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Physiological angiogenesis is a graded, not threshold,
response
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Non-technical summary The formation of new blood vessels (angiogenesis) is important during
development and tissue repair. In many diseases the biggest drive for this process clearly comes
from chemical signals. However, normal physiological angiogenesis, such as seen with increased
muscle activity, appears to be more driven by mechanical signals including increased friction
on the inside of blood vessels, and stretch of vessels caused by the surrounding muscle fibres.
It is unclear whether the signals required to stimulate capillary growth act in an all-or-none
manner. When muscles were subjected to varying degrees of stretch, angiogenesis was recruited
in a graded fashion, although chemical signals were increased to a similar extent. This may prove
to be important in the design of targeted therapies to alleviate problems associated with too many
or too few vessels.

Abstract Angiogenesis may be induced in skeletal muscle by metabolic or mechanical factors,
but whether an in vivo stimulus threshold applies for physiological angiogenesis is unknown. We
compared three models of muscle overload inducing varying degrees of stretch on angiogenesis.
Rat extensor digitorum longus (EDL) was overloaded by (a) extirpation of the synergist tibialis
anterior (TA), (b) sectioning the distal tendon of the TA, or (c) release of the TA tendon
by sectioning the retaining ligament. EDL samples were taken after 4, 7, 14 and 28 days to
quantify capillary supply (alkaline phosphatase staining), and co-labelling for cell proliferation
(using PCNA). The gradation of overload was confirmed by Western analysis of SERCA and
CPT expression (1.6- to 7.2-fold and 8.3- to 33.9-fold changes, respectively), and the force
characteristics of EDL. There was a significant increase in the number of new myonuclei only
in the extirpated group after 7 days, while there was a graded increase in capillary-linked PCNA
density (PCNAcap) among groups compared to controls. However, extirpation caused significant
increase in PCNAcap after 7 days, whereas tenotomy showed a more modest and delayed increase at
14 days, and ligament transection induced no significant change. Muscle capillary supply followed
a similar trend to that of PCNA, whereas the pro-angiogenic VEGF and Flk-1 protein levels were
both up-regulated to a similar extent in all three experimental models 7–14 days after surgery.
These results are consistent with the hypothesis that overload-induced angiogenesis is primarily
a mechanical response, and that it is graded according to stimulus intensity.
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Introduction

It has long been known that capillary growth
(angiogenesis) can be initiated by exercise (Vanotti &
Magiday, 1934), but that small amounts of exercise do
not induce widespread capillary proliferation in skeletal
muscle (Engerman et al. 1967; Hobson & Denekamp,
1984; Prior et al. 2003). Thus, there is likely to be an
activation threshold for angiogenesis. In vitro reports
suggest that a stimulus threshold needs to be overcome
for angiogenic effects of vascular endothelial growth
factor (VEGF) and fibroblast growth factor (FGF)-2 to be
observed (Yue & Tomanek, 2001; Xue & Greisler, 2002),
although there have been no parallel studies conducted
in vivo. The level of stimulation required for in situ
growth factor expression and physiological angiogenesis is
therefore unknown (Gustafsson & Kraus, 2001), whereas
establishing whether angiogenesis is a threshold or graded
phenomenon is essential to provide a mechanistic basis
for development of effective angiotherapies.

An increased number of capillaries was noted in
extensor digitorum longus (EDL) muscles of rat
overloaded by removal of the tibialis anterior (TA) for up
to 22 weeks (Frischknecht & Vrbova, 1991), although only
2 weeks was sufficient to demonstrate overload-induced
angiogenesis in a similar model (Egginton et al. 1998).
The mechanisms of capillary growth in muscles subjected
to compensatory overload are not known. It has been
postulated that mechanical factors such as higher luminal
shear stress and capillary wall tension, associated with a
sustained increase in blood flow, represent an important
stimulus for capillary growth in vivo (Hudlická et al.
1992). However, capillary growth during compensatory
overload is independent of any alteration in blood flow,
and presumably results from mechanotransduction of
muscle stretch, i.e. local tensile and shear strains of the
muscle fibres and surrounding endothelium (Egginton
et al. 1998), leading to the sprouting form of angiogenesis
(Egginton et al. 2001). We previously showed that
extirpation of TA caused an increase in sarcomere strain
in the middle of the m. extensor hallucius proprius (a
synergist of the EDL) by ∼ 20% after 2 weeks, which had
normalised after 8 weeks (Egginton et al. 1998). Despite
widespread claims that the extent of in vivo angiogenesis is
determined by the magnitude of any acute inflammatory
response (Armstrong et al. 1979), we could find no
supportive evidence based on histological phenotype (e.g.
tissue oedema) or cellular response (e.g. macrophage
infiltration) (Egginton et al. 2001).

Previous work has shown that angiogenesis in response
to muscle overload is dependent on VEGF (Williams et al.
2006a) and involves up-regulation of both VEGF and its
main signalling receptor Flk-1 (VEGF-R2), but with little
involvement of FGF-2 (Egginton et al. 1998; Williams
et al. 2006b). The purpose of this study was to test the

hypothesis that varying the degree of overload would
modulate the extent of capillary growth. Angiogenesis,
cellular proliferation, and protein expression of VEGF
and Flk-1 were therefore studied in three different models
to determine whether the magnitude of the overload
stimulus, the extent of VEGF signalling, and/or the
amount of cell proliferation could be correlated with the
resultant angiogenesis.

