
VEGF receptor mRNA expression by ACL fibroblasts is
associated with functional healing of the ACL

Patrick Vavken, MD MSc1,2, Fawzy A Saad, PhD2, Braden C Fleming, PhD3, and Martha M
Murray, MD1,2

1Sports Medicine Research Laboratory, Children’s Hospital Boston, Harvard Medical School,
Boston, MA 02115 USA
2Department of Orthopedic Surgery, Children’s Hospital Boston, Harvard Medical School, Boston,
MA 02115 USA
3Department of Orthopaedics, Warren Alpert Medical School, Brown University, Providence, RI,
USA

Abstract
Purpose—Recent advances in the treatment of ACL ruptures employ platelet-rich plasma
combined with collagen to modulate growth factor release from platelets to stimulate healing.
Among the most notable of these growth factors is VEGF, which is a potent mitogen and
stimulator of vascular growth and healing. However, the effect of such a growth factor on healing
depends on the cellular ability to bind with its receptor. The purpose of this study was to test (1)
whether the strength of a tissue engineered ACL repair is associated with VEGF receptors mRNA
expression of ACL cells and (2) whether age influences this association.

Methods—Nineteen female Yucatan pigs underwent enhanced ACL repair. Biomechanical
testing was performed after 15 weeks of healing. Messenger RNA of VEGF receptors 1 and 2 in
ACL fibroblasts as assessed by RT-PCR. The ACL structural properties were regressed on
receptor expression levels in a multivariate model including serum levels of VEGF, age, and
weight as potential confounders.

Results—While maximum load and linear stiffness were independent of VEGF receptor
expression, VEGF receptor 1 was associated with displacement (positively) and yield load
(negatively). In a multivariate model of VEGF receptor expression and biomechanics, age was
associated with maximum load and yield load.

Conclusion—These findings suggest that high VEGF receptor expression, even more so at
higher age, results in a more compliant scar, which in turn, may lead to greater knee laxity and a
compromised clinical result.

Introduction
Tears of the anterior cruciate ligament are an important disease entity due to their high
incidence and the associated risk of subsequent osteoarthritic degeneration. Recently,
evidence suggests that the current gold standard of treatment for these injuries, ACL
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reconstruction, is also associated with an increased risk of early post-traumatic osteoarthritis
in a large percentage of patients [2,4,18,18–20]. These findings have fueled new research
endeavors to improve ACL treatment options by using methods of tissue engineering [40].

Tissue engineering approaches, which utilize collagenous biomaterials and platelet-rich
plasma, have been used to provide a stable scaffold and growth factors to stimulate healing
[3,9,10,15,33]. Among the many growth factors released from platelets, vascular endothelial
growth factor (VEGF) is one of the most notable and well known for its pivotal role in
wound healing [7,38]. VEGF is a growth factor that influences revascularization of healing
tissues and has been shown to be associated with the strength of healing ligaments [16].
Recent evidence has shown that both VEGF and its receptors, VEGF receptor 1 and receptor
2 in particular, are expressed by ligament and tendon fibroblasts at relatively high levels
[12,29,30,37] The details of VEGF signal transduction remain elusive, but it is likely that
VEGF-receptor 2 is the major receptor for the growth and permeability effects of VEGF
[39,1]. Receptor 1 has a more complex profile and can act as both a decoy and stimulator for
receptor 2 [1,28,32,39]. Both receptors are included in this study, and it is likely that their
relative interaction seen in earlier studies can also be observed in fibroblast behavior.

The study hypothesis was that VEGF receptor expression levels correlate with the structural
properties of the healing ligament after ACL repair compared to untreated ACL transection.
The secondary hypothesis was that the decrease in growth factor receptor density in ACL
cells seen with age would also explain the decrease in healing potential of the ligament with
age as previously noted in biomechanical studies [23,24,37].

