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ABSTRACT

Objective: The most critical determinant of restoration of tissue
structure during wound healing is the re-establishment of a
functional vasculature, which largely occurs via angiogenesis,
specifically endothelial sprouting from the pre-existing vasculature.

Materials and Methods: We used confocal microscopy to
capture sequential images of perfused vascular segments within
the injured panniculus carnosus muscle in the mouse dorsal skin-
fold window chamber to quantify a range of microcirculatory
parameters during the first nine days of healing. This data was
used to inform a mathematical model of sequential growth of the
vascular plexus. The modeling framework mirrored the
experimental circular wound domain and incorporated capillary
sprouting and endothelial cell (EC) sensing of vascular endothelial
growth factor gradients.

Results: Wound areas, vessel densities and vessel junction
densities obtained from the corresponding virtual wound were in
excellent agreement both temporally and spatially with data
measured during the in vivo healing process. Moreover, by
perturbing the proliferative ability of ECs in the mathematical

model, this leads to a severe reduction in vascular growth and
poor healing. Quantitative measures from this second set of
simulations were found to correlate extremely well with
experimental data obtained from animals treated with an agent
that targets endothelial proliferation (TNP-470).

Conclusion: Our direct combination and comparison of in vivo
longitudinal analysis (over time in the same animal) and
mathematical modeling employed in this study establishes a useful
new paradigm. The virtual wound created in this study can be
used to investigate a wide range of experimental hypotheses
associated with wound healing, including disorders characterized
by aberrant angiogenesis (e.g., diabetic models) and the effects of
vascular enhancing ⁄ disrupting agents or therapeutic interventions
such as hyperbaric oxygen.
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INTRODUCTION

Wound healing is an essential response to injury
characterized by a sequence of events involving hemostasis,
inflammation, granulation tissue formation, regeneration
and remodeling, which culminates in varying degrees of
functional restoration of tissue structure and fibrosis
[23,66]. A critical determinant of successful wound healing
is the rapid re-establishment of a functional microcircula-
tion in hypoxic tissue, which occurs via the process of

angiogenesis: the sprouting of new vessels from pre-existing
vasculature [11]. As poor wound healing represents a sig-
nificant burden on the healthcare system, enhancing neo-
vascularisation continues to be a subject of intense research
activity in both pre-clinical models of disease as well as in
controlled clinical trials [32].

A variety of factors impact on the timing and success
of regeneration following injury, including the stage of devel-
opment, tissue type, size of injury, environmental factors
(such as infection and temperature) and the genotype ⁄ strain
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of the host [23]. In order to examine the effectors of tissue
regeneration, numerous in vivo laboratory models of wound
healing and vascular adaptation have been established, which
measure specific end points from the tissue to molecular
level such as wound closure, vascular density, tensile strength
and matrix or chemotactic agent concentrations (reviewed in
[23]). Mathematical modeling of angiogenesis has been per-
formed at a range of scales [41], largely focussing on tumor-
induced angiogenesis informed by assumptions gleaned from
a variety of in vitro and in vivo experimental models
[2,34,35,57,58]. Early mathematical models of wound heal-
ing have examined healing in the epidermis [54] and dermal
wound contraction [40], while more recent approaches have
focussed on cell migration [8,36] and oxygen based therapy
in chronic wounds [15,53]. The vast majority of these
models have adopted a continuum approach to angiogenesis
[7,15,17,43,44,53,65] and lack the potential for quantitative
comparison with living experimental vascular architectures.
A number of studies have also been undertaken to examine
vascular remodeling in the absence of growth [41,42]. How-
ever, these approaches do not consider endothelial migration
and focus primarily upon pruning and dilation within pre-
existing capillary beds. Our approach describes the first
direct coupling of in vivo longitudinal quantitative data from
an experimental wound healing study with mathematical
modeling.

In order to study a highly reproducible pattern of tissue
regeneration, we chose to model the revascularization of a
!1.2 mm circular lesion in the PC muscle of adult male
mice [22]. We have adapted and expanded a hybrid partial
differential equation (PDE)-discrete approach [34] to
model angiogenesis during wound healing in the pc. The
pc is an ideal model system to investigate mathematically,
as it is a thin, 3–5 myofiber wide skeletal muscle layer on
the dorsum of mice underlying the hypodermis, supplied
by an isotropic and effectively two-dimensional regular
microvascular network. Wounds induced in this muscle
layer heal in a centripetal fashion [22], with a gradual reor-
ganization of network structure, so that the microvascular
architecture matches the metabolic requirements of the
regenerating tissue. The model incorporates capillary
sprouting from surviving vasculature induced by a vascular
endothelial growth factor (VEGF) gradient [18] and endo-
thelial cell (EC) migration determined by random motility
and local sensing of chemotactic gradients. Sprout tip
branching and tip–tip fusion are included. Blood is sup-
plied to the nascent vasculature and the resulting stimuli,
including wall shear stress and transmural pressure, lead to
dynamic adaption of capillary radius [34]. Full details of
the relevant equations and modeling assumptions are pre-
sented in the Materials and Methods section. The in silico
model has been validated by direct comparison with quan-
titative in vivo data. We further demonstrate the potential

of the model by reducing EC proliferation to simulate the
effect of the anti-angiogenic agent TNP-470 (O-(Chloroace-
tylcarbamoyl) fumagillol, AGM-1470), a potent synthetic
analog of fumagillin [26]. TNP-470 inhibits EC prolifera-
tion by binding and inhibiting the action of the metallo-
protease methionine aminopeptidase (metAP-2) [55], an
enzyme responsible for animo-terminal cleavage of methio-
nine following protein synthesis in the cell. TNP-470 dose
dependently inhibits endothelial proliferation in vitro
[30,67,68] and the measurable downstream effects of this
activity in vivo are reductions in EC proliferation, angio-
genesis and tissue growth both during tumorigenesis
[26] and normal physiological processes such as adipose
tissue growth [48] and in the female reproductive cycle
[29,51].