Methods

Animals

Experiments were performed on adult male
Sprague–Dawley rats, body mass ∼280 g (Table 1),
in accordance with the United Kingdom Animals
(Scientific Procedures) Act 1986. Three models of over-
load were used. Hindlimb muscles, such as the m. extensor
digitorum longus (EDL), can be chronically overloaded in
a graded manner using different approaches: (a) Ext –
unilateral extirpation of the synergist m. tibialis anterior
(TA) overloads the EDL to a large extent, a surgical
procedure that invokes a transient inflammation but
subsequent overload-induced hypertrophy (Egginton
et al. 1998); (b) Ten – tenotomy (unilateral section of the
distal tendon of the TA) involves less surgical trauma,
although connective tissue may grow back and form
a pseudo-tendon, which subjects the EDL to a lower
degree of overload; (c) Lig – tendon release by unilateral
transection of the extensor retinaculum ligament that
holds the TA tendon in place at the ankle causes the muscle
to become mechanically disadvantaged, which increases
the range over which the muscle has to work (Koh &
Herzog, 1998), and induces a mild form of overload in the
EDL. All surgery was performed under aseptic conditions
and Fluothane anaesthesia with post-operative analgesia
(Temgesic, National Veterinary services, Stoke-on-trent,
Staffs, UK). The three groups were taken into final
experiment 4, 7, 14 and 28 days after surgery, when body
masses were between 250 and 300 g. A fourth group
of similar age and mass were taken as controls (Cont,
Table 1). Animals were killed by an I.P. injection of 2 ml
sodium pentobarbital (200 mg ml−1).

Histology

For all muscles, the mid portion of each EDL was snap
frozen in isopentane pre-cooled in liquid nitrogen to be
used for histochemical assessment. Serial cryostat sections
(8 μm) were stained for alkaline phosphatase (ALP)
activity to visualise the location of capillaries. The extent
of cell proliferation was quantified by labelling with anti-
bodies to proliferating cell nuclear antigen (PCNA; clone
pc10, Dako, UK Ltd, Ely, Cambs, UK), using standard
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immunohistochemical techniques (with diaminobenzoate
as the substrate). Counterstaining with haematoxylin was
carried out to visualise all nuclei. Counting of capillaries
and of PCNA-positive nuclei co-localised with the ALP
staining was performed (×400 magnification, Olympus
BH2 microscope equipped with a drawing arm) using four
random fields of 0.065 mm2 each. This enabled calculation
of the density of proliferating nuclei associated with
capillaries. PCNA-positive cells within the interstitium
and muscle fibres were also counted; interstitial and
myonuclear labelling indices were calculated as the ratio
of PCNA-positive nuclei to haematoxylin stained nuclei in
the same field. ALP was under-stained to make the colour
differentiation from PCNA clearer, but as the capillary
densities and C:F were comparable to those of other studies
from this laboratory using ALP, it is unlikely capillarity was
under-estimated as a result.

Protein measurements

Pooled samples from EDL muscle were homogenised
on ice, then protein extracted on ice with radio-
immuno precipitation assay (RIPA) buffer containing
1% NP-40, 0.5% sodium deoxycholate and 0.1% SDS in
phosphate buffered saline (Sigma) with broad spectrum
protease inhibition (Protease Inhibitor Cocktail, Sigma)
by standard methods. Protein levels were assayed using
a detergent compatible protein assay (DC Protein Assay,
Bio-Rad, Hemel Hempstead, Herts, UK). Western blots
were run on a 7.5% polyacrylamide gel with 50 μg of
protein loaded per gel, using a non-reducing sample
buffer for VEGF and standard reducing conditions for
other proteins, transferred to a PVDF membrane, and
blocked with 5% non-fat milk powder in Tris-buffered
saline (TBS)/Tween buffer (20 mM Tris base, 137 mM NaCl,
0.1% Tween 20, pH 7.6) for 1 h at room temperature
(RT). Estimation of protein levels was undertaken using
SDS-PAGE under reducing conditions using standard
techniques. Primary antibodies (VEGF A-20, dilution
1:500; Flk-1, at 1:500; SERCA-2a, at 1:1500; muscle-CPT1,
at 1:1000; all from Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA) were incubated for 1 h at room
temperature or overnight at 4◦C, followed by 1 × 15 min
and 2 × 5 min washes with TBS/Tween. Appropriate
horseradish peroxidase (HRP)-conjugated secondary
antibodies were incubated and washed similarly, then
chemiluminescent substrate applied (SuperSignal Femto,
Pierce Biotechnology/Thermo Fisher Scientific, Rockford,
IL, USA) and exposures made on photographic film
(CL-Xposure, Pierce Biotechnology). Membranes were
stripped (0.1 M KOH, 15 min) and re-probed with
antibodies against actin (T-20, Santa Cruz) or tubulin
(Sigma, UK), primary antibody dilution 1:2500. Data were
then normalised to the actin/tubulin levels, and expressed

as a percentage of control tissue. Densitometric analysis
was performed using Quantity One software (Bio-Rad).
VEGF levels were also quantified using an ELISA (mouse
VEGF, R&D Systems, Abingdon, Oxon, UK) according to
the manufacturer’s instructions to validate the Western
analysis.

