet, “Role of PIGF in the intra- and intermolecular cross talk between
the VEGEF receptors Flt1 and Flk1,” Nat. Med., vol. 9, no. 7, pp. 936-943, 2003.
[70] F. Mac Gabhann and A. S. Popel, “Differential binding of VEGF isoforms
to VEGF receptor 2 in the presence of neuropilin-1: A computational model,”
Am. J. Physiol. Heart Circ. Physiol., vol. 288, no. 6, pp. H2851-H2860, 2005.
[71] H. Oh, H. Takagi, A. Otani, S. Koyama, S. Kemmochi, A. Uemura, and
Y. Honda, “Selective induction of neuropilin-1 by vascular endothelial growth
factor (VEGF): A mechanism contributing to VEGF-induced angiogenesis,” Proc.
Natl. Acad. Sci. USA, 2002, vol. 99. no. 1, pp. 383-388.

[72] F. Mac Gabhann and A. S. Popel, “Targeting neuropilin-1 to inhibit VEGF
signaling in cancer: comparison of therapeutic approaches,” PLoS Comput. Biol.,
vol. 2, no. 12, p. e180, 2006.

[73] J. Dixelius, T. Makinen, M. Wirzenius, M. J. Karkkainen, C. Wernstedt,
K. Alitalo, and L. Claesson-Welsh, “Ligand-induced vascular endothelial growth
factor receptor-3 (VEGFR-3) heterodimerization with VEGFR-2 in primary
lymphatic endothelial cells regulates tyrosine phosphorylation sites,” J. Biol.
Chem., vol. 278, no. 42, pp. 40973-40979, 2003.

[74] K. Huang, C. Andersson, G. M. Roomans, N. Ito, and L. Claesson-Welsh,
“Signaling properties of VEGF receptor-1 and -2 homo- and heterodimers,” Int.
J. Biochem. Cell Biol., vol. 33, no. 4, pp. 315-324, 2001.

[75] F. Mac Gabhann and A. S. Popel, “Dimerization of VEGF receptors and
implications for signal transduction: A computational study,” Biophys. Chem.,
vol. 128, no. 2-3, pp. 125-139, 2007.

[76] W. S. Jones and B. H. Annex, “Growth factors for therapeutic angiogenesis in
peripheral arterial disease,” Curr. Opin. Cardiol., vol. 22, no. 5, pp. 458-463, 2007.
[77] M. Simons and J. A. Ware, “Therapeutic angiogenesis in cardiovascular dis-
ease,” Nat. Rev. Drug Discov., vol. 2, no. 11, pp. 863-871, 2003.

[78] S. Yla-Herttuala, T. T. Rissanen, I. Vajanto, and J. Hartikainen, “Vascular
endothelial growth factors: biology and current status of clinical applications in car-
diovascular medicine,” J. Am. Coll. Cardiol., vol. 49, no. 10, pp. 1015-1026, 2007.
[79] F. Mac Gabhann and A. S. Popel, “Computational model predicts combined
VEGF- and VEGFR-targeting proangiogenic therapies outperform monothera-
pies,” submitted for publication.

[80] J. W. Ji, F. Mac Gabhann, and A. S. Popel, “Skeletal muscle VEGF gra-
dients in peripheral arterial disease: Simulations of rest and exercise,” Am. J.
Physiol. Heart Circ. Physiol., vol. 293, no. 6, pp. H3740-H3749, 2007.

[81] F. Mac Gabhann, J. W. Ji, and A. S. Popel, “VEGF gradients, receptor acti-
vation, and sprout guidance in resting and exercising skeletal muscle,” J. Appl.
Physiol., vol. 102, no. 2, pp. 722-734, 2007.

[82] F. Mac Gabhann, J. W. Ji, and A. S. Popel, “Multi-scale computational mod-
els of pro-angiogenic treatments in peripheral arterial disease,” Ann. Biomed.
Eng., vol. 35, no. 6, pp. 982-994, 2007.

[83] C. Dabrosin, J. Chen, L. Wang, and L. U. Thompson, “Flaxseed inhibits
metastasis and decreases extracellular vascular endothelial growth factor in human
breast cancer xenografts,” Cancer Lett., vol. 185, no. 1, pp. 31-37, 2002.