The goal of this study was to establish a basic framework
for a virtual wound by coupling experimental data with a
parallel computational approach. This constitutes a novel
approach which can subsequently be used to inform bio-
logically testable hypotheses associated with the remodeling
of vascular plexi. Overall, this study conclusively demon-
strates that the robustness of a mathematical model of
angiogenesis during wound healing can be effectively
benchmarked against in vivo longitudinal data.

MATERIALS AND METHODS

In Vivo Wound Healing Model and Imaging
Prior to surgery, animals were housed under standard
laboratory conditions with a 12 hour light–dark cycle.
Adult 8- to 10-week-old male Balb ⁄ c mice (n = 11, 22–
27 g) were anesthetised intraperitoneally with 10 mg ⁄ kg
fluanisone, 0.3 mg ⁄ kg fentanyl citrate (Hypnorm;
VetaPharma Ltd, Leeds, UK) and midazolam 5 mg ⁄ kg
(Hypnovel; Roche, Welwyn, UK) before window chamber
surgery was performed [22], taking care to debride the pc
muscle of its overlying fascial layer on the surgically oper-
ated side. Post-operatively, mice received 20 mg ⁄ kg meloxi-
cam analgesia sub-cutaneously (SC), (Metacam; Boehringer
Ingelheim, Ingelheim, Germany), 1 ml 5% glucose solution
intraperitoneally and topical chloramphenicol ointment on
the suture sites (Martindale Pharmaceuticals, Romford,
UK). Mice were housed in a ventilated heating cabinet at
34!C and fed with standard laboratory chow softened in
water.

Three days after window chamber implantation, mice
were anesthetised as previously described and then
injected intravenously with 100 ll of 50 mg ⁄ml 150 kDa
fluorescein isothiocyanate (FITC)-conjugated dextran
(Sigma-Aldrich, Gillingham, UK) in saline solution into
the lateral tail vein to visualize perfused vessels. The
uninjured pc plexus was imaged by confocal microscopy
before application of a single 100!C 10 seconds contact
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wound directly to the pc, carefully placed away from
large blood vessels and neurovascular bundles. The
wound area was then immediately imaged by confocal
microscopy with a maximum duration of approximately
20 minutes between FITC injection and post-injury
imaging.

On days 3, 6, and 9 post-wounding, animals were anes-
thetised and injected with FITC-conjugated dextran as
previously described and immediately imaged. In order to
minimize repeated administration of anesthesia, we
restricted intra-vital imaging to the key time points of day
0 (pre and immediately post-wounding), day 3 (maximal
macrophage infiltration), day 6 (maximal angiogenesis) and
9 days post-wounding (angiogenic remodeling). During
imaging, animals were restrained in a bespoke jig and
placed with the viewing side downwards on the imaging
platform of a Leica SP5 confocal microscope (Leica Micro-
systems, Wetzlar, Germany). Revascularization of the
wound occurred in the focal plane of the pc muscle
(approximately 30–50 lm thick) by the radial ingrowth of
angiogenic sprouts from pre-existing vessel stumps and
capillaries in the zone adjacent to the area of injury as pre-
viously demonstrated [22]. Image capture was performed
using a 10· objective with the confocal pinhole at
!350 lm (35 lm focal depth), so that the parallel oriented
vasculature within the pc muscle was visible in a single
image. Images of the wound center and the surrounding
areas immediately north, south, east, and west of the
wound were captured as .tif files. For the TNP-470 experi-
ment, animals were randomly attributed to vehicle (n = 4)
or TNP-470 treatment (n = 4) groups and injected sc every
other day with 30 mg ⁄ kg TNP-470 [32,57] or vehicle (1%
DMSO in saline) beginning on the day of wounding
(day 0). All experiments were approved by the UK Home
Office and conformed to the Animal (Scientific Procedures)
Act 1986.

Wound Healing Histology, Immunostaining, and
Ultrastructural Analysis
Adult 8- to 10-week-old male Balb ⁄ c mice (22–27 g)
were anesthetised and prepared as described previously.
A full thickness incision was made on the dorsum and
the skin was temporarily sutured to a custom designed
frame for application of 10 seconds contact burn (100!C)
wounds to the pc layer, after which the frame was
removed and the skin sutured with blanket stitching.
Animals were euthanized on days 3, 6, 9 and 15 post-
wounding. For histology, the full thickness skin was fixed
in 10% neutral buffered formalin, paraffin embedded,
transverse sections were stained with hematoxylin and
eosin and analysed by light microscopy using standard
protocols. Whole mounted wounds were fixed for
48 hours in 4% para-formaldehyde and processed using

standard immunofluorescence protocols [18] using bio-
tin-conjugated Isolectin B4 from Bandeiraea simplicifolia
(Griffonia simplicifolia, 20 lg ⁄ml; Sigma) and Alexa
Fluor–488 streptavidin conjugate (1:100; Molecular
Probes, Paisley, UK) to detect blood vessels and rat anti-
mouse F4 ⁄ 80 (1:100; AbD Serotec, Kidlington, UK) with
anti-rat rhodamine-conjugated antibody (1:100; Santa
Cruz, CA, USA) to detect activated macrophages. Confo-
cal microscopy was used to create a maximum projection
image of a z-series through the pc layer of the wound.
Ultrastructural analysis was performed using standard
techniques. Briefly, burn wounds were fixed in Karnov-
sky’s fixative, post-fixed in osmium tetroxide and resin
embedded. Semi-thin sections were stained with 2% tolu-
dine blue in 5% borax and examined by phase contrast
microscopy, ultra thin sections were stained with uranyl
acetate and lead citrate and examined on a JEOL JEM-
1010 transmission electron microscope (JEOL, Tokyo,
Japan) at an accelerating voltage of 80 kV.

