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Abstract Introduction: Tears in the peripheral part of the
menisci have a better healing potential than tears in
the central part, because the central two-thirds of the
menisci are avascular. We hypothesized that healing
of meniscus tears in the avascular zone can be pro-
moted by the local application of the angiogenic factor
vascular endothelial growth factor (VEGF). Materials
and methods: A tear was created in the avascular zone of
the medial meniscus in 18 merino sheep. The tear was
then repaired with an uncoated suture (group 1), a
suture coated with PDLLA (group 2), and by a suture
coated with PDLLA/VEGF (group 3). Results: After 6
weeks, we observed increased immunostaining for factor
VIII in the VEGF-treated group 3. However, in this
treatment group no meniscus healed completely. In the
uncoated suture group and in the PDLLA-coated-suture
group, partial healing was observed in three animals and
complete healing in three animals, respectively. Conclu-
sion: In this experiment the local application of VEGF
via PDLLA-coated sutures did not promote meniscus
healing. Growth factors might not always be a promis-
ing tool for tissue repair.
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Introduction

The menisci are mobile joint surfaces and they cover
approximately 70% of the tibial plateau [16]. They play
an important role in the load transmission, shock
absorption, and passive stabilization of the knee [9, 19,
32, 33, 35]. Several clinical long-term studies have shown
that total or partial meniscectomy may lead to cartilage
degeneration and osteoarthrosis [15, 52]. However, me-
niscectomy remains one of the most common ortho-
paedic surgeries today [14].

Repair should be considered depending on the type
and location of the meniscal tear [26]. Meniscal healing
principally depends on the vascularity of the zone that
has been injured. Tears in the peripheral part of the
menisci have a better healing potential than tears in the
central part, because the central two-thirds of the me-
nisci are avascular [2–4, 34, 35, 44]. Excellent clinical
results have been obtained in the suture repair of
peripheral meniscus tears in the vascularized zone (red–
red-zone), but poor results have been reported when the
repair has been performed in the avascular zone [1, 11,
13, 21, 23, 28, 50, 53].

Arnoczky et al. [4] showed in an experimental study
on meniscus tears involving the avascular zone in dogs
that by introducing a fibrin clot into the vicinity of the
meniscal tear, meniscal healing could be enhanced. Port
et al. [36] added autologous marrow cells to the fibrin
clot. Other authors could show that meniscus healing
can be enhanced by an interpositional free synovial
autograft [25, 27]. However, none of these techniques
that were used in animal models reached a broad
acceptance in clinical practice.

Ochi et al. [31] reported that by rasping the edge of
meniscal tears in the avascular zone of rabbit meniscus,
the expression of specific cytokines (such as platelet-
derived growth factor [PDGF] and transforming growth
factors-beta [TGF-b]), was increased. These authors
concluded that these factors could be responsible for
promoting meniscal healing. In recent years, the use of
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growth factors has been shown to accelerate bone, lig-
ament, and tendon healing to allow for an earlier return
to unrestricted activity [30, 42, 43, 45–47, 56].

Since the inner two-thirds of the menisci are avascular
and avascularity is considered to be one of the most
important factors for the poor healing potential of this
region, a growth factor that has the potential to stimulate
angiogenesis might be the ideal tool to enhance meniscus
healing. The most potent angiogenic factor known is the
vascular endothelial growth factor (VEGF), sometimes
known as vascular permeability factor (VPF), which was
originally identified as a heparin-binding angiogenic
peptide secreted by tumour cells [48]. VEGF is a selective
endothelial cell mitogen that promotes angiogenesis in -
vivo and renders the microvasculature hyper-permeable
to circulating macromolecules [7, 12, 17, 18]. In addition,
VEGF is chemotactic for monocytes and is a procoagu-
lant [17]. The two signalling tyrosine kinase receptors, the
Fms-like tyrosine kinase receptor (FLT-1, VEGFR-1)
and the kinase insert domain-containing receptor KDR
(VEGFR-2/FLK-1), bind VEGF selectively [7, 10, 17,
51]. Recent studies have shown that VEGF plays an
important role in angiogenesis in the musculoskeletal
system [32, 37–40].

A study by Phillips et al. [41] showed that the for-
mation of new capillaries in avascular tissue might be
inducible due to high levels of VEGF. Human VEGF165

was diluted in Dulbecco’s phosphate, dried and im-
planted in the rabbit cornea. After 5–7 days, capillaries
were formed between the limbus and the site where the
dried VEGF was implanted. A previous study from our
laboratory has shown that VEGF expression plays a role
in the healing of meniscus tissue [8]. In the rabbit
meniscus, VEGF expression did not achieve levels which
were sufficient to cause new vessel formation in the
central avascular portion of the meniscus.

