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Abstract Background: The Achilles tendon is one of the
most common sites of tendon injury and rupture. One of
the early events of wound healing is angiogenesis, in which
neovascularization prompts delivery of inflammatory cells
and fibroblasts to the wound site. Angiogenesis is con-
trolled by a variety of mitogenic, chemotactic, or inhibitory
peptides and lipid factors that act on invading endothelial
and smooth muscle cells. One of the most important an-
giogenic factors is the vascular endothelial cell growth
factor (VEGF), a glycosylated protein of 4648 kDa com-
posed of two disulfide-linked subunits. Methods: We there-
fore investigated the expression of VEGF during healing
of artificial lesions of the Achilles tendon in a sheep
model by immunohistochemical, biochemical, molecular,
and cell biology methods. Two groups were created, the
Achilles tendon was tenotomized, and the animals were
killed at 3 and 24 weeks. Each group consisted of 6 spec-
imens. Six animals which did not undergo surgery served
as controls. Results: VEGF could be immunostained in
tenocytes of ruptured but not in normal adult tendons. At
microvessels, the receptors VEGFR-1 (flt-1) and VEGFR-2
(KDR) could also be visualized. High VEGF levels in
ruptured and negligible levels in normal Achilles tendons
could be confirmed and quantified by enzyme-linked im-
munoassay (ELISA). The highest VEGF concentrations
were found in ruptured tendons, whereas the VEGF con-
tent in healthy adult tendons was negligible. Interestingly,
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the VEGF concentration of the original tendon stump was
higher after 3 weeks than that of the newly regenerated
tendon tissue. However, this difference was not significant
(p>0.05). Reverse transcription-polymerase chain reaction
(RT-PCR) showed that the splice variants VEGF,,, and
VEGF ¢, are expressed at 3 weeks and 24 weeks, respec-
tively. Conclusion: These results prove the presence of the
splice variants VEGF,,, and VEGF g, in ruptured tendons
during the healing process. The demonstrated up-regula-
tion of VEGF in intrinsic tenocytes suggests a role for
VEGF in mechanisms of angiogenesis and Achilles ten-
don repair. Further research is needed to evaluate if VEGF
might be a possible tool to enhance the process of tendon
healing.
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Introduction

The biochemical mechanism of tendon healing remains
controversial. Both extrinsic and intrinsic mechanisms of
nutrition and tissue repair have been implicated [6, 8, 11,
23]. One of the early events of wound healing is angio-
genesis [16], in which neovascularization prompts delivery
of inflammatory cells and fibroblasts to the wound site.

The formation of new blood vessels (angiogenesis) is a
necessary event during embryogenesis, but occurs rarely
in the adult with a few exceptions such as the female re-
productive system, wound healing, and pathological pro-
cesses like cancer or rheumatoid arthritis [14, 15, 16, 19,
20]. Angiogenesis is controlled by a variety of mitogenic,
chemotactic, or inhibitory peptide and lipid factors that
act on invading endothelial and smooth muscle cells [16].
One of the most important angiogenic factors is the vas-
cular endothelial cell growth factor (VEGF; alternative
term: vascular permeability factor, VPF), a glycosylated
protein of 4648 kDa composed of two disulfide-linked
subunits.
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VEGEF/VPF is an endothelial cell mitogen, promotes
angiogenesis in vivo, and renders the microvasculature
hyperpermeable to circulating macromolecules [6, 7, 12,
17, 35, 36, 37, 38]. In addition, VEGF is chemotactic for
monocytes and a procoagulant. In normal tissues, VEGF
is expressed during embryogenesis and in a limited num-
ber of sites in adults, e.g., in the circumventricular organs
[16]. In the disease state, VEGF can be detected in various
tumor cells, osteoarthritic cartilage, the synovial pannus
in rheumatoid arthritis, or keratinocytes during wound
healing [6, 7, 12, 17, 35, 36, 37, 38]. In humans, five dif-
ferent VEGF isoforms with 121, 145, 165, 189, and 206
amino acids can be generated as a result of alternative
splicing from the single VEGF gene [13]. In other species,
these splice forms vary by one or two amino acids (e.g., in
sheep: VEGF,,y, VEGF, 4, VEGF 44, VEGF 53, VEGF,(s)
[12]. These isoforms differ in their molecular mass and in
their biological properties such as their ability to bind to he-
parin or heparan-sulfate proteoglycans and to different VEGF
receptors (VEGFR) [12]. The splice forms VEGF,,,,
VEGF,,5, and VEGF¢; are secreted, whereas VEGF g, is
tightly bound to cell surface heparan-sulfate, and VEGF,q¢
is an integral membrane protein [13, 31]. In contrast to the
other forms, VEGF,,, does not bind to heparin or extra-
cellular matrix proteoglycans. The signalling tyrosine ki-
nase receptor VEGFR-1 (flt-1, fms-like tyrosine kinase 1)
binds VEGF,,; and VEGF4s, and VEGFR-2 (KDR, ki-
nase domain region/flk-1, fetal liver kinase 1) additionally
binds VEGF ;s (apart from certain VEGF-related peptides).
The co-receptors neuropilin-1 and -2 selectively bind the
165 residue VEGF isoform [31].