[84] C. Dabrosin, P. J. Margetts, and J. Gauldie, “Estradiol increases extracellular
levels of vascular endothelial growth factor in vivo in murine mammary cancer,”
Int. J. Cancer, vol. 107, no. 4, pp. 535-540, 2003.

[85] L. Hoffner, J. J. Nielsen, H. Langberg, and Y. Hellsten, “Exercise but not prosta-
noids enhance levels of vascular endothelial growth factor and other proliferative agents
in human skeletal muscle interstitium,” J. Physiol., vol. 550, pp. 217-225, 2003.

[86] M. O. Stefanini, F. Wu, F. Mac Gabhann, and A. S. Popel, “A compartment model
of VEGEF distribution in blood and healthy and diseased tissues,” submitted for publication.
[87] C. Kut, F. Mac Gabhann, and A. S. Popel, “Where is VEGF in the body? A
meta-analysis of VEGF distribution in cancer,” Br. J. Cancer, vol. 97, no. 7,
pp. 978-985, 2007.

[88] J. Sottile, “Regulation of angiogenesis by extracellular matrix,” Biochim.
Biophys. Acta Rev. Cancer, vol. 1654, no. 1, pp. 13-22, 2004.

[89] G. Murphy and J. Gavrilovic, “Proteolysis and cell migration: Creating a
path?” Curr. Opin. Cell Biol., vol. 11, no. 5, pp. 614-621, 1999.

[90] K. Horino, A. L. Kindezelskii, V. M. Elner, B. A. Hughes, and H. R. Petty,
“Tumor cell invasion of model 3-dimensional matrices: Demonstration of migra-
tory pathways, collagen disruption, and intercellular cooperation,” FASEB J.,
vol. 15, no. 6, pp. 932-939, 2001.

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE

[91] K. A. Houck, D. W. Leung, A. M. Rowland, J. Winer, and N. Ferrara, “Dual
regulation of vascular endothelial growth factor bioavailability by genetic and
proteolytic mechanisms,” J. Biol. Chem., vol. 267, no. 36, pp. 26031-26037, 1992.
[92] N. Takeda, K. Maemura, Y. Imai, T. Harada, D. Kawanami, T. Nojiri,
I. Manabe, and R. Nagai, “Endothelial PAS domain protein 1 gene promotes
angiogenesis through the transactivation of both vascular endothelial growth fac-
tor and its receptor, Flt-1,” Circ. Res., vol. 95, no. 2, pp. 146-153, 2004.

[93] B. A. Keyt, L. T. Berleau, H. V. Nguyen, H. Chen, H. Heinsohn,
R. Vandlen, and N. Ferrara, “The carboxyl-terminal domain (111-165) of vascular
endothelial growth factor is critical for its mitogenic potency,” J. Biol. Chem.,
vol. 271, no. 13, pp. 7788-7795, 1996.

[94] S. Lee, S. M. Jilani, G. V. Nikolova, D. Carpizo, and M. L. Iruela-Arispe,
“Processing of VEGF-A by matrix metalloproteinases regulates bioavailability and
vascular patterning in tumors,” J. Cell Biol., vol. 169, no. 4, pp. 681-691, 2005.
[95] J. M. Whitelock, A. D. Murdoch, R. V. lozzo, and P. A. Underwood, “The
degradation of human endothelial cell-derived perlecan and release of bound basic
fibroblast growth factor by stromelysin, collagenase, plasmin, and heparanases,”
J. Biol. Chem., vol. 271, no. 17, pp. 10079-10086, 1996.

[96] B. Cauwe, P. E. Van den Steen, and G. Opdenakker, “The biochemical, biologi-
cal, and pathological kaleidoscope of cell surface substrates processed by matrix met-
alloproteinases,” Crit. Rev. Biochem. Mol. Biol., vol. 42, no. 3, pp. 113-185, 2007.
[971 Y. Ichikawa, T. Ishikawa, N. Momiyama, M. Kamiyama, H. Sakurada,
R. Matsuyama, S. Hasegawa, T. Chishima, Y. Hamaguchi, S. Fujii, S. Saito, K. Kubota,
S. Hasegawa, H. Ike, S. Oki, and H. Shimada, “Matrilysin (MMP-7) degrades VE-cad-
herin and accelerates accumulation of beta-catenin in the nucleus of human umbilical
vein endothelial cells,” Oncol. Rep., vol. 15, no. 2, pp. 311-315, 2006.

