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ABSTRACT: Tendon injuries can occur in athletes and workers whose tasks involve repetitive, highforce hand activities, but the early pathophysiologic processes of tendinopathy are not well known.
The purpose of this animal study was to evaluate the effects of cyclical tendon loading on the densities
of cells producing growth factors such as vascular endothelial growth factor (VEGF), its receptor,
vascular endothelial growth factor receptor 1 (VEGFR-1), and connective tissue growth factor
(CTGF) in the Flexor Digitorum Profundus (FDP) tendon at the epicondyle. The FDP muscles of nine
New Zealand rabbits were electrically stimulated to contract repetitively for 80 h of cumulative
loading over 14 weeks. The contralateral limbs served as controls. The tendons at the medial
epicondyle insertion sites were harvested, and sections were immunostained with antibodies
directed against VEGF, VEGFR-1, or CTGF. Positive-staining cells were counted in six regions of
interest: three along the enthesis, and three corresponding regions 1500 microns distal to the
enthesis. VEGF ( p ¼ 0.0001), VEGFR-1 ( p ¼ 0.046), and CTGF ( p ¼ 0.0001) cell densities were
increased in the tendon of the loaded limb compared to the nonloaded limb. In addition, regional
differences in VEGF, VEGFR-1, and CTGF cell densities were found. VEGF, VEGFR-1, and CTGF
are increased in tendon experiencing cyclical loading and may play a role in the early vascular
changes in the progression to tendinosis. ß 2006 Orthopaedic Research Society. Published by Wiley
Periodicals, Inc. J Orthop Res 24:393–400, 2006
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INTRODUCTION
Tendon injuries due to overuse are a common
problem in athletes and workers, and account for
30 to 50% of all sports-related injuries1,2 and
almost half of the occupational illnesses in the
United States.3 Epicondylitis, a tendinopathy at
the elbow, is a common disorder in adults; the
incidence in general practice is approximately 4 to
7 per 1000 patients per year, with an annual
Correspondence to: David Rempel (Telephone: 510 6653403; Fax: 510-665-3423 E-mail: drempel@itsa.ucsf.edu)
ß 2006 Orthopaedic Research Society. Published by Wiley Periodicals,
Inc.