Materials and Methods
Animal model

Approval for the study protocol was obtained from the Institutional Animal Care and Use
Committee at the Children’s Hospital Boston, Boston, MA prior to initiating this study. A
priori sample size calculations for linear regression based on estimates for the standard
deviations for the values for displacement, load, and receptor expression were obtained from
earlier studies [15,6,5,25,27]. Briefly, to detect an effect size of 0.75 in a regression analysis
of displacement and load on VEGF receptor expression with 90% power a required sample
size of sixteen was calculated according to the method described by Dupont et al [6]. Thus a
sample size of 19 (16 + 20% back-up for attrition) animals was chosen. This sample size
also permits detection of an effect size of 0.5 while still maintaining at least 80% power.
Thus 19 female Yucatan pigs (45±21 kg of body weight) were included. These animals were
chosen from a range of ages (17±16 months), to allow accounting for and assessing of the
effect of age that has been described in earlier publications [23,24,37].

Collagen scaffold production
The collagen scaffolds were manufactured in our laboratory as previously described23–26.
Briefly, a collagen slurry was made by solubilizing sterilely harvested, bovine connective
tissue. The slurry was adjusted to a concentration of greater than 10 mg/ml. The adjusted
slurry was frozen and lyophilized to create a cylindrical collagen scaffold of 30mm in length
×15 mm in diameter. All scaffolds were stored in a vacuum at −80°C until use.

PRP processing
Preoperatively, 60 cc of autologous blood was drawn into tubes containing 10% ACD (acid-
citrate-dextrose, Harvest Technologies, Plymouth, MA) and spun down to isolate blood
constituents. While erythrocytes were discarded, plasma and a buffy coat of platelet-rich
plasma were harvested. Platelets were counted and adjusted to a five-fold concentration (5.0
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± 0.4) of the initial blood sample using the harvested plasma. The 5× platelet-concentrate
was stored on ice until use.

Surgical procedure
ACL transection and ACL repair was performed as previously described [23,24,10]. All
animals underwent bilateral surgery, with one ACL being transected and the contralateral
ACL transected and repaired. Briefly, under general anesthesia a medial arthrotomy was
made, and the fat pad was partially resected using care to protect the intermeniscal ligament.
The ACL was cut at the junction of the proximal and middle third of the ligament (Figure
1a). To verify complete functional loss of the ACL, a Lachman test was performed. At this
time, a small sample of ACL tissue was taken from the transection site to the laboratory for
PCR analysis. The transection site was selected since it would be the site of future scar
formation. This location is also the typical failure site during tensile testing. Subsequently
the knee was thoroughly irrigated with 500 cc sterile saline. At this point, the knees
randomly allocated for transection only were closed with out further treatment.

On the contralateral side, the transected ACL was repaired. To repair the transected
ligament, a Kessler suture of #1 Vicryl was placed in the tibial stump exiting through the
proximal cut of the ACL. An Endobutton loaded with 3 #1 Vicryl sutures (thus 6 free ends),
was passed through a 4.5 mm tunnel through the femoral ACL attachment site and engaged
on the lateral femoral cortex. The collagen scaffold (described above) was threaded onto 4
of the 6 free suture ends, while the remaining 2 suture limbs were reserved to tie to the ACL
stump [9]. The scaffold was passed up into the femoral notch and care was taken to avoid
any blood or remnants of synovial fluid soaking into the scaffold. The 4 sutures running
from the femur through the scaffold were then passed through a 2.4 mm tunnel through the
tibial ACL footprint. 3cc of 5× autologous PRP was placed to soak the scaffold (Figure 1d).
The sutures were tensioned and tied over a button with the knee held in maximum extension
(Figure 1b, c). The variable depth suture that had previously been placed in the distal ACL
stump was then tied to the remaining suture limbs exiting the femoral tunnel with the knee
in 30 degrees short of maximum extension to pull the tibial stump into the scaffold. The
knee was closed in layers. All animals were kept under anesthesia for one hour
postoperatively to allow for complete clotting and activation of the platelet concentrate. The
animals were not restrained postoperatively, and were allowed ab libitum activity. At 15
weeks of healing all animals were euthanized, and the operated limb was harvested at the
hip joint and stored at −20°C until mechanical testing.