[98] B. 1. Ratnikov, D. V. Rozanov, T. I. Postnova, P. G. Baciu, H. Zhang,
R. G. DiScipio, G. G. Chestukhina, J. W. Smith, E. I. Deryugina, and A. Y. Strongin,
“An alternative processing of integrin alpha(v) subunit in tumor cells by membrane
type-1 matrix metalloproteinase,” J. Biol. Chem., vol. 277, no. 9, pp. 7377-7385, 2002.
[99] T. L. Haas, M. Milkiewicz, S. J. Davis, A. L. Zhou, S. Egginton,
M. D. Brown, J. A. Madri, and O. Hudlicka, “Matrix metalloproteinase activity is
required for activity-induced angiogenesis in rat skeletal muscle,” Am. J. Physiol.
Heart Circ. Physiol., vol. 279, no. 4, pp. H1540-H1547, 2000.

[100] T. H. Chun, F. Sabeh, I. Ota, H. Murphy, K. T. McDonagh, K. Holmbeck,
H. Birkedal-Hansen, E. D. Allen, and S. J. Weiss, “MT1-MMP-dependent neo-
vessel formation within the confines of the three-dimensional extracellular
matrix,” J. Cell Biol., vol. 167, no. 4, pp. 757-767, 2004.

[101] R. Visse and H. Nagase, “Matrix metalloproteinases and tissue inhibitors of
metalloproteinases: Structure, function, and biochemistry,” Circ. Res., vol. 92,
no. 8, pp. 827-839, 2003.

[102] C. E. Brinckerhoff and L. M. Matrisian, “Matrix metalloproteinases: A tail of a
frog that became a prince,” Nat. Rev. Mol. Cell Biol., vol. 3, no. 3, pp. 207-214, 2002.
[103] P. E. Van den Steen, B. Dubois, I. Nelissen, P. M. Rudd, R. A. Dwek, and
G. Opdenakker, “Biochemistry and molecular biology of gelatinase B or matrix metallo-
proteinase-9 (MMP-9),” Crit. Rev. Biochem. Mol. Biol., vol. 37, no. 6, pp. 375-536, 2002.
[104] J. F. Woessner, Jr., “MMPs and TIMPs-An historical perspective,” Mol.
Biotechnol., vol. 22, no. 1, pp. 33—49, 2002.

[105] G. S. Butler, M. J. Butler, S. J. Atkinson, H. Will, T. Tamura, S. Schade
van Westrum, T. Crabbe, J. Clements, M. P. d’Ortho, and G. Murphy, “The
TIMP2 membrane type 1 metalloproteinase "receptor” regulates the concentration
and efficient activation of progelatinase A. A kinetic study,” J. Biol. Chem.,
vol. 273, no. 2, pp. 871-880, 1998.

[106] J. Cao, M. Drews, H. M. Lee, C. Conner, W. F. Bahou, and S. Zucker,
“The propeptide domain of membrane type 1 matrix metalloproteinase is required
for binding of tissue inhibitor of metalloproteinases and for activation of pro-gela-
tinase A,” J. Biol. Chem., vol. 273, no. 52, pp. 34745-34752, 1998.

[107] E. D. Karagiannis and A. S. Popel, “A theoretical model of type I collagen
proteolysis by matrix metalloproteinase (MMP) 2 and membrane type 1 MMP in
the presence of tissue inhibitor of metalloproteinase 2,” J. Biol. Chem., vol. 279,
no. 37, pp. 39105-39114, 2004.

[108] E. D. Karagiannis and A. S. Popel, “Distinct modes of collagen type I
proteolysis by matrix metalloproteinase (MMP) 2 and membrane type I MMP
during the migration of a tip endothelial cell: Insights from a computational
model,” J. Theor. Biol., vol. 238, no. 1, pp. 124-145, 2006.