Muscle function

The interventions applied will reduce the contribution
of the TA to the dorsiflexion moment by its force
exertion onto its origin. However, as the TA and EDL
are mechanically connected via their epimysium, force
generated by the TA could be transmitted to the EDL and
vice versa. As ligament release and tenotomy of TA cause
a shortening with respect to the ankle angle, this must
also change the length and relative position of the TA with
respect to the EDL. As a consequence, shear forces will be
applied to the epimysium and a shear load will be applied
to the EDL. Alternatively, due to surgical interventions, the
forces exerted by TA on its origin are substantially reduced.
As TA and EDL are both plantar flexors, a reduction in the
ability of TA to contribute to the dorsiflexion moment will
increase the demands applied to the EDL to contribute
to the dorsiflexion moment. Consequently, the EDL will
be relatively more activated than before the surgery and
hence mechanically more loaded. To assess the effects of
epimuscular force transmission and the reductions in TA
force on its origin, the acute effects of the different surgical
interventions on the force–length relations of TA and EDL
were determine on TA and EDL distal tendons in situ.
A fifth group of male Wistar rats (n = 4, 307.5 ± 5.8 g)
were therefore used to investigate the effects of
interventions on the force–length characteristics of the
EDL and TA, in agreement with guidelines under Dutch
law and approved by the Animal Care and Use Committee
of the VU University, Amsterdam. Rats were anaesthetised
using I.P. urethane (initial dose 1.2 ml (100 g body mass)−1,
12.5% solution), supplemental doses given as needed (max
1.5 ml) using pedal reflex as a guide to the plane of surgical
anaesthesia, and placed on a heated water pad (37◦C). The
foot was attached firmly to a plastic plate, and skin and
subcutaneous tissues removed over the left foot to ∼1 cm
below the extensor retinaculum ligament. The four distal
EDL tendons were cut, tied together with polyester thread
and attached to a Kevlar R© thread (diameter 0.5 mm,
4% breaking load at a load of 800 N) attached to metal
rods connected to force transducers (Hottinger Baldwin;
maximal drift <0.1%, compliance 0.0048 mm N−1). The
TA tendon was removed from its insertion by cutting a
small piece of metatarsal bone and similarly attached.
Care was taken to align the rods with the muscle axis
and pass the foot freely. A metal clamp was secured to
the femur and electrodes placed along the tibial branch of
the sciatic nerve, cut distally from the electrode. Figure 1
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Table 1. Body and muscle mass response to graded overload

Body mass (g) EDL mass (mg) EDL/body mass (mg/g 10−4) TA/body mass (mg/g 10−4)

Control (8) 284 ± 10 127 ± 3 0.447 ± 0.011 1.744 ± 0.037
4d Lig (4) 279 ± 9 127 ± 3 0.455 ± 0.011 1.426 ± 0.022∗

7d Lig (7) 261 ± 2 120 ± 3 0.464 ± 0.017 1.584 ± 0.012
14d Lig (4) 245 ± 6 108 ± 3∗∗ 0.440 ± 0.010 1.467 ± 0.056∗

28d Lig (4) 291 ± 2 139 ± 5 0.477 ± 0.015 1.658 ± 0.043
4d Ten(4) 281 ± 9 132 ± 6 0.469 ± 0.009 1.586 ± 0.086
7d Ten(7) 260 ± 5 124 ± 5 0.466 ± 0.009 1.281 ± 0.119∗∗

14d Ten (4) 255 ± 6 122 ± 3 0.482 ± 0.088∗ 1.159 ± 0.078∗∗

28d Ten (4) 269 ± 7 134 ± 3 0.498 ± 0.011∗ 1.515 ± 0.037∗

4d Ext (4) 311 ± 8 172 ± 3∗∗ 0.554 ± 0.030∗∗ —
7d Ext (7) 273 ± 4 141 ± 4∗∗ 0.518 ± 0.020∗ —
14d Ext (4) 297 ± 17 167 ± 3∗∗ 0.549 ± 0.016∗∗ —
28d Ext (4) 268 ± 5 145 ± 3∗∗ 0.542 ± 0.014∗∗ —

Means ± S.E.M. (number of animals). ∗P < 0.05, ∗∗P < 0.001 vs. control.

shows a schematic diagram of the arrangement. Both the
metal clamp and the foot plate were rigidly fixed within
the apparatus such that the knee and ankle angle were
both 90 deg, and experiments performed in a controlled
environment (22◦C, humidity 80%).

Both EDL and TA tendons were adjusted to their
reference length (corresponding to the in vivo situation
with the knee and foot at 90 deg), and muscles
preconditioned by isometric contractions alternatively
at different lengths until forces at short lengths were
reproducible (i.e. no effects of previous activity at
greater lengths were seen) (Huijing & Baan, 2001).
Isometric contractions were generated by supramaximal
stimulation (2 mA, 0.1 ms square wave pulse) via electro-
des connected to a constant current source, shortened
and lengthened by steps of 1 mm to determine active
slack and optimum length of the muscle. Two twitches
were evoked followed by a tetanic contraction (pulse train
400 ms at 100 Hz), after which the muscles were allowed
to recover for 2 min at low length. The force–length
characteristics were determined for a range of lengths
between active slack and 2 mm over optimum length.
After this, control measurements were performed at
low and high muscle length to determine if previous
activity affected force generation. After determining the
force–length relationship of the intact condition (control),
the animal was taken out of the experimental apparatus,
the extensor retinaculum ligament was transected and
the animal was repositioned in the apparatus. Force
characteristics were again determined to evaluate the
effects (post-ligament transection). Subsequently, the
connection of TA with the force transducer was trans-
ected and the force–length relationship of the EDL was
determined (post-tenotomy). Finally, the anterior crural
compartment was opened, the m. biceps femoris was trans-
ected and the myofascial connections of the TA with its

surrounding were dissected from its distal tendon up to its
proximal insertion leaving the blood supply to the muscle
intact (post-extirpation).