Biomechanical testing
The biomechanical testing to assess the structural properties of the ligament has been
previously described [8–10]. Knees were thawed to room temperature for approximately 18
hours and all extraneous muscle, the joint capsule, menisci, collateral ligaments and the PCL
were dissected from the joint leaving the femur-ACL scar mass-tibia complex intact.
Specimens were kept moist throughout the test protocol with a wrap of normal saline-soaked
scaffolds. For failure testing, the tibia and femur were positioned so that the mechanical axis
of the ACL was collinear with the load axis of the test system (MTS 810; Prairie Eden,
MN). The initial knee flexion angle was set at 30°. The tibia was mounted via a sliding X-Y
platform and the femur was unconstrained to axial rotation to ensure that the load was
distributed evenly over the cross section of the ligament. A ramp at 20 mm/min was
performed and the load-displacement data were recorded at 25Hz. From the load-
displacement tracing, the displacement to yield, displacement to failure, yield load,
maximum load, and linear stiffness were determined.
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Biomechanical outcomes were recorded for ACL transection and ACL repair. For the
purpose of statistical analyses, the difference of ACL repair over ACL transection was used
in the regression model (see below).

Real time RT-PCR
All ACL biopsies obtained during surgery were washed in sterile PBS and used to establish
explant cultures. The tissue was carefully examined for contamination with non-ligamentous
tissue, which, if found, was generously removed. A pilot study showed insufficient mRNA
yield from the biopsy itself, thus the ACL tissue was minced and placed in 100mm Petri
dishes with a standard medium containing DMEM (Mediatech, Manassas, VA), 10% FBS
(HyClone, South Logan, UT), 100 IU/ml Penicillin, 100 mg/ml Streptomycin, and 0.25 µg/
ml Amphotericin B (Mediatech, Herndon, VA) to allow cellular outgrowth and proliferation
in vitro. Medium was changed twice weekly, and tissue removed after 1 week. All cells
were collected at confluence for RNA extraction.

Cells were homogenized in TRIzol® (Invitrogen), mixed with chloroform, and RNA was
precipitated with isopropanol. After quantification, the RNA integrity was checked by
agarose gel electrophoresis. Oligotex® (Qiagen), mRNA purification reagent, was used to
purify mRNA from total RNA according to standard protocols. RETROscript™ (Ambion),
first strand synthesis kit, was used to reverse transcribe the mRNA to cDNA. In brief,
mRNA (100 ng) was reverse transcribed with M-MLV reverse transcriptase in 20 µl. The
cDNA was diluted 5× and used as template for RT-PCR.

Real-time quantitative RT-PCR was used to evaluate mRNA levels of VEGF receptor 1
(VEGF-R1) and receptor two (VEGF-R2) using an ABI PRISM® 7700 sequence detection
system (Applied Biosystems). The real-time RT-PCR conditions were described previously
[11,13]. Briefly, the reactions were run in triplicate, each containing 1 µl cDNA along with
2.5 pmoles of gene specific primers (Table 1) in a final volume of 25 µl with the following
thermal profile: 5 minutes initial denaturing step to activate the DNA polymerase, then 40
cycles each at 95°C for 35 sec, 60°C for 45 sec, and 72°C for 45 sec. Levels of GAPDH
transcript proved to be stable under the experimental trials; therefore it was selected as a
reference gene. PCR was done in triplicates for each sample.

Serum VEGF levels
Pre-operatively blood was drawn through a large bore needle (18g or larger) into serum
separator tubes and allowed to clot overnight. Aliquots of porcine serum were collected and
stored at −80°C until further processing. Serum levels of VEGF were measured using
commercially available ELISA kits (VEGF Quantikine ELISA Kit, Minneapolis, MN, USA)
according to the manufacturer’s protocol. VEGF levels were measured in triplicates for each
sample.