Analysis of Wound Healing
Composite images of the wound area from the intra-vital
imaging were generated in Photoshop CS4 (Adobe Stystems
Inc, San Jose, CA, USA) and analysed using Image J [1].
Wound area was determined as the area devoid of FITC-
dextran perfused vessels. Modified ‘‘Petri-metric’’ stereol-
ogy techniques [25] were used to determine the Nj and qv.
The geometric center of the wound was determined and
analysis performed at 250 lm intervals directly north,
south, east and west up to a distance of 750 lm. Areas
which included large arterioles or venules, crossed neuro-
vascular bundles, or vessels which were poorly focused were
excluded from the analysis. As we were primarily interested
in angiogenesis within the wound area and adjacent areas
(which occurs from existing capillaries or post-capillary
arterioles), we did not examine the vessel density in the
capillary regions containing these features. At each 250 lm
interval, a rectangular Merz grid (sampling area
1 · 106 lm2) was centered and the number of vessel junc-
tions (Nj) per 1 · 106 lm2 was calculated using:
Nj = J ⁄ (ASF), where J is the number of vessel junctions
within the sampling frame and the ASF is calculated using
the formula: ASF = 2d2 ⁄ (106 lm2), where d(lm) is the
height of the sampling frame [25]. The functional vessel
density (qv) per 1 · 106 lm2 was determined using
qv = (I.d) ⁄ (asf), where I is the number of vessels intersect-
ing the orthogonal line of the Merz grid. The mean ± SEM
values at each interval for each time point were deter-
mined. Repeated measures one-way ANOVA (95% Confi-
dence interval) with Bonferroni’s post-test was used to test
for significant differences across days within groups. Two-
way repeated measures ANOVA was used to test the effect
of TNP-470 treatment over time across groups. All statisti-
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cal tests were performed using GraphPad Prism 3.0
(GraphPad Software, San Diego, CA, USA).

MATHEMATICAL MODELING

Modeling Vessel Network Formation via EC
Migration
Since the dorsal skin-fold window chamber isolates a thin
tissue region, a two-dimensional mathematical model pro-
vided an adequate representation of the (!50 lm thick) pc
microvascular network. The EC migration model assumes
that the tips of the new vessels have the ability to migrate
through (i) random motility, (ii) chemotaxis in response to
VEGF released by macrophages [4], and (iii) haptotaxis in
response to gradients in the extracellular matrix (ECM).
ECs produce matrix degrading enzymes, the best described
of which are the matrix metalloproteases (MMPs), which
diffuse and locally degrade the ECM allowing the manifes-
tation of the haptotactic response. Denoting by n the EC
density per unit area, the non-dimensional equation
describing EC conservation is given by:

@n

@t
¼ Dr2n#r:

v
1þ dc

:nrc

! "
# qr:ðnrf Þ: ð1Þ

Discretizing the above equation permits the migration of
individual sprout tips on the lattice to be governed by their
local environment. At each time step, the tips will either
remain stationary or migrate up, down, left or right with a
likelihood informed by values scaled to the relative strength
of local environmental stimuli. By scaling such that these
values sum to unity, the particular migration direction of
each sprout tip is then determined from a set of normal-
ized movement weightings [2].

The hybrid PDE-discrete system is completed by the
equations:

@c

@t
¼ #gnic ð2Þ

@f

@t
¼ bni # cmf ð3Þ

@m

@t
¼ ani þ er2m# tm ð4Þ

where c represents the VEGF concentration, f the ECM
concentration, m the MMP density and ni a Boolean value
(1 or 0) indicating the presence or absence of a tip cell at a
given position. Where g, b, c, a, e and m are rate constants
for: VEGF uptake by EC, ECM production, ECM degrada-
tion, MMP production, MMP diffusion and MMP decay,
respectively.

Modeling Blood Perfusion in the Developing
Capillary Network
The wound healing process involves capillary remodeling
and vessel adaptation, which can only be successfully simu-
lated by incorporating blood flow through the evolving
capillary structures [34,35]. At the scale of a single capillary
element of length L and radius R, the approximate relation-
ship between pressure gradient DP and flow Q takes the
form of a Poiseuille-like expression:

Q ¼ pR4DP
8lappðR;HDÞL

;with lappðR;HDÞ ¼ lrel ' lplasma ð5Þ

where lapp is the apparent blood viscosity which depends
on the local blood hematocrit (HD), vessel radius and
plasma viscosity (lplasma). By conserving mass at each node
of the network, we arrive at a set of linear equations for
the nodal pressures which can be solved numerically. Using
these nodal pressures, we can, in turn, calculate the flow in
each capillary element. As accurate experimental measure-
ment of blood viscosity in living microvessels is difficult,
we apply the relationship used in [10]:

lrelðR;HDÞ ¼ 1þ ðl0:45 # 1Þf ðHDÞ
2R

2R# 1:1

! "2
" #

' 2R

2R# 1:1

! "2
ð6Þ

where R is the vessel radius, and l0.45 and f (HD) are the
viscosity corresponding to the average human hematocrit value
and a function of the hematocrit, respectively. The full parame-
terisation of the above relationship can be found in [58].