Statistical analysis

Data are presented as means ± S.E.M. and were analysed
using ANOVA, with Fishers protected least-significant
difference (PLSD) post hoc test for estimates of inter-group
significance. The effects of the interventions on the
length–force curves of muscles were tested using a
two-way ANOVA for repeated measures. Post hoc tests
were performed using the Bonferroni procedure to locate
significant differences (P < 0.05).

Results

The EDL muscle underwent significant increase in muscle
mass to body mass ratio (Table 1) after only 4 days of
extirpation (Ext), likely to be a residue of post-surgical
oedema that was apparently resolved by day 7. This
transient pseudo-hypertrophy increased muscle mass to
a similar extent as the subsequent muscle hypertrophy,
which was kept deliberately modest in order to avoid
pathophysiological changes. The transient changes in EDL
mass suggest a more acute affect, which is followed by
adaptation (i.e. true hypertrophy). The initial atrophy
of TA, followed by an increase in mass, may suggest
that the tenotomised tendon is re-attached or that the
tendon length was reduced such that the muscle belly
length of TA was increased, and hence provide a greater
force contribution to the dorsiflexion moment. There
was no difference between the subsequent stages, whereas
the tenotomised group (Ten) did not show any increase
until 14 days overload, and ligament transection (Lig)
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Figure 1. Schematic diagram of the rat hindlimb muscles and experimental situation for testing overload
effects on contractile characteristics of m. tibialis anterior (TA) and m. extensor digitorum longus (EDL)
The lateral view shows hindlimb muscles after removal of the m. biceps femoris. Abbreviations: GL, m. gastro-
cnemius lateralis; TA, m. tibialis anterior; PE, peroneal muscles; EDL, m. extensor digitorum longus. Force–length
characteristics of the TA and EDL were determined at 90 deg flexion of knee and foot. While the proximal insertions
were left intact, tendons of TA and EDL were distally attached to force transducers via Kevlar R© threads and aligned
with their lines of pull in vivo. EDL was overloaded by (1) extirpation of TA, (2) tenotomy of TA and (3) TA ligament
transection. Note that the retinaculum covering the tendons of the EDL and TA consists of two separate ligaments.

produced similar values at all time points, suggesting that
the intensity of overloading stimulus was lower in Ten
and Lig than that with Ext . Contralateral muscle mass
was not significantly different from controls for any group
(data not shown). The ipsilateral TA underwent significant
atrophy in response to Ten, and to a lesser extent Lig
(Table 1), as seen for other muscles (Jamali et al. 2000).
That the level of overload was indeed graded among
groups was suggested by the response of key indicators
involved in Ca2+ handling and muscle metabolism (Fig. 1).
SERCA2a increased 1.6-fold (Lig), 3.5-fold (Ten) and
7.2-fold (Ext), while m-CPT1 increased 8.3, 15.2 and
33.9-fold, respectively (Fig. 2).

The increase in density of PCNA-positive myonuclei
(PCNAmyo) occurred at the earliest time point sampled
in Ext , but marked heterogeneity in response meant
that no significant difference was noted in the other
two groups (Table 2). The density of PCNA-positive
interstitial nuclei (PCNAint) showed a significant increase
at 7 days Ext compared to controls, with a delayed
elevation seen at 14 days Ten, whereas Lig showed
little change. PCNAmyo and PCNAint followed a broadly
similar pattern in Ext , but not Lig or Ten. The density
of PCNA-positive capillaries (PCNAcap) was increased
in both extirpated and tenotomised groups, closely
paralleling the pattern seen for PCNAint (Table 2). The
increase is significant after 7 days Ext , consistent with pre-
vious studies (Egginton et al. 2001), and was accompanied
by a progressive increase in total capillary density after
14 days, reflecting the translation of cell turnover into
new vessels. In contrast, the Ten group showed a milder

Figure 2. Relative protein concentration of SERCA2a and
m-CPT-1 in EDL subjected to three degrees of overload
A, relative protein content in pooled muscle samples, normalised to
tubulin content, run in duplicate for SERCA2a (open bars) and
m-CPT1 (shaded bars) 7 days after intervention. Note the graded
increase in both indices of muscle activation with degree of
overload. B, representative Western blots; densitometry was
performed on the upper band of m-CPT-1, and the lower band is
likely to represent another CPT isoform.
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Table 2. Capillary supply and indices of cellular proliferation

C:F CD (mm−2) PCNAcap (mm−2) PCNAint (mm−2) PCNAmyo (mm−2)