An understanding of the cellular and molecular path-
ways that govern the events of tendon healing is critical to
the future advancement of treatment. Studies on the fac-
tors that initiate and control the cells and molecules in-
volved in tendon healing will lead to new insights and di-
rect additional efforts in tendon regeneration research.

The aim of this study was to examine the expression of
VEGF and its receptors (FLT 1 and KDR/FLK-1) to elu-
cidate the complex process of tendon healing. For that pur-
pose, we studied the expression of VEGF in a tendon heal-
ing model in sheep with immunohistochemical, biochem-
ical, and molecular biology methods.

Materials and methods

The animal experiment was performed at the Trauma & Recon-
structive Surgery Department, Charité, Campus Virchow-Clin-
icum, Humbold University of Berlin. All procedures were per-
formed with permission of the local government animal rights pro-
tection authorities in accordance with the National Institute of
Health guidelines for the use of laboratory animals.

Twelve skeletally mature, female merino sheep were used for
anterior cruciate ligament (ACL) reconstruction. All animals (av-
erage weight: 51.4kg) were screened to ensure good physical con-
dition. This animal experiment was carried out to examine the ef-
fect of radiofrequency shrinkage on the chronically relaxed ACL.
To reduce postoperative activity, all animals underwent a teno-
tomy of the Achilles tendon. The animals were assigned to two
groups and killed at 3 and 24 weeks. Each group consisted of 6 an-
imals. Anesthesia was induced intravenously with thiopental-so-

dium and maintained with isoflurane and nitrous oxide. Postopera-
tively, the animals were returned to their cages and were allowed
to move without any restrictions. Animals were euthanasized with
an overdose of potassium chloride and thiopental-sodium. The
knees were harvested, and the grafts were explanted. Six normal
Achilles tendons of sheep which did not undergo surgery were se-
lected from a local abattoir and served as controls. The tendons
were obtained immediately after death and were frozen in a freezer
(=20°C).

Immunohistochemistry

For immunohistochemistry, tissue samples were fixed in 3% para-
formaldehyde, embedded in paraffin, sectioned, irradiated at 750 W
in a microwave oven with 3% hydrogen peroxide in 0.01 M so-
dium citrate buffer, pH 6.0 (twice for 5 min), dewaxed, immuno-
stained with anti-VEGF (1:40 in Tris-buffered saline, 60 min;
sc7269 mouse monoclonal IgG2a, Santa Cruz Biotechnology, CA,
USA), anti-VEGFR-1 (1:80; sc316-G goat polyclonal antibody;
Santa Cruz), or anti-VEGFR-2 (1:80; goat polyclonal antibody;
Santa Cruz), followed by biotinylated secondary antibodies and a
peroxidase-labeled streptavidin-biotin staining technique; nuclei
were counterstained with hemalum.