Vessels are capable of adapting their radii in response to
various blood flow stimuli, introducing a feedback loop
since the variation in radii will affect the rheological prop-
erties of the blood. The stimuli considered follow the treat-
ment of Pries et al. [45,47], and include wall shear stress
(Swss), intravascular pressure (Sp) and a metabolic mecha-
nism (Sm). The model assumes that the change in a flowing
vessel radius (DR) over a time step Dt is proportional to
both the global stimulus acting on the vessel and to the
initial vessel radius R:

DR ¼ StotRDt ¼ Swss þ Sp þ Sm
# $

RDt

¼ logðsw þ sref Þ # kp log seðPÞ
%

þ

km log
Qref

QHD

! "
þ 1

! "
# ks

&
RDt:

ð7Þ

The constants kp and km characterize the relative intensity
of the pressure and metabolic stimuli, respectively, while
the extra ks term is intended to represent the natural
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shrinking tendency of vessels in the absence of positive
growth stimuli. Further details can be found in [34,45–47].
By coupling EC migration and perfusion—including blood
rheological properties and capillary remodeling mecha-
nisms—we can simulate, at a vascular level, the response
to wounding and subsequent dynamic adaptation and
remodeling of the flowing vascular network. It should be
noted that while newly sprouted blind-ended vessels [22]
are known to leak plasma into the wound area, erythro-
cytes (where occasionally present) remain largely static and
the lack of perfusion in such vessels has negligible impact
upon the oxygen delivery to the lesion. Predictions of net-
work hematocrit distributions and intra-wound oxygen
delivery will form the basis of a future publication.

Coupling Flow and Cell Migration through
Capillary Branching and Anastomosis
The model deals with anastomosis and sprout branching in
a similar manner to earlier tumor angiogenesis models [2,
34, 57, 58]. If two individual capillary sprouts meet, they
will fuse to form a closed loop and may continue to grow
through subsequent branching. Capillary sprout branching
can only occur in tips which have reached a certain level of
maturation and, additionally, the probability of branching
is assumed to be correlated to the local VEGF concentra-
tion gradient. Branching induced by wall shear stress in
perfused vessels (see [34]) is not considered here as our
simulations predict maximum wall shear stresses in the
wound area of approximately 0.5 Pa—such small stresses
would not be expected to produce additional branching in
perfused vessels.

Initial Model Parameterization and Simulation
Details
The domain is a square of length L = 2 mm with an initial
circular wound of radius 0.6 mm positioned at its center.
There are large parent vessels at the upper and lower edges
of the domain and 20 smaller parent vessels positioned
evenly, between which have been ablated in the wounded
area. The vascular network grows from the smaller parent
vessels, with sprouts initiated at evenly spaced positions
where the VEGF concentration exceeds a critical value.
Zero-flux boundary conditions are imposed on all bound-
aries of the domain. Initially, a uniform ECM profile is
assumed throughout the domain and a radially symmetric
VEGF concentration profile that decreases from the wound
center is set up (this effectively mimics the net result of
macrophage infiltration and VEGF production during the
inflammatory phase of the healing response). There are no
MMPs present initially, as these are only produced once
capillary sprouting has begun by tip cells [13]. The experi-
mental data suggest a significant delay in the onset of
angiogenesis after injury (two to three days) therefore,

angiogenic sprouting commences at day 2.1 post-wounding.
Unless otherwise indicated, the dimensionless cell migra-
tion and vessel remodeling parameter values used in the
simulations are summarized in Table 1 (together with cor-
responding supporting references where available). We note
that the values of D and v have been informed by bench-
marking the simulations against experimental pc data.

For all of the simulation results, the radii of the two
large parent vessels and 20 smaller parent vessels were held
at 12 and 4 lm, respectively, in line with experimental
observations. Sprouts emerging from the parent vessels
were assigned an initial radius of 3 lm before perfusion.
Prior to wounding, it is assumed that all parent vessels are
capable of flow and, post-wounding, the ablated vessels
may regain flow due to reconnection via the angiogenic
process. Each parent vessel is assumed to have a pre-
formed basal lamina and does not remodel. The radii of
the newly sprouted vessels were permitted to remodel from
3 lm to a maximum of 12 lm. Vascular ‘‘pruning’’ was
achieved by removing vessel segments devoid of a critical
level of hematocrit (2%) for a critical length of time
(approximately 6 days), to prune vessels which received no
positive growth stimulus during their lifetime.

TNP-470 Model Parameterization and Simulation
Details
In order to model the effect of the TNP-470, only minor
modifications to the above were considered. The main
impact of the agent was assumed to be a reduction of

Table 1. Parameter values used in untreated wound simulations

Parameter Definition Value Source

D EC random motility
coefficient

3.0 · 10)5 [5,49]

v EC chemotaxis coefficient 0.091 [5,59]
d EC chemotactic receptor

saturation factor
0.6 [2]

q EC haptotaxis coefficient 0.3 [5,61]
g VEGF uptake by EC rate 0.1 [2]
b ECM production rate 0.05 [2]
c ECM degradation rate 0.1 [2]
a MMP production rate 1.0 · 10)6 [3]
e MMP diffusion rate 0.01 [3]
m MMP decay rate 3.0 [3]
sref Reference wall shear

stress
0.103 dyn ⁄ cm2 [45]

Qref Reference flow rate 1.909 · 10)11m3 ⁄ s [58]
kp Relative intensity rate

of the pressure stimuli
0.1 [34]

km Relative intensity rate of
the metabolic stimuli

0.07 [34]

ks Natural shrinking rate
of vessels

0.35 [34]
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sprout tip chemotactic sensitivity to VEGF and reduced
proliferative branching within the wound area. In order for
sprout tips to advance in the migration model, it is implic-
itly assumed that proliferation must have occurred in the
stalk cells. Therefore, by targeting the mechanisms for
migration, we are inherently targeting EC proliferation.
Consequently, the chemotactic parameters were modified
to reflect this and a small sensitivity study showed that
d = 1.74 and v = 0.12 were sufficient to reproduce the
observed reduction in angiogenic response (all other
parameters remained unchanged). The only other perturba-
tion to the untreated system was a small modification to
the initial conditions. This was based on the experimental
observation that the TNP-470 treated mice displayed an
increased wound area at day 3. Thus, in order to maintain
consistency between the simulation and experiment at
2.1 days post-wounding, the initial wound radius was
increased from 0.6 mm to 0.64 mm, which resulted in the
ablation of some additional parent vessel segments in the
vicinity of the wound edge.