Control (8) 1.40 ± 0.09 827 ± 79 9.2 ± 2.1 5.4 ± 1.2 3.1 ± 0.8
4d Lig (4) 1.49 ± 0.05 835 ± 19 11.2 ± 4.2 5.8 ± 0.4 12.3 ± 3.1
7d Lig (7) 1.50 ± 0.06 853 ± 46 9.6 ± 4.9 9.6 ± 1.9 8.5 ± 3.0
14d Lig (4) 1.47 ± 0.06 774 ± 34 8.1 ± 1.5 8.1 ± 1.9 5.6 ± 1.4
4d Ten(4) 1.37 ± 0.05 875 ± 47 18.7 ± 4.6 18.9 ± 4.9 15.1 ± 9.4
7d Ten(7) 1.46 ± 0.05 843 ± 38 19.4 ± 3.4 18.8 ± 4.2 8.6 ± 2.4
14d Ten (4) 1.52 ± 0.02 869 ± 54 38.4 ± 5.9∗ 36.2 ± 7.5∗∗ 5.9 ± 1.0
4d Ext (4) 1.47 ± 0.04 844 ± 28 20.1 ± 5.0 19.2 ± 6.5 18.9 ± 4.4∗

7d Ext (7) 1.40 ± 0.05 949 ± 51 62.4 ± 7.3∗∗ 62.7 ± 13.1∗∗ 33.6 ± 8.7∗∗

14d Ext (4) 2.11 ± 0.07∗∗ 1038 ± 60∗ 16.1 ± 3.6 16.5 ± 3.2 18.3 ± 6.2∗

Means ± S.E.M. (number of animals). ∗P < 0.05, ∗∗P < 0.001 vs. Control. Abbreviations: C:F, capillary to fibre ratio; CD,
capillary density; PCNA, profiling cell nuclear antigen; caps, capillaries; int, interstitium; myo, myonuclear.

and delayed response which was significant after only
14 days, while Lig showed no discernable response. This
demonstrates that the higher the intensity of overload, the
earlier is the stimulation of cell proliferation associated
with capillaries, suggesting a more intense angiogenic
response. Consistent with these findings, both capillary
to fibre ratio (C:F) and capillary density (CD) were
increased in Ext muscle, a trend that did not reach
statistical significance in Ten, and showed little or no
change following Lig (Table 2). Expressing proliferation as
labelling indices for the three anatomical locations showed
a broadly similar pattern of cell turnover associated
with angiogenesis, extracellular matrix modification and
muscle remodelling in the order Ext > Ten > Lig
(Fig. 3 and online Supplemental Material, Supplementary
Table 1).

VEGF and Flk-1 protein levels were both up-regulated
to a similar extent in all three models 7 days after surgery,
compared to control rats (Fig. 4A). There was a gradual
increase in VEGF concentration up to a peak occurring
at about 14 days (Fig. 4B). Flk-1 was up-regulated to a
similar extent as VEGF by all three treatments, with a peak
expression of roughly twofold increase also seen at 14 days,
although dropping quickly back to approximately control
levels by 28 days after surgery (Fig. 4C). ELISA analysis
confirmed up-regulation of VEGF in all three treatments,
peaking at around 14 days with a threefold increase over
control levels (Fig. 5). No increase in VEGF was seen in Lig
at 3 days, though both Ten and Ext showed early increases,
and all three models showed VEGF levels returning to
control values by 28 days.

After the interventions (ligament transection and
tenotomy) on the TA muscle, some acute changes to
the length–tension relation of the EDL were expected, as
force generation at a given ankle angle may be affected
in two ways. (a) As the TA and EDL are mechanically
connected via their epimysium, the force generated by the

former could be transmitted to the latter and vice versa. As
ligament release and tenotomy of TA cause a shortening
of TA with respect to the ankle angle, this also would
change the length and relative position of the TA with
respect to the EDL. As a consequence the epimysium is
shearing and stiffening, such that forces of TA are trans-
mitted to the EDL. (b) Due to the interventions, the force
exerted by TA onto its origin is substantially reduced. As
TA and EDL are both plantar flexors, a reduction in the
ability of TA to contribute to the dorsiflexion moment
will increase the contribution of the EDL. Consequently,
the EDL will be relatively more activated than before
surgery. Acutely, the length–force relation of the EDL is
not changed, but in the longer term maximum force is
expected to increase because of the hypertrophy seen as the
increase in EDL/body mass ratio. As the EDL is a muscle
with a low degree of pennation, hypertrophy will change
the length of the muscle little, and thus the joint angle at
which the muscle attains its maximum force (Huijing et al.
2005).

Figure 6 shows the active and passive force–length
curves of the EDL and TA before and after different
interventions, muscle lengths being expressed relative to
the reference length (i.e. that of the muscle at knee and
ankle angle of 90 deg). For the control condition the
length range of force exertion differs between EDL and TA.
Although active slack lengths of both muscles were about
5 mm below the reference length, the optimum length of
EDL was attained 2–3 mm over reference length, while the
TA was still on the ascending limb of its force–length curve.
The force characteristics of EDL and TA were significantly
changed by the interventions. Ligament transection
caused substantial reductions in force (40–60%) at TA
lengths higher than the reference length, for EDL this
intervention increased force development due to a slight
shift of the force–length curve to the right. Logically, TA
forces were zero post-Ten, and significantly lower than

C© 2010 The Authors. Journal compilation C© 2010 The Physiological Society



J Physiol 589.1 Muscle capillary growth 201

after Lig . After Ten the force–length curve of EDL were
not different from that after Lig . Passive forces were not
affected by the interventions.