[109] R. Auerbach, R. Lewis, B. Shinners, L. Kubai, and N. Akhtar, “Angiogene-
sis assays: A critical overview,” Clin. Chem., vol. 49, no. 1, pp. 32-40, 2003.
[110] T. Koike, R. B. Vermnon, M. A. Hamner, E. Sadoun, and M. J. Reed, “MT1-MMP,
but not secreted MMPs, influences the migration of human microvascular endothelial cells
in 3-dimensional collagen gels,” J. Cell Biochem., vol. 86, no. 4, pp. 748-758, 2002.
[111] B. G. Galvez, S. Matias-Roman, J. P. Albar, F. Sanchez-Madrid, and
A. G. Arroyo, “Membrane type l-matrix metalloproteinase is activated during
migration of human endothelial cells and modulates endothelial motility and
matrix remodeling,” J. Biol. Chem., vol. 276, no. 40, pp. 37491-37500, 2001.
[112] K. Hotary, E. Allen, A. Punturieri, I. Yana, and S. J. Weiss, “Regulation of
cell invasion and morphogenesis in a three-dimensional type I collagen matrix by
membrane-type matrix metalloproteinases 1, 2, and 3,” J. Cell Biol., vol. 149,
no. 6, pp. 1309-1323, 2000.

[113] T. Koike, R. B. Vernon, M. A. Hamner, E. Sadoun, and M. J. Reed, “MT1-
MMP, but not secreted MMPs, influences the migration of human microvascular
endothelial cells in 3-dimensional collagen gels,” J. Cell. Biochem., vol. 86,
no. 4, pp. 748-758, 2002.

[114] P. Vempati, E. D. Karagiannis, and A. S. Popel, “A biochemical model of the
matrix metalloproteinase 9 activation and inhibition,” J. Biol. Chem., vol. 282, no. 52,
pp. 37585-37596, 2007.

MARCH/APRIL 2009

Authorized licensed use limited to: IEEE Xplore. Downloaded on April 3, 2009 at 19:21 from IEEE Xplore. Restrictions apply.



[115] J. E. Park, G. A. Keller, and N. Ferrara, “The vascular endothelial growth
factor (VEGF) isoforms: Differential deposition into the subepithelial extracellular
matrix and bioactivity of extracellular matrix-bound VEGF,” Mol. Biol. Cell,
vol. 4, no. 12, pp. 1317-1326, 1993.

[116] J. E. Rundhaug, “Matrix metalloproteinases and angiogenesis,” J. Cell.
Mol. Med., vol. 9, no. 2, pp. 267-285, 2005.

[117] A. Qutub, G. Liu, P. Vempati, and A. Popel, “Integration of angiogenesis
modules at multiple scales: From molecular to tissue,” in Proc. Pacific Symp.
Biocomputing, 2009, vol. 14. pp. 316-327.

[I18] N. W. Gale, M. G. Dominguez, I. Noguera, L. Pan, V. Hughes,
D. M. Valenzuela, A. J. Murphy, N. C. Adams, H. C. Lin, J. Holash, G. Thurston,
and G. D. Yancopoulos, “Haploinsufficiency of delta-like 4 ligand results in
embryonic lethality due to major defects in arterial and vascular development,” in
Proc. Natl. Acad. Sci. USA, 2004, vol. 101. no. 45, pp. 15949-15954.

[119] L. T. Krebs, J. R. Shutter, K. Tanigaki, T. Honjo, K. L. Stark, and T. Gridley,
“Haploinsufficient lethality and formation of arteriovenous malformations in Notch
pathway mutants,” Genes Dev., vol. 18, no. 20, pp. 2469-2473, 2004.

[120] A. Duarte, M. Hirashima, R. Benedito, A. Trindade, P. Diniz, E. Bekman,
L. Costa, D. Henrique, and J. Rossant, “Dosage-sensitive requirement for mouse
DIl4 in artery development,” Genes Dev., vol. 18, no. 20, pp. 2474-2478, 2004.
[121] I. B. Lobov, R. A. Renard, N. Papadopoulos, N. W. Gale, G. Thurston, G.
D. Yancopoulos, and S. J. Wiegand, “Delta-like ligand 4 (DlI4) is induced by VEGF
as a negative regulator of angiogenic sprouting,” Proc. Natl. Acad. Sc. USA,
vol. 104, no, 9, pp. 3219-3224, 2007.

[122] I. Noguera-Troise, C. Daly, N. J. Papadopoulos, S. Coetzee, P. Boland, N.
W. Gale, H. C. Lin, G. D. Yancopoulos, and G. Thurston, “Blockade of DIll4
inhibits tumour growth by promoting non-productive angiogenesis,” Nature,
vol. 444, no. 7122, pp. 1032-1037, 2006.

[123] R. C. Sainson, J. Aoto, M. N. Nakatsu, M. Holderfield, E. Conn, E. Koller,
and C. C. Hughes, “Cell-autonomous notch signaling regulates endothelial cell
branching and proliferation during vascular tubulogenesis,” FASEB J., vol. 19,
no. 8, pp. 1027-1029, 2005.