In silico Image Analysis
For direct comparison with in vivo data, vessel density (qv)
and vessel junction density (Nj), were sampled. Three annu-
lar regions were constructed about the wound center, with
boundaries defined 80 lm either side of contours set at 250,
500, and 750 lm from the wound center, respectively.
Results at the wound center were obtained from a circle of
radius 80 lm. The total length of all vessel segments and the
number of occurrences of branching within these four
regions were calculated. Wound area was approximated by
splitting the domain into four quadrants of equal area and
determining the distance from the wound center to the near-
est perfused vessel (i.e., a vessel having a hematocrit greater
than the critical pruning value). The average of these values
was then used as an approximation of the wound radius and
the area of a circle characterized by this radius was calculated
as an approximation to wound area.

RESULTS

The pc muscle is an approximately 3–5 myofiber wide skel-
etal muscle layer (30–50 mm in diameter), located between
the panniculus adiposus and interstitial connective tissue
layers (Figure 1A) on the dorsum of mice. Injection of
150 kDa FITC-dextran and intravital confocal microscopic
imaging of a dorsal skin-fold window chamber preparation
(Figure 1B) allows image capture of perfused vessels
throughout the full thickness of the pc, which can be analy-
sed by modified stereological techniques (Figure 1C: see
Methods for details). At three days post-injury, numerous
F4 ⁄ 80 reactive mononuclear cells are observed ahead of
angiogenic sprouts (Figure 1D,E), evidence of the extensive

inflammatory infiltrate observed within the injury area
(Figure 1F). Concomitantly, injured muscle fibers sur-
rounding the direct injury site have sealed their ends and
new myotubes have formed within this zone (Figure 1F).
By day 6, collagen deposition adjacent to myofibers and
myotubes is consistent with the regenerative response
observed in skeletal muscle injury in the BALB ⁄ c strain.
Cells with the ultrastructural features of macrophages are
also observed close to immature capillaries (Figure 1G) and
myotubes. Myofiber and vascular plexus regeneration are
evident by day 15, as well as areas of severe disruption to
muscle architecture, with numerous capillaries interspersed
between large areas of cellular connective tissue
(Figure 1H).

In situ Vascular Morphology Following Injury to
the pc Muscle
Capillaries in the uninjured murine pc muscle are arranged
in a regular parallel network with prominent large diameter
feeder vessels (Figure 2A). Immediately post-wounding,
vessels containing FITC-dextran labeled plasma are absent
from the wound area (Figure 2B) and plasma leakage is
observed from dilated vessels at the wound periphery. The
injury generates a non-perfused, essentially circular wound
with a highly reproducible size (1.02 ± 0.1 mm2; [day 0];
Figure 2B,I) surrounded by !25–30 pre-existing peripheral,
occluded vessels. Maximal wound area occurs by day 3
(1.25 ± 0.1 mm2; p < 0.01 compared with day of injury;
compare Figure 2C with Figure 2B) due to the contraction
of muscle fibers within the surrounding pc, when conspicu-
ous vasodilatation of the vessels surrounding the wound is
also observed.

Revascularization of the pc occurs by sprouting of surviv-
ing peri-myofibrillar vasculature surrounding the injury site
beginning at day 3, peaks at day 6 and is essentially complete
by day 9. The mathematical model generates vascular archi-
tectures which closely resemble the intravital imaging micro-
graphs from days 3 to 9 (Figure 2D–H). On day 3, there is a
robust angiogenic response in vivo consisting of a dense
annular mesh of vascular sprouts at the wound perimeter
(Figure 2C,D), which is reproduced by the mathematical
model. By day 6, an angiogenic plexus proceeds towards the
center of the wound, and a greater number of vessels in the
wound area are observed both in vivo and in the mathe-
matical model (Figure 2E,F). Numerous anastomoses
between vessels from different sprouts are evident and perfu-
sion within these capillary loops causes remodeling and
radial adaptation to occur. As vascular remodeling has been
incorporated into the mathematical model, by day 9 the vas-
cular plexus within the wound area is shown to be composed
of several dilated capillary loops together with a small
number of wound-spanning vessels, which parallels the
observations in vivo (Figure 2G,H). These larger caliber,
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Figure 1. Morphology of the murine panniculus carnosus (PC) muscle. (A) Transverse, Haematoxylin & Eosin stained section of skin and underlying
pc muscle from an uninjured 10-week-old male Balb ⁄ c mouse. The pc is a thin skeletal muscle layer located in subcutaneous tissue of the dorsum,
between the panniculus adiposus and interstitial connective tissue (ICT). Hair follicles (arrowheads) and sweat gland (arrow) are shown in the dermal
layer. (B) Representative intravital 10· confocal microscopic image of fluorescein isothiocyanate-dextran perfused vessels in the wounded pc, 6 days
post thermal injury in the dorsal skin-fold window chamber. The wound area (top) is devoid of perfused vessels and the regenerating angiogenic
plexus with blind-ended vessels (arrowheads) is conspicuous. Quantitative analysis of the pc capillary network was performed with a Merz grid (C)
using modified stereological techniques (see Materials and Methods for details). (D, E) Maximum projections of Z-stack series through the pc layer of
a single representative 3 days post wounded whole-mounted sample co-stained with BSI-B4 (D) and F4 ⁄ 80 (E). Granulation tissue and necrotic debris
is non-specifically stained with BSI-B4 in addition to capillary endothelium (D) and infiltrating F4 ⁄ 80 reactive macrophages are distributed throughout
the entire wound area (E). The wound area in both micrographs is indicated by the dotted yellow line. (F) Toluidine blue stained, semi-thin resin
section of pc muscle 3 days after injury. Adjacent to the injury area, a neutrophil (N, gray arrow) is located at the sealed ends (black arrowheads) of
a surviving myofiber (Mf), close to an area of hemorrhage (H). Several capillaries (Ca) are observed adjacent to the surviving Mf. A larger diameter
venule (*) is seen proximal to the injury and numerous leukocytes pervade the interstitial space. A newly formed myotube (Mt) is located at the edge
of the surviving tissue. (G) Electron micrograph of pc regeneration adjacent to the direct injury (bottom) area at 6 days post wounding. Several
macrophages (m) with prominent lysosomes are evident in the interstitial space between a developing Mt and a mature Mf. New capillary growth is
evidenced by an activated endothelial cell nucleus (containing abundant nucleopores) and continuous dense junctional complex (arrowheads).
Collagen bundles (+) are also prominent. (H) Toluidine blue stained semi-thin light micrograph of regenerating pc muscle at 15 days post wounding.
Numerous blood vessels (arrows) of varying in caliber are interspersed with pre-existing damaged centronucleated Mfs (arrowheads indicated by *) in
the pc muscle layer. A cluster of adipocytes (Adi) is observed adjacent to an area of fibrotic connective tissue (FCT).
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wound-spanning vessels are highly disorganized compared
with uninjured tissue (cf. Figure 2G,A), although some evi-
dence of vascular re-alignment with the long-axis of surviv-
ing myofibers is observed at the wound periphery.