Discussion

Growth of capillaries (angiogenesis) may be induced
in skeletal muscle by chemical or mechanical factors
(Hudlická et al. 1992), an adaptive response that is
essential for maintaining adequate tissue function in the
face of chronic increases in metabolic demand (Skalak
& Price, 1996). Activity-induced angiogenesis occurs in
adult skeletal and cardiac muscles, but the mechanism of

Figure 3. Cellular proliferation associated with capillaries,
interstitium and muscle fibres following graded overload
Labelling index (LI) is shown for ligament transection (Lig), tenotomy
(Ten) and extirpation (Ext), with bar shading depicting the duration
of response. Data are means ± S.E.M. ∗P < 0.05, ∗∗P < 0.001 vs.
control.

capillary growth in muscles subjected to compensatory
overload is not known. Exercise training in rat results in
widespread adaptations in the properties of the skeletal
muscle that are specific to the type and amount of activity
(Ishihara et al. 1998). Similarly, an increase in muscle
mass is a characteristic response of skeletal muscle to
a functional overload (Plyley et al. 1998), which can
be either compensatory due to ablation or denervation
of synergistic muscles (Frischknecht & Vrbova, 1991),
or passive stretch by fixation of muscles in lengthened
position (Goldspink et al. 1992). Previous studies have

Figure 4. VEGF and Flk-1 expression in three models of muscle
overload
A, Flk-1 and VEGF expression levels are shown for control (Con),
7 days after extirpation (Ext), 7 days after tenotomy (Ten) and 7 days
after ligament transection (Lig). Denistometric analysis of both bands
provided an estimate of total VEGF content. B, densitometry data
for VEGF blots are shown for control rats (1st column), extirpated
(columns 2–5), tenotomised (columns 6–9) and ligament transection
(columns 10–13) for 3, 7, 14 and 28 days. Data are means ± S.E.M.,
normalised to control. ∗P < 0.05 vs. control (n = 3 per group). C,
densitometry data for Flk-1 blots are shown for control rats (1st
column), extirpated (columns 2–5), tenotomised (columns 6–9) and
ligament transection (columns 10–13) for 3, 7, 14 and 28 days. Data
are means ± S.E.M., normalised to control. ∗P < 0.05 vs. control
(n = 3 per group). N.B., error bars were generated from replicates of
pooled samples to determine the variability among treatments.
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reported proliferation of capillaries in such hypertrophied
muscle (Degens et al. 1994; Egginton et al. 1998; Degens
et al. 2003). Although the hyperaemia following prazosin
(anα1 blocker) administration stimulated angiogenesis via
increased luminal shear stress, capillary growth induced
by skeletal muscle hypertrophy was independent of
any increase in blood flow (Egginton et al. 2001). It
therefore appears that shear stress does not change during
compensatory overload, and that angiogenesis is likely
to be initiated by the local tensile and/or shear strains
introduced to the capillary endothelium by contraction
induced local deformation of skeletal muscle fibres acting
via the interstitial filament network. If this were the
case, and angiogenesis was not a threshold response,
we hypothesised that varying the degree of overload
would determine the extent of capillary growth. Thus, we
used three surgical interventions to impose an increasing
overload of the EDL – ligament transection, tenotomy and
extirpation – to examine the role overload and stretch play
in initiation of angiogenesis.

The relative muscle mass showed an increase in Ext ,
indicative of muscle hypertrophy, a modest increase in
Ten, while no significant change was observed in Lig ,
suggesting that the intensity of overloading stimulus was
progressively lower. A graded extent of overload is also
indicated by protein markers of processes known to be
sensitive to mechanical strain (SERCA2a; Talmadge et al.
1996) and mitochondrial β-oxidation (m-CPT-1; Tunstall
et al. 2002). A previous report (Egginton et al. 1998)
showed a greater compensatory hypertrophy after 2 weeks
of synergist removal (∼20%), but this was with larger

Figure 5. Time course of VEGF expression in different models
of overload
VEGF concentration is given as pg per ml of total protein extracted
by detergents (see Methods), using samples pooled from 3 animals
measured on the ELISA at three different dilutions. Data are shown
for control rats (1st column), extirpated (columns 2–5), tenotomised
(columns 6–9) and ligament transection (columns 10–13) for 3, 7,
14 and 28 days.

Wistar rats. Tenotomy and ligament transection produced
more modest changes in muscle mass, presumably due
to the lower intensity of overload, and hence a longer
duration of loading was required to initiate a proliferative
response. Mature skeletal muscle is a post-mitotic tissue,
so its nuclei are unable to divide after differentiation,

Figure 6. Cumulative effects of the overload interventions on
active and passive force–length characteristics of rat TA and
EDL
The interventions were performed in the order of TA ligament
transection, tenotomy of TA, then extirpation of TA. These data
show that the different models of overload did not cause major
shifts in the force–length relation of the EDL. A, active and passive
forces exerted at the distal tendons of EDL. Muscle tendon complex
length is expressed as a deviation (�lm+t) of the reference length,
which is the length of the muscle corresponding to the in vivo
situation with the knee and foot in 90 deg. B, active and passive
forces exerted at the distal tendon of TA. Note that after tenotomy
TA did not exert force anymore. ∗P < 0.05 between interventions.
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and hence any increase in myonuclear proliferation is
indicative of satellite cell activation (Zammit, 2008).
Although satellite cells are normally quiescent in adult
muscle, they are responsible for muscle regeneration
following injury and are involved in work-induced hyper-
trophy of muscle fibres (Bischoff & Heintz, 1994; Petrella
et al. 2008). Indeed, compensatory hypertrophy of mature
rat EDL cannot occur unless satellite cells are able to
reproduce and contribute nuclei to the overloaded muscle
fibres, ensuring a constant myonuclear-to-myoplasmic
volume ratio (Rosenblatt et al. 1994). Consistent with the
differing extent of overload among the interventions, we
also found a significant increase in myonuclear PCNA
density and myonuclear labelling index at 7 days in Ext ,
whereas Ten and Lig showed much less or no significant
change, respectively.