Enzyme-linked immunosorbent assay

For enzyme-linked immunosorbent assay (ELISA), frozen tissue
samples were crushed in an achate mortar under liquid nitrogen,
homogenized in 150 mM NaCl 20 mM Tris/HCl-buffer, pH 7.4, a
soluble fraction obtained by centrifugation (48,000xg, 60 min),
and aliquots (100 ul) analyzed by a sandwich ELISA (R&D Sys-
tems, Minneapolis, MN, USA) that detects all VEGF splice forms.
Human recombinant VEGF 45 (PreproTech, Rocky Hill, NJ, USA)
served as the standard.

Reverse transcription-polymerase chain reaction (RT-PCR)
for VEGF splice variants [13]

For RT-PCR, frozen samples (1 g) were crushed in an achate mor-
tar under liquid nitrogen, RNA isolated by the phenol-guanidinium
thiocyanate method, purified by isopropanol and repeated ethanol
precipitation, and contaminating DNA was destroyed by digestion
with RNase-free DNase I (20 min 25°C; Boehringer, Mannheim,
Germany). After inactivation, the DNase (15 min 65°C), cDNA
was generated with 1 ul (20 pmol) oligo (dT),s primer (Amersham
Pharmacia Biotech, Uppsala, Sweden) and 0.8 ul superscript
RNase H- reverse transcriptase (Gibco, Paisley, UK) for 60 min at
37°C as described [11]. For PCR, 4 ul cDNA were incubated with
30.5 ul water, 4 ul 25 mM MgCl,, 1 ul dNTP, 5 ul 10xPCR buffer,
and 0.5 pl (2.5 U) platinum Tag DNA polymerase (Gibco), and the
following primers (2.5 ul each containing 10 pmol) [12]:

Primer
VEGFsense
VEGFantisense
VEGFsplicesense
VEGFspliceantisense

Sequence
5—TGTAATGACGAAAGTCTGCAG -3
5—TCACCGCCTCGGCTTGTCACA -3

5 — CCATGAACTTTCTGCTGTCTT — 3
5 — TCGATCGTTCTGTATCAGTCT — 3

Results

VEGF can be immunostained in tenocytes
of ruptured adult but not healthy tendons

By immunocytochemistry, VEGF can be visualized in
tenocytes of ruptured human Achilles tendons, but not in
healthy adult ones (Fig. 1). In ruptured tendons, the im-
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Fig.1la—d Immunostaining of vascular endothelial cell growth
factor (VEGF) in ruptured (a) and in healthy adult sheep Achilles
tendons (b) and its receptors VEGFR-1/flt-1 (¢) and VEGFR-2/
KDR (d) in tenotomized sheep Achilles tendons. Nuclei in the sec-
tions were counterstained with Meyer’s hemalum. The VEGF an-
tibody is cross-reactive with all VEGF splice forms. No im-
munoreactions were detectable after adsorption of the VEGF anti-
body to recombinant VEGF 45 or after omitting the primary anti-
bodies. Bar=10pum (a—c) or 100 uM (d), original magnifications
%360 (a—c) or x180 (d)

munoreactivity was restricted to distinct areas of the ten-
dons. Apart from the cytoplasm of the tenocytes, the peri-
cellular space was also immunopositive. To visualize the
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Fig.2 VEGF concentrations are strongly increased in tenotomized
but not in normal Achilles tendons. Samples were homogenized
in buffer, and immunoreactive VEGF determined in the homog-
enates by an ELISA detecting all soluble VEGF splice variants.
Meanszstandard deviations from n=6 animals each. Zones a and b
refer to the localization of the original tendon stump and the newly
regenerated tendon tissue in Fig. 1

possible target for the angiogenic peptide, some sections
were immunostained for VEGFR-1/flt-1 and VEGFR-2/
KDR (Fig. 1c,d). Endothelial cells in microvessels of rup-
tured tendons stained intensely.