Quantitative Analysis of Vascular Growth
Following Injury to the pc Muscle
The mathematical model quantitatively reproduces the rate
of wound closure observed in vivo from days 3 to 9
(p < 0.0001; Figure 2I). In order to standardize the collec-
tion of microcirculatory data, we sampled at the geometric
center (0 lm) and at 250 lm intervals (250, 500, and
750 lm) from the center of the wound. On day 3, the wound
center (0–250 lm) remains avascular (Figure 3A,B) and at
the wound edge (500 lm), where the first angiogenic sprouts
are detected, both the Nj and qv are significantly lower than
pre-injury values (p < 0.0001). Outside the wound boundary
(on day 3, mean diameter = 610 lm), there is a significant
reduction in qv (p < 0.05) but no significant change in Nj

(NS: p > 0.05) compared to pre-wound values. By day 6, the
center of the wound contains flowing vessels, corresponding
with a small increase in qv (p < 0.01), although Nj (NS;
p > 0.05) is unchanged. Near the edge of the wound
(500 lm), significant increases in both Nj and qv (p < 0.05)
indicate a robust angiogenic response (Figure 3A,B) com-
pared with day 3. Outside the wound boundary (750 lm),
both qv and Nj have already effectively returned to
pre-wound values. By day 9, both Nj and qv have increased
significantly close to the wound center (250 lm) compared
with day 6 (Figure 3A,B; p < 0.01), although at the center of
the lesion itself (0 lm) both values still remain far lower than
those observed pre-injury (compare with day 0; p < 0.01).

Comparison of the quantitative longitudinal data
obtained in vivo and in silico provided a rigorous test of
the mathematical modeling (Figure 3C–H). As in vivo data
is inherently variable (sample size [n] = 7–11), we com-
pared mean and median Nj and qv values with data from
the virtual wound. The mathematical model predictions
compare very favorably both spatially and temporally

A B

C D

E F

G H

I

Figure 2. Qualitative comparison of in vivo wound healing with
mathematical modeling in Balb ⁄ c mice. Confocal images of fluorescein
isothiocyanate-dextran perfused vessels in the panniculus carnosus
muscle within the dorsal skin-fold window-chamber of the same animal
pre-wound (A) and immediately post-thermal injury (B). Features of
wound healing in vivo (C, E, G) are recapitulated in the mathematical
model (D, F, H) with vascular sprouting on day 3 (C, D), increased
vessel density by day 6 (E, F) and dilated capillary loops and vessels
spanning the wound area by day 9 (G, H). Scale bar = 250 lm. Wound
area in each individual animal correlates with the predicted wound area
in the mathematical simulation (I).
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(Figure 3) with the in vivo data. While the modeling
slightly under-predicts Nj close to the wound edge
(500 lm) at day 6 (Figure 3E) and slightly over-predicts Nj

at day 9 (Figure 3G), the qv are generally in excellent
agreement over the full course of the simulation
(Figure 3D,F,H). Moreover, the simulations successfully

Figure 3. In vivo and simulated microvascular parameters in normal Balb ⁄ c mice wound healing. Vessel junction numbers (A) and functional vessel
density (B) determined from fluorescein isothiocyanate-dextran perfused vessels in the panniculus carnosus preparation of the dorsal skin-fold
window-chamber (n = ‡7, mean ± SEM) compared with pre-injury (day 0) values. Vessel junction numbers and functional vessel density values in the
mathematical model show excellent correlation with the mean and median in vivo values on days 3 (C, D), 6 (E, F) and 9 (G, H). The solid vertical
line represents mean day 3 wound area radius.
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reproduce the significant increase in Nj and qv observed
close to the center of the lesion (250 lm) on day 9 (Fig-
ure 3G,H).