Based on the above mentioned studies, we hypothe-
sized that the local application of VEGF via PDLLA
(poly- [d,l-lactide] acid)-coated sutures may significantly
stimulate blood vessel proliferation and healing of tears
in the avascular zone of the menisci. The aim of the
present study was to test this hypothesis in a sheep
model.

Materials and methods

Animal model

The animal experiment was performed with the per-
mission of the local government animal rights protection
authorities in accordance with the National Institute of
Health guidelines for the use of laboratory animals.

Mature female merino sheep were used in this study.
This model was chosen because of the similarities be-
tween human and sheep menisci [24]. The animals were
assigned randomly into three different treatment groups.
Prior to surgery, all animals (average age 2.5 years,
average weight approximately 50 kg) were screened to

ensure good physical condition. After incubation,
anaesthesia was maintained with isoflurane and nitrous
oxide. The left hind limb was shaved and prepared in the
standard sterile fashion. The knee joint was exposed
through an anteromedial incision. The sartorial fascia
was incised and reflected to reveal the medial collateral
ligament. Then, the meniscus was exposed and a 15-mm
longitudinal full thickness tear was created in the avas-
cular zone of the anterior horn of the medial meniscus
with a distance of 2 mm to the joint capsule (Fig. 1). The
length of the tear was measured with a sterile ruler.

In group I (six animals), the menisci were fixed with
three conventional 2-0 Ethibond sutures. In group 2, the
menisci were fixed with 2-0 Ethibond (Ethicon, Nor-
derstedt, Germany) sutures which have been coated with
poly (d,l-lactide) (molecular weight 30 KD, Boehringer
Ingelheim KG, Ingelheim, Germany). In group 3, re-
combinant VEGF 165 (Tebu, Germany) was incorpo-
rated into the coating (5% coating mass), resulting in
approximately 250 lg growth factor per suture. The
coating technique has been described in detail by
Schmidmaier et al. [45–47].

The meniscus refixation was performed in a stan-
dardized outside-in technique. For each refixation, two
stitches were used. For each stitch, five knots were used
to fix the refixation securely on the joint capsule. After
meniscus refixation, each knee was irrigated and closed
in a similar fashion. The animals were then returned to
their cages and were allowed to bear full weight. No
bracing or immobilization was used.

After 6 weeks, all animals were killed with an over-
dose of potassium chloride and thiopental-sodium, the
knees were harvested, and the menisci and the joint
studied. Then, biopsies of different organs were obtained

Fig. 1 Schematic drawing of a sheep meniscus. A longitudinal tear
of 15 mm has been created and sutured by two vertical 2-0
Ethibond sutures
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(liver, spleen, kidney, and skin) to find out if the local
application of VEGF has any systemic side effects. Blood
serum was gained to measure the serum concentration of
VEGF. These results will be published in another paper.

Menisci were graded as either a partial or full thick-
ness residual tear, based on modified criteria developed
by Henning et al. [20] as healed (<10% cleft), partially
healed (<50% cleft), or not healed (>50% cleft). The
joint was inspected for cartilage lesions or synovitis.

Then, the menisci were divided into two segments.
One segment was prepared for histology and immuno-
histochemistry and the other was prepared for the bio-
chemical analysis. The biochemical results will be
published in another paper.

Histological and immunohistochemical analysis

For immunohistochemical analysis, the menisci were
fixed in 3% paraformaldehyde, embedded in paraffin,
irradiated at 750 W in a microwave oven with 3%
hydrogen peroxide in 0.01 mol/l sodium citrate buffer,
pH 6.0 (twice for 5 min), immunostained with anti-
Factor VIII antibodies. After rinsing in Tris buffered
saline solution, the sections were incubated with bioti-
nylated goat anti-rabbit immunoglobulins (1:200 in Tri
Base Buffer, 45 min; DAKO, Glostrup, Denmark), wa-
shed in Tris buffered saline solution for 5 min, and
incubated with streptavidin–peroxidase (1:50, 30 min;
StrepAB Complex/HRP, DAKO, Glostrup, Denmark).
The substrate was ABC (DAKO, Glostrup, Denmark).
Negative controls were incubated with the secondary
antibody and the Strep AB complex alone. Nuclei were
counterstained with hemalum (2–3 s), washed in distilled
water, and finally covered with Aqua Tex (Merck,
Darmstadt, Germany). Histological sections were
stained with HE and Toluidine blue.