VEGF concentrations are negligible in healthy adult
Achilles tendons, but high in ruptured ones

To quantify the VEGF concentrations in Achilles tendons,
surgical or pathological samples were homogenized and
VEGF measured by a sensitive ELISA (Fig. 2). The high-
est VEGF concentrations were found in ruptured tendons
at week 3 postoperatively, with a decreasing VEGF con-
centration observed after 24 weeks. The VEGF content in
healthy adult tendons was negligible. Interestingly, the
VEGF concentration of the original tendon stump after
3weeks (zone A in Fig.3) was higher than that of the
newly regenerated tendon tissue (zone B in Fig. 3). How-
ever, this difference was not significant (p>0.05).

Fig.3 Sheep Achilles tendon, anterior view, 24 weeks after te-
notomy. Zone A shows the original tendon stump and zone B, the
newly regenerated tendon tissue
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Fig.4 RT-PCR amplification with primers allowing the discrimi-
nation of VEGF splice variants detect only VEGF,,, and VEGF ¢,
in tenotomized Achilles tendons (AT), but not in normal Achilles
tendons (C). RNA from the different samples was digested with
DNase, reverse transcribed, the cDNA amplified with primers an-
nealing with the VEGF exons 1 (sense) and 8 (antisense), and the
PCR products separated on 2% agarose gels that were stained with
ethidium bromide. Two products are detectable in ruptured tendons:
a 186 bp band derives from VEGF,,, with exons 6 and 7 spliced
out, and a 318 bp band is from VEGF 4, with exon 6 spliced out. It
is easily possible to separate other splice variants, e.g., VEGF g,
from the splice forms detected (not shown). A separate RT-PCR for
glycerin aldehyde-3-phosphate dehydrogenase (GAPDH) yielding
a 983 bp product served as control for the intactness of the mRNA
applied

The splice forms VEGF,,, and VEGF 4, can be detected
in ruptured tendons

Since the VEGF antibody detects all splice forms and
SDS-PAGE lacks the resolution to separate variants with
20-40 residues difference due to the high glycosylation of
the VEGF protein, we analyzed the expression of these
differently biologically active splice forms by RT-PCR with
primers yielding different-sized products (Fig.4). From
all samples of the four ruptured tendons (3 weeks and
24 weeks) investigated, two PCR products were obtained:
One with 186 bp corresponding to VEGF,,, and one with
318 bp corresponding to VEGF 4.

In conclusion, VEGF mRNA and protein can be de-
tected in tenocytes of ruptured but not in normal Achilles
tendons.

Discussion

Normal adult human tendons show a relatively low vascu-
larization due to the low metabolic requirements and rates
of this predominantly extracellular tissue [1, 10, 23, 25,
26, 27, 32, 33, 34, 41]. However, they have a well-orga-
nized peri- and intratendinous network of blood vessels.
Tendons receive their blood supply from vessels coming
from the muscle, bone, or periosteum, and especially from
vessels surrounding the tendon, in the paratenon, meso-
tenon, and synovial sheet [1, 10, 23, 25, 26, 27, 41]. An
injury such as a spontaneous or traumatic tendon rupture
destroys this well-organized peri- and intratendineous net-

work of blood vessels [8, 21, 23]. Therefore, angiogenesis
— the formation of blood vessels from pre-existing capil-
laries — is a necessary event during tendon healing.