Modeling Vascular Growth Following pc Muscle
Injury in TNP-470 Treated Animals
The effect on vascular growth and wound area was investi-
gated in mice treated with the anti-angiogenic agent TNP-
470. As TNP-470 reduces EC proliferation, the only modifi-
cations to the base model described above were (i) reduced
chemotactic sensitivity of sprout tips to VEGF, and (ii)
reduced likelihood of EC branching. The intracellular
mechanism of action of TNP-470 has been characterized
through in vitro studies and mediated by the inhibition of
metAP2, an enzyme responsible for methionine cleavage
from pre-proteins. However, in the current model, we are
primarily concerned with the net effect of TNP-470 at the
cellular level; namely that the speed of capillary migration
and proclivity for branching are compromised. All other
parameters remained unchanged and there was no attempt
to optimize the model in order to fit experimental data.

In situ Morphology Following Injury of pc Muscle
in TNP-470 Treated Animals
Immediately post-wounding, the wound area is similar in
both vehicle and TNP-470 treated animals (Figure 4A;
p > 0.05). Wound area decreases in both groups between
days 0 and 9 (p < 0.0001). However, in the TNP-470 trea-
ted group, there is a significant delay in wound closure
compared to the vehicle group, particularly between days
3–6 (Figure 4A; p < 0.05). In animals treated with
TNP-470, the wound area is larger on day 3 (Figure 4A)
compared with vehicle treated animals (p < 0.05). In order
to remain consistent with the experimental system, the
initial wound radius was increased from 0.6 to 0.64 mm.
The TNP-470 mathematical model successfully predicted
reduced wound healing in TNP-470 treated animals, closely
matching the in vivo data (Figure 4A).

The qualitative impact of TNP-470 treatment within the
healing wound and the simulation is presented in Fig-
ure 4B–G. Fewer vessel sprouts are observed around the
wound periphery on day 3 compared with untreated animals
(Figure 4B cf. Figure 2C) and this is recapitulated in the
mathematical model (Figure 4C cf. Figure 2D). The
increased wound area observed at day 6 in TNP-470 treated
animals is consistent with a reduced angiogenic response
in vivo (Figure 4D cf. Figure 2E) and in the simulation
(Figure 4E cf. Figure 2F). Similarly, by day 9, the extent of
capillary migration both in vivo and in the model is greatly
suppressed leading to a severe reduction in the number of
perfused vessels and a complete absence of anastomosed
vessels spanning the lesion (Figure 4F,G), which are numer-
ous in the untreated animals and model (Figure 2G,H).

A

B C

D E

F G

Figure 4. Qualitative comparison of in vivo wound healing with
mathematical modeling in TNP-470 treated animals. Wound area in the
murine panniculus carnosus preparation of the dorsal skin-fold window
chamber in Balb ⁄ c mice treated with the anti-angiogenic agent TNP-
470 (n = 4) and vehicle treated mice (n = 4) compares well with the
mathematical model (A). Composite confocal images of fluorescein
isothiocyanate-dextran perfused vessels of the same animal treated with
TNP-470 indicate that the mathematical model accurately predicts the
effect of anti-angiogenic agents in vivo. TNP-470 treatment leads to a
larger wound area on day 3, with a reduced number of sprouts (B, C
compared with untreated animals, Figure 2). By day 6, reduced
sprouting observed in vivo (D) is mirrored in the simulation (E). At day
9, TNP-470 delayed wound healing is characterized by a reduction in
the number of anastamosed vessels and delayed migration of
endothelial cells in both the in vivo (F) and simulated images (G). Scale
bar = 250 lm.
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Quantitative Analysis of Vascular Growth
Following Injury of the pc Muscle in TNP-470
Treated Animals
The effect of TNP-470 on microcirculatory parameters
in vivo is presented in Figure 5. On day 3, there is no signifi-
cant effect of TNP-470 treatment, though qv and Nj are sig-
nificantly lower than day 0 pre-injury values in both groups
(p < 0.0001; Figure 5A,B). By day 6, an angiogenic response
is evident near the edge (500 lm) of the wound in the
vehicle treated animals, with a significant increase in Nj com-
pared with day 3 (p < 0.05). However, Nj is significantly
lower in animals treated with TNP-470. (p < 0.01; Fig-
ure 5C) compared with vehicle treated animals. TNP-470
treated animals also exhibited a lower qv on day 6 compared
with vehicle treated animals, although these differences were
not statistically significant (Figure 5D). By day 9, the angio-
genic plexus has invaded further into the wound in the vehi-
cle treated animals, with both Nj and qv approaching pre-
injury values (Figure 5E,F). In TNP-470 treated animals,
both Nj and qv are significantly decreased (p < 0.05) com-
pared with controls (Figure 5E,F), with no significant change
in either Nj and qv between days 6 and 9.

A comparison of in vivo quantitative data with data from
the mathematical model is shown in Figure 6. The mathe-
matical model predicts the observed delay in advancement
of the angiogenic plexus towards the wound center, charac-
terized at days 6 and 9 by decreased Nj (Figure 6B,C) and
qv (Figure 6E,F) when compared with the mean and
median values of TNP-470 treated animals, confirming the
robustness of the mathematical model.

DISCUSSION

The pc dorsal skin-fold window chamber (DSWC) wound-
healing protocol described in this study is particularly
suitable for mathematical modeling, as arteriolar, venular,
capillary [31,60] or blind-ended microvascular segments
[22] from the same regions of interest can be imaged in the
same animal over time, generating longitudinal data sets for
analysis. Focal heat-injury to the pc produces a standardized,
circular, non-perfused wound area with a reproducible size
and shape, allowing quantification of angiogenesis and
regeneration in both a spatially and temporally defined man-
ner, which is critical for mathematical modeling [9,20,22].