Synergist extirpation (Ext), which is a strong
overload stimulus, increased the density of capillaries and
capillary labelling index, indicative of endothelial and
perivascular cell proliferation (Egginton et al. 2001), in
the EDL muscle. The increase was significant after 7 days
of Ext , which is consistent with previous studies (Egginton
et al. 1998; Rivilis et al. 2002), and was accompanied by
a progressive increase in capillary density after 14 days,
reflecting the translation of cell turnover into new vessels.
In contrast, Ten showed a more mild (at 7 days the
response was significantly lower than that of Ext) and
delayed response (peaking at 14 days). This indicates that
the greater the intensity of overload, the earlier is the
stimulation of cell proliferation associated with capillaries,
consistent with a more intense angiogenic response. At
14 days the Ten response was significantly higher than
Ext at the same time point, suggesting that delayed
cellular proliferation in the former group coincided with
reduced proliferation in the latter group, and that an
adequate stimulus represents the product of intensity and
duration. Interestingly, changes in response to the mildest
intervention (Lig) never reached statistical significance,
suggesting that muscle has some scope for deformation
or metabolic reserve, possibly involving compensatory
adjustments e.g. in blood flow. The apparent discrepancy
between LIcap and [VEGF] may at first seem confusing,
perhaps due to the dogma that VEGF has a simple
relationship with angiogenic outcome. We have shown
previously that EC proliferation may increase the numbers
of EC profiles found within individual capillaries (Zhou
et al. 1998), but endothelial proliferation may also occur
in the absence of overt capillary growth (Rivilis et al.
2002), while levels of Fik-1 rather that VEGF per se may
offer a better correlation with angiogenesis (Milkiewicz
et al. 2004). These data show a variation on this pattern
where angiogenesis is induced as a result of both synergist
extirpation and tenotomy, but the extent of angiogenic
response is greater in the former than the latter, with little
or no angiogenesis in response to ligament transection.

Thus, the angiogenic response is likely to be graded with
strength of the mechanical stimulus.

It could be argued that it is the extent of muscle activity,
not stretch, that determines the angiogenic response to
overload. If Ext induces a higher muscle activity compared
to Ten or Lig (see Fig. 1), then metabolic activity may be
the key parameter that drives angiogenesis, rather than
muscle stretch. To examine how mechanical overload of
the EDL was altered by the interventions, force–length
characteristics of both EDL and TA were investigated.
Ligament transection caused a reduction in the force
generated by the TA, which was to be expected as
the distance between origin and insertion is decreased
by this intervention (Burkholder & Lieber, 1998). EDL
force generation at short lengths was substantially (∼1.5-
to 3-fold) increased, likely to be explained by trans-
mission of force from TA onto its distal tendon (Maas
et al. 2003). As TA and EDL, together with the m.
extensor hallucis longus (EHL), are mostly responsible for
dorsiflexion movements, a reduction in TA force would
require a greater activity of EDL and/or EHL to maintain
a similar dorsiflexion moment. The maximum force of
EHL is very low (Yucesoy et al. 2005), and its relative
contribution is therefore only minor. Tenotomy of TA
prevented its direct contribution to dorsiflexion moment
around the ankle, and therefore probably increased
the activity of EDL and/or EHL further compared to
ligament transection. After TA extirpation, the EDL
force–length curve did not differ from that of the control
and post-tenotomy conditions. This suggests that the
force generating potential of EDL was unaltered. Why,
then, does this condition cause the greater angiogenic
effect? After tenotomy, TA may have contributed to the
dorsiflexion moment by transmitting its force onto EDL
or EHL. As EDL forces were not increased, and TA is
connected to EHL by epimuscular connections (Huijing
et al. 2003), forces generated by the TA are likely to be
transmitted to the EHL. After TA extirpation, this muscle
no longer contributes to the dorsiflexion moment, and
as a consequence activation of EDL will be enhanced.
In addition, removal of the epimuscular connections
between EDL and TA may alter the local tensile and
shear strain distributions, which may enhance a local
adaptive (angiogenic) response (cf. Huijing & Jaspers,
2005). Taken together, these data show that after the
different interventions EDL was gradually overloaded,
paralleled by a gradual increased angiogenic signalling,
indicating that the overload-induced cell proliferation
and angiogenesis are graded according to stimulus
intensity. Whether the stimulus is solely mechanical
warrants further investigation, as the enhanced intensity of
contractile activity may also have metabolic effects.

The proximate stimulus for angiogenesis is often taken
to be an acute inflammatory response as a result of
surgical trauma (Armstrong et al. 1979), which may
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be particularly relevant following extirpation, while
tenotomy and ligament release would be expected to
cause substantially less trauma. We have conducted
extensive investigations in order to examine this possibility
but ultrastructure, histological and immunohistochemical
analyses (e.g. Zhou et al. 1998; Egginton et al. 2001)
have provided no evidence of significant macrophage
infiltration 2 days post-surgery. We therefore conclude
that such additional angiogenic stimulation would at best
be a minor component of the observed physiological
response.