[124] M. Hellstrom, L. K. Phng, J. J. Hofmann, E. Wallgard, L. Coultas,
P. Lindblom, J. Alva, A. K. Nilsson, L. Karlsson, N. Gaiano, K. Yoon, J. Rossant,
M. L. Iruela-Arispe, M. Kalen, H. Gerhardt, and C. Betsholtz, “DIl4 signalling
through Notchl regulates formation of tip cells during angiogenesis,” Nature,
vol. 445, no. 7219, pp. 776780, 2007.

[125] L. Risser, F. Plouraboue, A. Steyer, P. Cloetens, G. Le Duc, and C. Fonta,
“From homogeneous to fractal normal and tumorous microvascular networks in
the brain,” J. Cereb. Blood Flow Metab., vol. 27, no. 2, pp. 293-303, 2007.

[126] F. Mac Gabhann, M. T. Yang, and A. S. Popel, “Monte Carlo simulations
of VEGF binding to cell surface receptors in vitro,” Biochim. Biophys. Acta,
vol. 1746, no. 2, pp. 95-107, 2005.

[127] A. M. Bailey, B. C. Thorne, and S. M. Peirce, “Multi-cell agent-based sim-
ulation of the microvasculature to study the dynamics of circulating inflammatory
cell trafficking,” Ann. Biomed. Eng., vol. 35, no. 6, pp. 916-936, 2007.

[128] C. L. Stokes, D. A. Lauffenburger, and S. K. Williams, “Migration of indi-
vidual microvessel endothelial cells: Stochastic model and parameter measure-
ment,” J. Cell Sci., vol. 99, (Pt 2), pp. 419430, 1991.

[129] H. A. Levine, A. L. Tucker, and M. Nilsen-Hamilton, “A mathematical
model for the role of cell signal transduction in the initiation and inhibition of
angiogenesis,” Growth Factors, vol. 20, no. 4, pp. 155-175, 2002.

[130] H. A. Levine, S. Pamuk, B. D. Sleeman, and M. Nilsen-Hamilton, *““Mathe-
matical modeling of capillary formation and development in tumor angiogenesis:
Penetration into the stroma,” Bull. Math. Biol., vol. 63, no. 5, pp. 801-863, 2001.
[131] R. J. Filion and A. S. Popel, “A reaction-diffusion model of basic fibroblast
growth factor interactions with cell surface receptors,” Ann. Biomed. Eng.,
vol. 32, no. 5, pp. 645-663, 2004.

[132] M. A. Chaplain and A. R. Anderson, “Mathematical modelling, simulation
and prediction of tumour-induced angiogenesis,” Inv. Metastasis, vol. 16, no. 4—
5, pp. 222-234, 1996.

[133] H. M. Byrne and M. A. Chaplain, “Mathematical models for tumour angio-
genesis: Numerical simulations and nonlinear wave solutions,” Bull. Math. Biol.,
vol. 57, no. 3, pp. 461486, 1995.

[134] M. A. Chaplain, “The mathematical modelling of tumour angiogenesis and
invasion,” Acta Biotheor., vol. 43, no. 4, pp. 387402, 1995.

[135] F. Grizzi, C. Russo, P. Colombo, B. Franceschini, E. E. Frezza, E. Cobos,
and M. Chiriva-Internati, “Quantitative evaluation and modeling of two-
dimensional neovascular network complexity: The surface fractal dimension,”
BMC Cancer, vol. 5, p. 14, 2005.

[136] R. Alfieri, I. Merelli, E. Mosca, and L. Milanesi, “A data integration
approach for cell cycle analysis oriented to model simulation in systems biology,”
BMC Syst. Biol., vol. 1, p. 35, 2007.

[137] P. Pharkya, E. V. Nikolaev, and C. D. Maranas, “Review of the BRENDA
Database,” Metab. Eng., vol. 5, pp. 71-73, 2003.

[138] P. Ortoleva, E. Berry, Y. Brun, J. Fan, M. Fontus, K. Hubbard, K. Jagaman,
L. Jarymowycz, A. Navid, A. Sayyed-Ahmad, Z. Shreif, F. Stanley, K. Tuncay,
E. Weitzke, and L. C. Wu, “The Karyote physico-chemical genomic, proteomic,
metabolic cell modeling system,” Omics, vol. 7, no. 3, pp. 269-283, 2003.