incidence of 1 to 3% in the general population.4,5
Although epicondylitis is related to forceful and
repetitive hand activities, little is known about
the early mechanisms of injury that ultimately
lead to tendinopathy. Identifying the initial
biological changes in tendons exposed to cyclical
loading may ultimately improve prevention and
treatment options and further expand our understanding of the etiology of tendinosis and its
pathogenesis.
Epicondylitis presents as localized pain, tenderness, and occasionally swelling.6 Biopsies of the
tendon and surrounding scar tissue in patients
with epicondylitis reveal fibrovascular and cellular proliferation, intratendinous calcification and
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cartilage formation, loss of parallel tendon fibers,
fibrofatty degeneration, partial tendon rupture,
and the formation of capillary buds.7–12 The
absence of inflammatory cells has led some
authors to propose the term tendinosis instead of
tendonitis.8,13,14
Vascular Endothelial Growth Factor (VEGF),
also known as Vascular Permeability Factor for
example, from ruptured Achilles Tendons (VPF), is
one of the most important angiogenic components
of tissue healing. VEGF has been found in human
biopsies of degenerated tendons, for example, from
ruptured Achilles tendons15–17 and in cyclically
strained fibroblast cell cultures,18 indicating that
it may play a role in overuse injuries leading
to tendon degeneration. VEGF stimulates the
proliferation of microvascular endothelial cells,
inducing angiogenesis and rendering the microvasculature hyperpermeable.19,20 In the tendon,
expression of VEGF can be upregulated by both
mechanical, for example, cyclic strain,18 and biochemical stimuli, for example, hypoxia,21 and the
presence of other growth factors.21–23 Recent
studies have shown that in an acutely injured
tendon, the highest concentrations of VEGF occur
after inflammation when it acts as a potent stimulator of angiogenesis.24 The growth of new blood
vessels towards the repair site from within the
healing tendon appears necessary for healing to
occur.
Several receptors for VEGF play important
roles in pathological conditions involving angiogenesis. VEGFR-1, also known as Flt-1, and
VEGFR-2, also known as Flk-1/KDR, are tyrosine
kinase receptors for VEGF. VEGFR-1 has the
highest affinity for VEGF165, one of the several
isoforms of VEGF, with a dissociation constant
(Kd) of approximately 10–20 pM.25 VEGFR-2 has
a lower affinity for VEGF, with a Kd of approximately 75–125 pM.26 VEGFR-1 and VEGFR-2
have been observed in ruptured human Achilles
tendons, but not in healthy adult tendons.16
VEGFR-1 expression is upregulated during angiogenesis and hypoxic conditions, while VEGFR-2
is not.27
Connective Tissue Growth Factor (CTGF) has
recently been investigated in wound healing and
scar formation studies. CTGF is increased in the
synovial sheaths of rats trained to do repetitive
reaching,28 but its role in tendon pathophysiology
has not been well characterized. CTGF is a
cysteine-rich secretory protein and belongs to the
CCN family, which consists of six distinct members, CYR61, CTGF, and NOV (‘‘CCN’’) and the
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Wnt-induced secreted proteins-1, -2, and -3.29 The
members of this group are known to be involved in
many fundamental biological processes, including cell proliferation,30 attachment,31 migration,29
differentiation,32 wound healing,33–35 matrix production,30 and angiogenesis,22,36 as well as in the
development of several pathologic conditions,
including fibrosis and tumorigenesis.37 The role
CTGF plays in tendon repair or degeneration is not
yet known, but may involve stimulating angiogenesis and matrix production.30,34 Its interaction
with VEGF has not been investigated in the
tendon; however, like VEGF, CTGF is known to
increase in fibroblasts with mechanical loading.38,39 Identifying the role or roles CTGF plays
in tendon overuse injuries is important in understanding the underlying mechanisms involved in
tendinopathy.
Clarifying the cellular and molecular pathways
that occur during early periods of cyclical loading
may lead to a better understanding of mechanisms
associated with tendon injury and remodeling. A
rabbit model of epicondylosis was used in which
the Flexor Digitorum Profundus (FDP) muscle
was repeatedly stimulated against a load.40 The
purpose of this study was to evaluate the regional
variation of cells producing VEGF, VEGFR-1, and
CTGF in the FDP tendon at the epicondyle in
response to cyclical loading. We hypothesized that
our in vivo loading model would increase the
number of cells producing the aforementioned
growth factors in the loaded limbs compared to
nonloaded limbs of the same animal. The presence
of these growth factors may play a significant role
in the beginning phases of tendinosis.