The in vivo data was used to inform a robust mathe-
matical model, employing a hybrid discrete-PDE formula-
tion. During normal wound healing, the in silico model
qualitatively and quantitatively reproduces the sequential
changes of the vasculature in vivo. Functional capillary den-
sity (qv), an important microcirculatory parameter which is
easily measurable in skeletal muscle tissue, is very sensitive
to changes in metabolic status, such as those experienced
during exercise-induced hypertrophy [56]. Functional capil-
lary density in the center of virtual and pc wounds increases
over days 3–9 post-wounding, consistent with the centripe-
tal progression in the leading edge of the advancing vascular
network [22] and previously observed in classical wound
healing studies [12,52]. Comparison of qv and Nj at 3, 6,
and 9 days post-injury in the virtual wound show excellent
correlation with in vivo observations in the DSWC and also
qualitatively reproduce vascular architectures and capillary

Figure 5. Quantitative analysis of in vivo wound healing in TNP-470 treated Balb ⁄ c mice. Vessel junction number on days (A) 3, (C) 6, and (E) 9
post-wounding, functional vessel density on days (B) 3, (D) 6, and (F) 9 post-wounding determined from fluorescein isothiocyanate-dextran perfused
vessels in the panniculus carnosus preparation of the dorsal skin-fold window-chamber of TNP-470 or vehicle treated mice (n = 4, mean ± SEM)
compared with pre-injury (day 0) values. Mean avascular wound radius on day 3 is indicated by the solid vertical line.
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morphologies. Although evidence of vascular re-structuring
was clearly observed in vivo on day 9, wound closure was
not complete, consistent with a previous finding of impaired
skeletal muscle regeneration in Balb ⁄ c mice [38]. We and
other groups have previously described strain-specific regen-
erative responses following skeletal muscle injury. For
instance, regeneration of functional muscle tissue and
parallel organization of the microvasculature in BALB ⁄ c
mice is severely affected by a persistence of necrotic debris
[38] and fibrotic tissue formation, which is similar to the
regenerative pattern in large traumatic muscle injuries in
humans [21]. The regenerative capacity of injured skeletal
muscle [28,37,38] is associated with strain-specific charac-
teristics of the host, which are at least partially mediated by
pre-existing arteriolar architecture [33], the efficiency of
phagocytosis of necrotic myofibrillar debris and the extent
of fibrosis [38].

To date, mathematical modeling of vasculature has been
largely restricted to angiogenesis and tumor growth
[2,34,35,41,57,58] or flow related phenomena in individual
vascular segments [22,45]. These models are validated by
qualitative comparisons with biological data accumulated
from a variety of different models and groups. In contrast,
this is the first study to directly compare morphological
data from a mathematical model with data obtained during
longitudinal experiments of wound healing, other than
studies predicting crude wound closure rates in vivo [9,10].
The present model does not include the individual contri-
bution of all cell types involved in wound healing. For
instance, invading inflammatory cells are not explicitly
incorporated, but the release of pro-angiogenic factors to

promote wound healing from these cells is simulated by
the VEGF gradient in the model and the role of infiltrating
fibroblasts and their effect upon vascular architecture is
modeled at the net level of the ECM. The model presented
in this manuscript is the first stage towards the develop-
ment of a complete in silico virtual wound, where the
inclusion of inflammatory cells, fibroblasts and additional
cell types involved in wound healing will form the basis for
future studies.

We further tested the robustness of the mathematical
model by investigating its ability to reproduce the effect of
systemic administration of an anti-angiogenic agent, TNP-
470, into the wound environment. TNP-470 blocks S-phase
entry of EC’s, actively preventing their proliferation [55].
This was effectively modeled mathematically by decreasing
the likelihood of branching and reducing chemotactic sen-
sitivity, effectively slowing down EC migration. The in silico
model reproduced the in vivo effects of TNP-470, with
delayed vessel growth into the wound core resulting in
fewer anastomosed vessels and a large region devoid of vas-
culature at day 9.

Wound healing and tumor growth are both regulated by
angiogenesis [11,23], a process controlled by cell migration
[63], tissue oxygenation [14], cellular injury [24], red blood
cell velocity, blood flow and wall shear rate [62], vascular
permeability [19] and adhesion of platelets [64] or
leukocytes [16] to the luminal side of the vascular wall in
perfused microvessels. An exciting prospect of this model-
ing approach is that future iterations of the model can be
further informed and refined by incorporation of quantita-
tive data on dynamic aspects of microvascular development

Figure 6. Comparison of in vivo and simulated microvascular parameters during wound healing in TNP-470 treated Balb ⁄ c mice. Microcirculatory
parameters determined from perfused vessels in the murine pc in the dorsal skin-fold window-chamber mice treated with the anti-angiogenic agent
TNP-470 and the corresponding mathematical simulation. There is a good agreement between the mean and median vessel junction number (A–C)
and vessel density (D–F) values determined in vivo on days 3 to 9 with the mathematical model (solid line). The solid vertical line represents mean day
3 wound area radius.
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measurable in the DSWC injury model [6,27]. Data from a
wide variety of wild-type and transgenic mice strains,
such as the non-obese diabetic mouse model of diabetes [39]
whose capacities for tissue regeneration recapitulate the
spectrum of responses in human wound healing, could
also be incorporated in future iterations to yield impor-
tant insights into the genetic, molecular and cellular
responses to wound healing in healthy and diseased tissues.

The mathematical model presented in this study accu-
rately simulates the sequential angiogenic responses
observed in healing wounds and the effects of therapeutic
intervention, and will be used to formulate novel hypoth-
eses that are testable in vivo. We are extending and
adapting this interdisciplinary approach to model vascular
development in other organ systems, such as the retina

(unpublished data) and tumor progression. The novel com-
bined in vivo and mathematical modeling approach
described in this study provides evidence for the benefits of
a new experimental paradigm in which longitudinal in vivo
data can be used to directly inform modeling and rigor-
ously test the accuracy of in silico predictions.
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