[139] P. G. Naidu, M. J. Palakal, and S. Harrtanto, ““On-the-fly data integration
models for biological databases,”” in Proc. 2007 ACM Symp. Applied Computing,
2007, pp. 118-122.

[140] G. D. Bader, M. P. Cary, and C. Sander, “Pathguide: A pathway resource
list,” Nucleic Acids Res., vol. 34, Database issue, pp. D504-D506, 2006.

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE

[141] M. P. Cary, G. D. Bader, and C. Sander, “Pathway information for systems
biology,” FEBS Lett., vol. 579, no. 8, pp. 1815-1820, 2005.

[142] M. Hucka, A. Finney, H. M. Sauro, H. Bolouri, J. C. Doyle, H. Kitano, A.
P. Arkin, B. J. Bornstein, D. Bray, A. Cornish-Bowden, A. A. Cuellar, S. Dronov,
E. D. Gilles, M. Ginkel, V. Gor, Goryanin, II, W. J. Hedley, T. C. Hodgman, J.
H. Hofmeyr, P. J. Hunter, N. S. Juty, J. L. Kasberger, A. Kremling, U. Kummer,
N. Le Novere, L. M. Loew, D. Lucio, P. Mendes, E. Minch, E. D. Mjolsness,
Y. Nakayama, M. R. Nelson, P. F. Nielsen, T. Sakurada, J. C. Schaff, B.
E. Shapiro, T. S. Shimizu, H. D. Spence, J. Stelling, K. Takahashi, M. Tomita,
J. Wagner, and J. Wang, “The systems biology markup language (SBML): A
medium for representation and exchange of biochemical network models,” Bioin-
Sformatics, vol. 19, no. 4, pp. 524-531, 2003.

[143] A. A. Cuellar, C. A. Llyod, P. F. Nielsen, D. P. Bullivant, D. P. Nickerson,
and P. J. Hunter, “An overview of CellML 1.1., a biological model description
language,” Simulation, vol. 79, no. 12, pp. 740-747, 2003.

[144] Z. X. Yeo, S. T. Wong, S. N. Arjunan, V. Piras, M. Tomita, K. Selvarajoo,
A. Giuliani, and M. Tsuchiya, “Sequential logic model deciphers dynamic tran-
scriptional control of gene expressions,” PLoS ONE, vol. 2, no. 1, p. €776, 2007.
[145] K. W. Kohn, J. Riss, O. Aprelikova, J. N. Weinstein, Y. Pommier, and J.
C. Barrett, “Properties of switch-like bioregulatory networks studied by simula-
tion of the hypoxia response control system,” Mol. Biol. Cell, vol. 15, no. 7,
pp. 3042-3052, 2004.

[146] R. N. Gutenkunst, J. J. Waterfall, F. P. Casey, K. S. Brown, C. R. Myers,
and J. P. Sethna, “Universally sloppy parameter sensitivities in systems biology
models,” PLoS Comput. Biol., vol. 3, no. 10, pp. 1871-1878, 2007.

[147] W. Liebermeister and E. Klipp, “Bringing metabolic networks to life: Inte-
gration of kinetic, metabolic, and proteomic data,” Theor. Biol. Med. Model,
vol. 3, p. 42, 2006.

[148] T. L. Kinzer-Ursem and J. J. Linderman, “Both ligand- and cell-specific
parameters control ligand agonism in a kinetic model of g protein-coupled recep-
tor signaling,” PLoS Comput. Biol., vol. 3, no. 1, p. €6, 2007.

[149] D. Faller, U. Klingmuller, and J. Timmer, “Simulation methods for optimal
experimental design in systems biology,” Simulation, vol. 79, pp. 717-725, 2003.
[150] T. Hernandez and S. Kambhampati, “Integration of biological sources: Cur-
rent systems and challenges ahead,” ACM SIGMOD Rec., vol. 33, no. 3, pp. 51—
60, 2004.

[151] B. N. Kholodenko, A. Kiyatkin, F. J. Bruggeman, E. Sontag, H.
V. Westerhoff, and J. B. Hoek, “Untangling the wires: A strategy to trace func-
tional interactions in signaling and gene networks,” Proc. Natl. Acad. Sci. USA,
vol. 99, no. 20, pp. 12841-12846, 2002.