MATERIALS AND METHODS
The animal loading model was described previously to
establish microtear formation in a cyclically loaded
tendon.40 To summarize, nine female, young adult, New
Zealand White rabbits weighing 3.49 kg (0.30) were
used. Under general anesthesia, the FDP muscle of one
forelimb was electrically stimulated (Fig. 1) to contract
repetitively for 2 h per day, 3 days a week, for 80 h of
cumulative loading. The stimulation train was adjusted
to maintain a mean peak digit flexion force of 0.42 N
(15% of peak tetanic force). The contralateral limb,
although supported in the same posture as the loaded
limb during loading, did not receive a stimulus and
served as the control. This study was approved by the
University of California, Berkeley’s Committee on
Animal Research. Weekly examinations of the paw,
forearm, and elbow revealed no tenderness, limping,
DOI 10.1002/jor
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Figure 1. Cartoon of loading apparatus with rabbit in
a supine position with head to the right and forearms
supported. (A) Stimulation needle, (B) forearm support,
(C) third digit with metal glove, (D) load cell, (E)
anesthesia mask.
nodules, swelling, limitation in range of motion, reduction in gross claw flexion strength, or skin breaks.
After 80 h of cumulative loading, animals were
weighed (3.89  0.19 kg) and euthanized. Evaluation of
the subcutaneous area at the stimulation needle insertion site revealed minimal scar tissue localized within
5 mm of the insertion site; the scar tissue did not extend
to the FDP tendon. Both medial epicondyles were
dissected with the FDP tendon and muscle attached,
fixed in 10% formalin for 24 h, decalcified in EDTA for
3 weeks, paraffin embedded, and sectioned 7 mm longitudinally.
Nine serial sections from the center of the tendon
block were deparaffinized and rehydrated. Sections to be
stained for VEGF and VEGFR-1 were pretreated with
hyaluronidase (600 units/mL, Sigma-Aldrich) and sections to be stained for CTGF were pretreated with
trypsin (No. 00-3008, Zymed Laboratories), for 10 min at
378C. Sections were then treated with 1% H2O2 in a
phosphate-buffered solution (pH ¼ 7.4) for 15 min to
block endogenous peroxidase activity. Tissue sections
were blocked with normal horse serum for 45 min at
room temperature then incubated for 1 h with a mouse
monoclonal antibody directed against VEGF (2 mg/mL)
(No 350-P0, NeoMarkers, Fremont, CA), VEGFR-1
(15 mg/mL) (No. MAB321, R&D Systems, Minneapolis,
MN ), or CTGF (15 mg/mL) (No. MAB660, R&D Systems).
Sections were then incubated with a biotinylated horse
antimouse 28 antibody (Vector Laboratories) at room
temperature for 30 min. Sections were stained with the
Vectastain ABC system and developed with 3,30 -diaminobenzidine (DAB), then dehydrated and coverslipped.
Six regions of interest (ROI) were digitally photographed at 200 magnification using an Axiocam digital
camera and Axiovision software v3.1 (Carl Zeiss,
Germany). Prior to image acquisition, the camera was
DOI 10.1002/jor
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white balanced to ensure a uniform background color.
The microscope’s light intensity was maintained at a
constant level to ensure the background mean gray
values of the images were similar throughout the acquisition process. The six ROIs (Fig. 2) include the three
areas along the enthesis distinguished by a tidemark
(classified as inner, center, and outer) and three corresponding areas 1500 mm distal to the enthesis. The
inner area was that part nearest the bone. Positive
staining cells were manually counted in each region
(200  400 mm2) and normalized by the area observed to
calculate density. Tissue and histological preparation
and cell counting were completed at the same time for
tissues from both limbs and were performed blinded to
limb loading status.
A mixed model repeated-measures ANOVA was used
to analyze differences in cell density by region (six
regions) and by limb loading status (loaded or unloaded).
Post hoc analysis was performed using the Tukey
method for multiple comparisons.

RESULTS
Across the six ROIs, the density of VEGF (Fig. 3A
and B) labeled cells ranged from 372 to 774 cells/
mm2 in the unloaded tendon and from 539 to
1011 cells/mm2 in the loaded tendon (Fig. 4). The
limb  region interaction term in the repeatedmeasures ANOVA was not significant ( p ¼ 0.99).
Loaded limbs had significantly greater VEGFstaining cell densities than the unloaded limbs
( p ¼ 0.0001) across all regions. Based on the
Tukey follow-up tests, significant regional differences also existed. The outer regions of the

Figure 2. Safranin O and Fast Green stained epicondyle with bone, tendon, paratenon, and muscle. Six
regions of interest are highlighted: three along the
enthesis, and three 1500 mm distal to the enthesis. The
regions of interest are 200  400 mm.
JOURNAL OF ORTHOPAEDIC RESEARCH MARCH 2006

396

NAKAMA ET AL.

Figure 3. VEGF stained cells in the unloaded (A) and loaded (B) center distal region.
VEGFR-1-stained cells in the unloaded (C) and loaded (D) outer enthesis region. CTGFstained cells in unloaded (E) and loaded (F) inner distal region of the tendon. 400
(original) magnification.

tendon, both at the enthesis and distal to the
enthesis, had significantly higher VEGF cell
densities than the other four regions (Fig. 4).
Across the six ROIs, the density of VEGFR-1
(Fig. 3C and D) staining cells ranged from 440 to
611 cells/mm2 in the unloaded tendon and 514 to
744 cells/mm2 in the loaded tendon (Fig. 4). The
limb  region interaction term was not significant
( p ¼ 0.87). Loaded limbs had significantly greater
VEGFR-1 staining cell densities than the unloaded limbs ( p ¼ 0.046) across all regions. Based
on the Tukey follow-up tests, significant regional
JOURNAL OF ORTHOPAEDIC RESEARCH MARCH 2006