The mechanism by which mechanical loading of muscle
stimulates angiogenesis is therefore still not defined,
involving mechanical factors possibly with a metabolic
component at higher degrees of overload (above), and
whether non-endothelial (e.g. satellite) cell activation has
any role is still to be investigated. Angiogenesis stimulated
by muscle overload requires VEGF expression (Williams
et al. 2006a), and VEGF protein is up-regulated in response
to muscle extirpation (Rivilis et al. 2002; Williams et al.
2006b). Hepatocyte growth factor (HGF) is abundant in
the extracellular matrix of muscle fibres (Tatsumi et al.
1998), and is released from satellite cells in response to
muscle activity (O’Reilly et al. 2008). HGF acts in synergy
with VEGF (Xin et al. 2001), potentially amplifying the
angiogenic response to a potent endothelial mitogen. It
would therefore be reasonable to assume that VEGF is the
principle growth factor controlling these pathways, and a
graded expression of VEGF might be expected to correlate
with the graded angiogenesis observed. However, VEGF
protein is up-regulated to a similar extent in all three of
the overload models. This means that an increase in VEGF
is seen both in the presence of a large angiogenic response
to Ext and also where little or no angiogenesis occurs with
Lig . This is surprising, as exogenously applied VEGF is a
potent stimulator of angiogenesis (Ferrara, 2004), and the
presence of similar levels in different models would suggest
a similar angiogenic potential. The lack of a correlation
between angiogenic outcome and VEGF levels therefore
points to a stringent control of angiogenesis to accentuate
or ameliorate the pro-angiogenic effects of VEGF. This
may parallel the changes in VEGF expression seen in
response to ischaemia, where an increase in VEGF can be
seen without angiogenesis if there is no parallel increase
in Flk-1 (Milkiewicz et al. 2004), suggesting that receptor
expression is one mechanism by which VEGF-mediated
angiogenesis is regulated. However, this is not what is
seen in response to graded overload, as Flk-1 is increased
in parallel with VEGF expression, suggesting that the
overall balance of pro- and anti-angiogenic molecules is
more important than the expression of a single growth
factor. While VEGF is essential for angiogenesis in Ext ,
and probably also in Ten and Lig due to similarity of the
mechanical stimulus, it would seem likely that while VEGF
may provide a permissive, pro-angiogenic environment

the realisation of in vivo angiogenesis may be controlled
by other factors.

Interestingly, while there is little angiogenesis in the
ligament transection model, the proliferation response is
much closer to the other models. Cellular proliferation
is therefore closely tied to VEGF/Flk-1 expression,
consistent with the role of VEGF acting as an endothelial
mitogen (Ferrara, 2004). This may explain why VEGF
is necessary for angiogenesis, but not sufficient to elicit
a full angiogenic response in skeletal muscle without
the co-expression of ancillary molecules. However,
exogenously applied VEGF is capable of inducing a full
angiogenic response on its own (Phillips et al. 1994),
albeit at a supra-physiological dose. VEGF is also capable
of inducing release of a large range of pro-angiogenic
molecules (Ferrara, 2004), but again it may be that this
only occurs at high concentrations. Interestingly, viral
transfections generate lower concentrations of VEGF, and
these have been shown to promote angiogenesis in the
presence of another pro-angiogenic stimulus, such as
ischaemia (Takeshita et al. 1996; Shimamura et al. 2006),
but have not been reported to stimulate angiogenesis
in a stable, quiescent vasculature. Thus, angiogenesis
caused by high concentrations of VEGF alone may model
pathological angiogenesis, which is borne out by the
morphological similarities of the chaotic vessel pattern
seen in transgenic mice over-expressing VEGF (Dor et al.
2002) with those in tumours (Papetti & Herman, 2002).

Conclusions

This study examines the extent to which an angiogenic
response is proportional to the severity of muscle over-
load. The stimuli for the EDL will be (a) changes in the
mechanical loading, (b) changes in the animals’ use of their
limbs or activity level (a mechanical stimulus), (c) physical
compression or decompression of the EDL during the duty
cycle (also a mechanical stimulus), and (d) inflammation
from the surgery (a potential chemical stimulus, which
will mainly affect the earlier time points). We cannot claim
that the nature of the mechanical stimulus is identical and
differs only in magnitude, but we have shown that it does
differ in magnitude. The observation of a graded hyper-
trophic response suggests graded differences in mechanical
overload between the different interventions, although
effects of surgery cannot be excluded, leading to higher
expression of muscle proteins important in metabolism
and capillary growth. The lack of graded expression of
VEGF and its receptor Flk-1 suggests that if a certain
threshold is exceeded, physiological angiogenesis becomes
graded, but requires a relatively low growth factor response
that correlates with cellular proliferation. The role of VEGF
in this case may be primarily to act as an endothelial
mitogen, with the control of overt angiogenesis occurring
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through a balance of other factors, including mechano-
transduction by the endothelium. These data suggest
that an initial, low-level overload produces a primarily
mechanical angiogenic response, while an additional
metabolic component may be evident at higher levels of
muscle activity. This is consistent with the finding that
‘passive’ exercise may also induce an apparent angiogenic
response, in the absence of overt muscle activity (Hellsten
et al. 2008).
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