Histological sections were evaluated using the Image-
Pro 4.5 Image Analysis software. The quantitative
analysis of the vascularization was expressed as area
occupied by positive immunostaining for factor VIII.
Five regions of interest adjacent to the tear (500
lm·500 lm) were measured in the external segment of
the section at low magnification (·2.5).

Statistics

The Kruskal Wallis test was used for the statistical
analysis of the results. The level of significance was set at
p<0.05.

Results

Gross observations

During the postoperative period, all animals increased
their cage activity gradually and by the second postop-
erative week, the animals showed only a mild degree of
lameness. No lameness was observed after the third
postoperative week. There was no difference in the
activity between all three groups. No animal showed
signs of a local or systemic infection such as local
swelling or fever. All animals survived the 6 weeks and
were available for necropsy.

Macroscopic evaluation of the knee joints showed no
signs of degenerative changes or infection in all speci-
mens. Chondral lesions were not observed.

The menisci were carefully evaluated grossly to assess
healing. In the VEGF/PDLLA group (group 3), no
meniscus healed. In all menisci of this group, there was a
100% cleft of 15-mm length. The cleft was only bridged
by the sutures; however, the adjacent parts of the me-
nisci showed no healing. In the uncoated suture group
(group 1) and in the PDLLA-coated-suture group
(group 2), partial healing was observed in three animals
and complete healing in three animals, respectively
(Table 1).

Histological and immunohistochemical findings

The histological examination confirms the gross findings
(Fig. 2). In the PDLLA/VEGF group, there was a 100%
cleft in all menisci studied. In the uncoated suture group
and in the PDLLA-coated-suture group, partial healing
was observed in three animals and complete healing in
three animals, respectively. In the partially healed or
completely healed clefts, there was a reparative scar
tissue.

Factor VIII immunostaining revealed the presence of
blood vessels at the repair site of the treated animals. In
the VEGF/PDLLA group, factor VIII immunostaining
was not restricted to blood vessels or capillaries; single
factor VIII positive endothelial cells were distributed in
the meniscus tissue (Fig. 3).

The Kruscal Wallis test showed a significant differ-
ence in the area covered by factor VIII positive struc-
tures (Table 2). The largest area of factor VIII
immunostaining was observed in the VEGF/PDLLA
group (Fig. 4).

Table 1 Menisci were graded as
either a partial or full thickness
residual tear, based on criteria
developed by Henning et al.
[20] as healed (<10% cleft),
partially healed (<50% cleft),
or not healed (>50% cleft)

Group 1
uncoated
sutures

Group 2
PDLLA-coated
sutures

Group 3 PDLLA-/
VEGF-coated
sutures

Complete healing >50% 3 3 0
Partial healing <50% 3 3 0
No healing <10% 0 0 6
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Discussion

The aim of the current study was to evaluate the impact
of local application of VEGF via PDLLA-coated su-
tures on meniscus healing in the avascular zone in a
sheep model. We hypothesized that this application may
significantly stimulate blood vessel proliferation and
healing of tears in the avascular zone of the menisci.

The results of the present study show that the local
application of VEGF using a PDLLA-coated suture as
delivery tool stimulates the proliferation of endothelial
cells but does not enhance meniscus healing. Although
factor VIII immunostaining was significantly increased
in the VEGF-treated group, none of the menisci of this
group healed.

The influence of several growth factors such as basic
fibroblast growth factor (bFGF), transforming growth
factor beta (TGF-b), insulin like growth factor (IGF),
epidermal growth factor (EGF), and platelet-derived

growth factor (PDGF) on tendon-, ligament-, and bone
healing has been extensively studied [5, 22, 42–47, 54,
55].

To our knowledge, the local application of growth
factors to the menisci via coated suture material has not
been studied. The delivery tool used in the present study,
a low molecular weight poly (d,l lactide), has been
shown to be effective in continuously delivering other
growth factors such as IGF and TGF-b over a period of
12 weeks with a peak release around the third day [45,
46]. In this phase, first angiogenic reactions would be
expected [17]. This technique has been shown to be
effective in enhancing fracture healing in rats [45, 46] or
in improving anterior cruciate ligament remodelling in a
sheep model [54].

Application of VEGF has been shown to be effective
in stimulating vessel growth in the treatment of ischemic
heart disease and ischemic limb disease [41]. Therefore,
we expected that VEGF-induced angiogenesis would
also be effective in stimulating healing of lesions in the
avascular part of the menisci.