differences existed. The outer region of the tendon
at the enthesis had a significantly greater VEGFR1 cell density than the inner ( p ¼ 0.019) region
distal to the enthesis (Fig. 4).
Across the six ROIs, the density of CTGF
(Fig. 3E and F) staining cells varied less by region
(Fig. 4) and ranged from 397 to 570 cells/mm2 in
the unloaded tendon and from 584 to 778 cells/mm2
in the loaded tendon. The limb by region interaction term was not significant ( p ¼ 0.48). The
density of CTGF-staining cells was significantly
greater in the loaded tendon than the unloaded
DOI 10.1002/jor
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Figure 4. Densities of VEGF, VEGFR-1, and CTGF
staining cells (mean  SD) for loaded and unloaded
tendon at the epicondyle. Across all regions, cell
densities were significantly increased in the loaded
tendon compared to unloaded tendon. The limb  region
interaction terms were not significant for all three.
Regions marked with the same lower case letter are
significantly different based on the Tukey follow-up test
(n ¼ 9).

tendon ( p < 0.0001) across all regions. Based on
the Tukey follow-up tests, regional differences
existed. Both the inner ( p ¼ 0.02) and outer
( p ¼ 0.008) regions of the tendon at the enthesis
had significantly greater CTGF cell densities than
the outer region of the tendon distal to the enthesis
(Fig. 4).

DISCUSSION
Studies have shown that VEGF is involved in the
tendon’s healing response in acute tendon injuries.41,42 This is the first study to regionally
quantify VEGF, VEGFR-1, and CTGF-staining
cells using an in vivo overuse animal model. The
DOI 10.1002/jor
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densities of VEGF, VEGFR-1, and CTGF staining
cells were increased in the rabbit flexor tendon at
the epicondyle as cyclical loads were applied in
vivo for a total of 80 h over a period of 14 weeks.
Regional variations were also present, and mainly
occurred between the outer region at the enthesis
and other regions in the tendon. The highest
cell densities occurred at the outer region at the
enthesis in the loaded tendon for all three
proteins.
The cell densities of VEGF and VEGFR-1 were
inhomogeneously distributed, having a tendency
to be lower at the inner and center regions, both at
the enthesis and distal to the enthesis, and higher
at the outer regions. This distribution was similar
in both the loaded and unloaded tendon. A
differential stress or strain distribution exists
throughout the loaded tendon at this type of
tendon bone junction.43 Cyclic strains upregulate
VEGF synthesis in tendon fibroblast cell cultures18 while hydrostatic pressure inhibits VEGF
production in cultured tendon cells.44 The greater
compressive forces experienced in the inner region
of the tendon may have inhibited VEGF production, while the higher strains experienced in the
outer region may have lead to increased VEGF
production.
The densities of CTGF staining cells were
also increased (25 to 70%) in the loaded tendon
regardless of region. However, the regional distribution of CTGF staining cells varied less than
that of VEGF staining cells. The highest concentration of CTGF cells was in the outer region of the
loaded tendon at the enthesis, while the lowest
concentrations were along the outer region distal
to the enthesis. Recent studies demonstrated a
pronounced upregulation of CTGF expression in
fibroblasts by contractile mechanical stresses,38,39
which may partially explain the elevated number
of CTGF staining cells at the inner regions, where
compressive loads dominated.43 No studies have
examined the effect of cyclical loading on CTGF
expression in tendons where both compressive and
tensile loads are present. The current results may
indicate that both compressive and tensile stresses
play a role in CTGF upregulation in tendons
exposed to cyclical loads.
These changes in VEGF, VEGFR-1, and CTGF
are similar to changes in microtear density that we
previously reported in this model.40 We found
increased microtear densities with loading, plus
the microtear density was greater at the outer
region at the enthesis compared to other regions.
We have not examined earlier time points, but the
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regional overlap in findings suggests that either
the microtears alter local tissue stress patterns
and signal cells to express these growth factors or
that the growth factors lead to regional alterations
in tendon structure, and these regions become
more susceptible to structural damage. VEGF is
increased in response to an acute injury and plays
an important role in healing.41,42 The time course
and levels of expression of VEGF are probably
different for the acute tendon injury than the
injury due to overuse. The prolonged elevation of
VEGF with overuse may be involved in a process
leading to degeneration.
Previous in vivo cyclical tendon loading studies
offer varying findings. Backman et al.45 loaded
rabbit Achilles tendon with repetitive eccentric
exercise (30 to 36 h of cumulative loading) and
found fibrillation and an increased number of
inflammatory cells and blood vessels in the tendon
and paratenon. The semiquantitative results
showed changes to the entire tendon and paratenon, but did not focus on specific areas within the
tendon, such as near the tendon–bone junction or
the tendon–muscle interface. Archambault et al.46
also used a rabbit to model Achilles tendinosis
(n ¼ 4, 66 h of cumulative loading). They found no
changes in degeneration or density of inflammatory cells, but some suggestion of an increase in
mRNA expression of collagen III and IL-1b and a
decrease in expression of IGF-II.
Other overuse injury animal models have
demonstrated an increase of VEGF17,47 and
CTGF28 with loading. In the rat supraspinatus
tendon, Perry et al.47 reported elevated VEGF
mRNA expression after 3 days of treadmill
running. These levels dropped at 1 week, only to
increase at later time points. The regional variation of VEGF was not examined in this study. The
same model demonstrated a decreased maximum
tensile load in tendons after 20 h of cumulative
loading48 and after longer loading periods, larger
cross-sectional tendon areas, decreased moduli,
smaller allowable maximum stresses, increased
cellularity, collagen disorganization, and changes
in cell morphology were seen in a loaded tendon
compared to nonexercised cage control rats. Barbe
et al.49 reported tendon fibrillation and an infiltration of macrophages in their rat tendinosis model
after 18 h of cumulative repetitive loading that
involved rats reaching for food. Although the
animals had a preferential limb to use for the task,
these results were not compared to the nonloaded
limbs of the same animals, but rather to cage
controls. Some weaknesses of the aforementioned
JOURNAL OF ORTHOPAEDIC RESEARCH MARCH 2006