[152] N. Le Novere, A. Finney, M. Hucka, U. S. Bhalla, F. Campagne,
J. Collado-Vides, E. J. Crampin, M. Halstead, E. Klipp, P. Mendes, P. Nielsen,
H. Sauro, B. Shapiro, J. L. Snoep, H. D. Spence, and B. L. Wanner, “Minimum
information requested in the annotation of biochemical models (MIRIAM),” Nat.
Biotechnol., vol. 23, no. 12, pp. 1509-1515, 2005.

[153] Y. Vodovotz, G. Clermont, C. A. Hunt, R. Lefering, J. Bartels, R. Seydel,
J. Hotchkiss, S. Ta’asan, E. Neugebauer, and G. An, “Evidence-based modeling
of critical illness: An initial consensus from the society for complexity in acute
illness,” J. Crit. Care, vol. 22, no. 1, pp. 77-84, 2007.

[154] F. Campagne, S. Neves, C. W. Chang, L. Skrabanek, P. T. Ram, R. Iyengar,
and H. Weinstein, “Quantitative information management for the biochemical
computation of cellular networks,” Sci STKE, vol. 2004, no. 248, p. pl11, 2004.
[155] P. Lang, K. Yeow, A. Nichols, and A. Scheer, “Cellular imaging in drug
discovery,” Nat. Rev. Drug Discov., vol. 5, no. 4, pp. 343-356, 2006.

[156] P. Mendes, “Biochemistry by numbers: Simulation of biochemical path-
ways with Gepasi 3,” Trends Biochem. Sci., vol. 22, no. 9, pp. 361-363, 1997.
[157] K. Takahashi, S. N. Arjunan, and M. Tomita, “Space in systems biology of
signaling pathways—Towards intracellular molecular crowding in silico,” FEBS
Lett., vol. 579, no. 8, pp. 1783-1788, 2005.

[158] J. C. Moraru, II, Schaff, B. M. Slepchenko, and L. M. Loew, “The virtual
cell: An integrated modeling environment for experimental and computational cell
biology,” Ann. NY Acad. Sci., vol. 971, pp. 595-596, 2002.

[159] T. M. Cickovski, C. Huang, R. Chaturvedi, T. Glimm, H. G. Hentschel, M.
S. Alber, J. A. Glazier, S. A. Newman, and J. A. Izaguirre, “A framework for
three-dimensional simulation of morphogenesis,” IEEE/ACM Trans. Comput.
Biol. Bioinform., vol. 2, no. 4, pp. 273-288, 2005.

[160] P. V. Coveney and P. W. Fowler, “Modelling biological complexity: A physi-
cal scientist’s perspective,” J R Soc. Interface, vol. 2, no. 4, pp. 267-280, 2005.
[161] S. Sanga, H. B. Frieboes, X. Zheng, R. Gatenby, E. L. Bearer, and
V. Cristini, “Predictive oncology: A review of multidisciplinary, multiscale in sil-
ico modeling linking phenotype, morphology and growth,” Neuroimage, vol. 37,
no. 1, pp. S120-S1234, 2007.

[162] D. A. Beard, J. B. Bassingthwaighte, and A. S. Greene, “Computational mod-
eling of physiological systems,” Physiol. Genomics, vol. 23, no. 1, pp. 1-3, 2005.
[163] B. N. Kholodenko, “Cell-signalling dynamics in time and space,” Nat. Rev.
Mol. Cell Biol., vol. 7, no. 3, pp. 165-176, 2006.

[164] A. V. Singh, E. C. Rouchka, G. A. Rempala, C. D. Bastian, and T.
B. Knudsen, “Integrative database management for mouse development: Systems
and concepts,” Birth Defects Res. C Embryo Today, vol. 81, no. 1, pp. 1-19, 2007.
[165] J. B. Bassingthwaighte, H. J. Chizeck, L. E. Atlas, and H. Qian, “Multi-
scale modeling of cardiac cellular energetics,” Ann. NY Acad. Sci., vol. 1047,
pp. 395-424, 2005.

[166] 1. I. Moraru and L. M. Loew, “Intracellular signaling: Spatial and temporal
control,” Physiology, vol. 20, pp. 169-179, 2005.

MARCH/APRIL 2009

Authorized licensed use limited to: IEEE Xplore. Downloaded on April 3, 2009 at 19:21 from IEEE Xplore. Restrictions apply.

31




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