Growth factors or cytokines are multifunctional pro-
teins that play important roles in the complex cell-cell in-
teractions leading to wound healing [7]. Using molecular
biology, biochemical, and immunocytochemical techniques,
we could show that VEGF is expressed in injured Achilles
tendons at the site of rupture, whereas this angiogenic pep-
tide was undetectable in normal tendons. VEGF appears
to be one of the most important inducers of angiogenesis
— despite the fact that a variety of other angiogenic factors
have been identified, including members of the fibroblast
growth factor family (FGF), transforming growth factors
(TGF) o and [, hepatocyte growth factor, tumor necrosis
factor (TNF) a, angiogenin, interleukin 8, and others [16,
38, 40]. So far, angiogenesis factors have not been identi-
fied in embryonic or adult tendons, except mRNA for ba-
sic FGF in tenocytes after experimental transection [11]
and — during previous experimental work of this study —
mRNA for VEGF at the repair site of healing canine
flexor tendon in an experimental model [6].

The essential role of VEGF and its receptors, VEGFR-1
and -2, for embryonic vasculogenesis and angiogenesis
have been clearly demonstrated by gene knockout studies
in mice [9, 39]. However, also after birth, VEGF plays a
major role in development, e.g., in longitudinal bone growth
by stimulating angiogenesis into the epiphyseal growth
plate [19]. In the fully grown animal, VEGF is likely to be
required for active angiogenesis processes, such as corpus
luteum development and wound healing [16]. In addition,
several studies have shown that VEGF plays a pivotal role
in the angiogenesis of certain tumors, e.g., glioblastomas,
and other pathologic conditions associated with high neo-
vascularization, e.g., diabetic retinopathy, age-related macu-
lar degeneration, rheumatoid arthritis [14, 15, 16, 20]. VEGF
re-expression in tenocytes of tenotomized tendons is likely
to be induced by a wound healing process. Interestingly,
tenocytes produce the two most diffusible splice forms,
VEGF,,, and VEGF 4, that bind to the two signaling re-
ceptors VEGFR-1 and VEGFR-2. These splice forms are
comparable to VEGF,,; and VEGF,4s found in humans
[12]. These isoforms differ in their molecular mass and in
their biological properties such as their ability to bind to
heparin or heparan-sulfate proteoglycans and to different
VEGFRs [12].

Synovial diffusion and vascular perfusion both con-
tribute to the nutrition of healing Achilles tendons [23]. In
areas of injury where blood vessels have been traumati-
cally disrupted, angiogenesis creates capillary networks and
granulation tissue to transport cells essential for inflam-
mation and collagen synthesis. The initial signaling pro-
cesses are now thought to be mediated by several growth
factors including VEGF. The demonstrated up-regulation
of VEGF in intrinsic tenocytes suggests a role for VEGF
in mechanisms of angiogenesis and Achilles tendon re-
pair. Although an unambiguous association between VEGF
expression and strength of the tendon site remains to be
established, focal expression of VEGF at the repair site



has the potential to provide an angiogenetic stimulus for
vascular ingrowth during the postoperative healing phase
of the Achilles tendon.

Since the Achilles tendon most frequently ruptures
within a zone of hypovascularity [22, 24], tendon healing
can be impaired by a poor local blood supply of the ten-
don [21]. VEGF might be a potential clinical tool to influ-
ence the process of tendon healing. Since growth factors
are peptides with dose-dependent multiple functions, the
optimal dose of VEGEF for therapeutical use has to be es-
tablished. The tissue concentrations and the time course
of VEGEF expression found in the present study may pro-
vide a basis for further studies. Another major problem
for the clinical use of growth factors involves appropriate
delivery systems. Further research must also focus on the
question of which delivery systems are most suitable for
the application of VEGF.

It is noteworthy that VEGF could be found in tissue
biopsies of degenerative Achilles tendons [35]. VEGF
might be a key molecule in the complex process of tendon
degeneration because it might be the inducer of neovascu-
larization during chronic Achilles tendinopathy [2, 3, 4, 5,
24, 28]. Since metalloproteinase-induced tissue degrada-
tion mostly precedes neoangiogenesis, VEGF might also
have the potential to alter the mechanical strength of a tis-
sue.

Further research is needed to evaluate the effect of
VEGEF application on the process of tendon healing.
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