The concentration of VEGF was effective in pro-
moting ACL graft remodelling by application of PDGF
in the sheep study performed by Weiler et al. [54].
Nevertheless, we do not know exactly if the dosage used
was appropriate to enhance meniscus healing in this
model. Further biochemical analysis are planned to
examine the VEGF concentration in the meniscus tissue.
However, our results show that the dosage used in the
present study was obviously high enough to increase the

Fig. 4 Quantitative assessment of factor VIII immunostaining

Fig. 2 Histological section of a meniscus of the VEGF/PDLLA
group that has not healed. The arrows indicate the gap

Fig. 3 Factor VIII immunostaining in a meniscus that has been
treated with a VEGF-/PDLLA-coated suture. The large arrow
indicates a vessel. The small arrows indicate single factor VIII
positive cells (EC, endothelial cell)

Table 2 Histological sections were evaluated using the Image-Pro
4.5 Image Analysis software. The quantitative analysis of the vas-
cularization was expressed as area occupied by positive immuno-
staining for factor VIII

Group Area of factor VIII positive
immunostaining in lm2

Group I: uncoated 10551.2 (±3345.6)
Group II: PDLLA coated 19109.3 (±5387.9)
Group III: VEGF/PDLLA coated 48992.7 (±13346.2)
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area covered by factor VIII positive structures within the
treated menisci.

Factor VIII expression is normally restricted to vas-
cular endothelial cells and therefore factor VIII immu-
nostaining is considered to be a reliable method to detect
blood vessels in dense connective tissue [41]. In this
study, however, single endothelial cells could be detected
in the menisci of the VEGF/PDLLA group. This finding
suggests that the application of VEGF might have
stimulated proliferation of vascular endothelial cells but
the application of VEGF alone was not successful in
stimulating the more complex process of vasculogenesis.
A combination of growth factors would offer the theo-
retical advantage of recapitulating at least some of the
events leading to correct vessel wall assembly [17]. Re-
cent experimental studies have shown that coadminis-
tration of VEGF and angiopoitin-1 has been proposed
to result in more normal and less leaky vessels than
those induced by VEGF alone (17).

Many in vitro studies have shown that growth
factors have not only one single effect; VEGF stimu-
lates also the expression of tissue degrading enzymes
such as metalloproteinases (MMPs) and has an
inhibiting effect on the expression of tissue inhibitors
of matrix metalloproteinases (TIMP) [40]. Tissue deg-
radation is a necessary process during angiogenesis
because it enables invasion of the endothelial cells into
the matrix [17]. Recent studies have shown that VEGF
is not as selective for endothelial cells as it was be-
lieved [10, 40]. Under pathological conditions such as
in degenerative joint disease or during a healing re-
sponse, other cell types have the potential to express
the VEGF receptor KDR [37–39]. In a previous study,
we could show that the VEGF receptor KDR is ex-
pressed by fibrochondrocytes during meniscus healing
in the rabbit [8]. in vitro studies have shown that
VEGF can stimulate chondrocytes to proliferate but
also to express MMP-13 via HIF1-a induction [40].
Therefore, the induction of MMP expression might be
one factor which inhibits healing despite increased
angiogenesis. Further studies have to examine the
influence of locally applied VEGF on MMP expression
in the meniscus.

There are several limitations to consider when inter-
preting the results of this study. First, this study was
carried out using a sheep model and we could not mimic
the arthroscopic technique of meniscus refixation as
performed in human patients. The dimensions of sheep
menisci are smaller than human menisci [24] and as in all
animal models a well-controlled rehabilitation could not
be applied postoperatively [6]. However, the sheep
meniscus has been shown to have a peripheral vascular
and inner avascular zone that mount a healing response
to injury similar to that of the human meniscus through
their ability or inability to heal [24].

We investigated only one time point (6 weeks after
surgery). This time point is relatively early in the healing
process but from a clinical point of view it seems to be
interesting, because many rehabilitation protocols limit

restricted weight bearing or brace protection to 6 weeks
[6].

In conclusion, our data suggest that growth factors
have not always beneficial effects on soft tissue healing.
The results demonstrate that further knowledge about
meniscus healing is necessary to understand the possible
interactions between the several cytokines which are
expressed during this process. Our results show that
VEGF alone might not be the ideal candidate for the
treatment of meniscus lesions. However, the ability of
the delivery system to stimulate angiogenesis in the
meniscus tissue via VEGF application justifies further
research with other growth factors or growth factor
combinations.
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