studies include a lack of characterization and
control of the biomechanical loads.
The biological activity of VEGF is mediated by
binding to and being activated by its receptors.
Activated VEGF in human umbilical vein endothelial cells (HUVEC) can lead to an induction
of interstitial collagenase.50 If the mechanism in
tenocytes is similar, this pathway may lead to
the modification of the tendon’s mechanical
properties.
Expression of VEGF and its receptors, VEGFR1 and VEGFR-2, were recently shown to be present
in degenerative Achilles and fetal tendons, but not
in normal adult tendon.16,17,44,51 Petersen et al.9
found mRNA and protein expression of the VEGF
receptors in injured Achilles tendons at the site of
rupture; other sites were not investigated. In our
model, the highest cell densities for VEGF and
VEGFR-1 were found at the outer region at the
enthesis, which may indicate that this region is
more susceptible to damage.
Other investigators have reported increased
numbers of capillaries, infiltrates of inflammatory
cells, and edema45,49,52 after just 15 h of repetitive
loading (5 weeks) in the rabbit and rat. These
changes were not observed in our model, but our
loading pattern differs from that used by other
researchers and may be inadequate to cause
changes at earlier time points as in the other
studies. In our model, the force and loading
frequency were selected to be within a range that
may be experienced by workers and athletes.53
Backman et al.,45 for example, used a loading
frequency of 2.5 Hz, which is considered a fast
hopping rate for rabbits. Archambault et al.46 used
a loading frequency that was half that used in the
Backman study. The loading frequency was
decreased in the Archambault study because it
was considered a slow hopping rate for rabbits and
within physiological limits.
Mechanical stimulation is important for cell
survival and growth as well as various tissuespecific functions.54,55 However, excessive mechanical loading and overuse likely triggers a repair
response that may eventually contribute to the
degenerative changes observed in tendinopathies.
This study demonstrates that prolonged, repetitive tendon loading leads to an increased production of the growth factors VEGF, VEGFR-1, and
CTGF by tendon cells. Furthermore, the highest
VEGF, VEGFR-1, and CTGF cell densities
occurred along the outer regions of the loaded
tendon. These locations may be the at-risk regions
in the tendon that will ultimately demonstrate the
DOI 10.1002/jor

VEGF, VEGFR-1, AND CTGF IN AN IN VIVO LOADED TENDON

changes typical of tendinosis, such as degenerative
changes with new capillary formation.
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