Statistical Analysis
All outcomes were measured with at least 3 decimals measurement accuracy. Continuous
variables were tested for normality using the Shapiro-Wilk test and normal probability plots
and were found to have a normal distribution. Subsequently, a multilevel mixed-effects
regression model to test for associations between receptor expression and biomechanics was
created using treatment (ACL transection versus ACL repair) as within subject variable.
Such a model regresses the relative effect of ACL repair over ACL transection on receptor
expression, i.e. telling how much ACL repair improves functional outcome over a torn ACL,
while accounting for the effect of covariates. Age, body weight, and serum VEGF levels
were included as potential confounders [34,37]. A confounder is a third variable, that affects
(confounds) or even causes an observed association between two variables. In this case, a
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found association between VEGF receptors and biomechanics might be spurious, because it
is really age that causes lower VEGF receptor levels and poor biomechanics without an
actual, direct association between those two parameters. Multivariate regression allows
testing for the presence and estimating the size of such an effect. Age was used as a linear
variable, as well as an ordinal variable with three groups: immature, adolescent, adult. In
consistency with earlier studies, these groups were based on physeal closure, with open
physes for immature animals, closed of adult, and closing but not fully closed for adolescent
animals. The regression model was build in a backward stepwise manner, i.e. all variables
were included initially and those variables with no significant association were excluded one
by one while the model was re-run after each exclusion until no further improvement in
model fit (using likelihood ratio tests) over the previous model was seen. All analyses were
done using intercooled STATA 10 (Stata Corp LP, College Station, TX). An alpha value of
5% was considered significant. All results are given as mean ± SD with 95% confidence
intervals [35].

Results
Surgery & Animal welfare

In the peripheral blood, there were no preoperative differences in red blood cell (p=n.s.),
white blood cell (p=n.s.), or platelet counts (p=n.s.) between the three age groups ruling out
that difference in PRP constituents as causes for biomechanical differences. All animals
tolerated the surgery well and reached full weight bearing status with 24 hours post-op.
There were no postoperative complications and all animals reached the analysis stage in
good health.

Displacement
Displacement to yield and failure showed significant associations with VEGF-R1, but not
with VEGF-R2. (Table 2) In the multivariate model, there was no evidence that the effect of
VEGF-R1 or R2 was confounded by animal age, or the other covariates weight, or serum
VEGF levels. (Tables 3 and 4) After adjusting for weight, the association between
displacement to yield and VEGFR2 was substantially strengthened and was borderline
significant (p=0.081). (Table 4)

Load
There was no evidence for an association between maximum or yield load and VEGF-R1 or
R2 expression. (table 2) In the multivariate model, there were significant associations
between age and maximum and yield load for both receptors suggesting that age accounts
for part of the effect of VEGF receptors on biomechanical outcomes. (Tables 3 and 4).

Stiffness
There were no associations of stiffness with VEGF-R1 expression or VEGF-R2 expression.
(Table 2) The multivariate model showed no associations with age. (Tables 3 and 4)

Discussion
The most important finding of the present study was strong evidence for an association
displacement to yield and failure after enhanced ACL repair with VEGF receptor
expression. No evidence was found for a direct influence of VEGF receptor density on the
maximum load for the healing ligaments. Finally, strong evidence emerged that the
association between VEGF receptor expression and load was affected by age, suggesting
that age masks at least some of the association between these two factors. This interpretation
is supported by findings from prior studies [23,24,37].

Vavken et al. Page 5

Knee Surg Sports Traumatol Arthrosc. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



VEGF is a well-known factor in tissue healing, which is primarily associated with
endothelial cells and angiogenesis. Recently, the role of VEGF in ligament and tendon
healing has been studied more closely. Such analyses showed that fibroblasts, especially
during wound healing, release VEGF [11,12,29,30] and express VEGF-receptors [12,37],
both in vitro and in a graft used for ACL reconstruction [30]. Other recent evidence shows
that VEGF addition to grafts for ACL reconstruction results in increased AP laxity and
reduced linear stiffness [40]. However, the exact function of VEGF and, especially, VEGF-
receptors in fibroblasts, is still elusive.

This study showed significant associations between displacement and VEGF-receptor 1
expression, but none with VEGF-receptor 2. A greater expression of VEGF-receptor at the
time of surgery resulted in greater displacements to yield and failure. The finding that this
association exists only for receptor 1 may be due to the fact that the activity of receptor 2,
which is the main receptor in VEGF transduction, is modified by receptor 1 [31]. These
findings suggest that a higher VEGF receptor expression results in a more extensible repair
tissue.

There was no association of load, either a t yield or at maximum, with either VEGF receptor
expression. More interestingly significant associations were seen between age and load,
which were slightly attenuated after adjusting for receptor expression levels. These findings
suggest that VEGF receptors play only a small role in the association between age and load
that has been described earlier [23,24]. Load is a function of fibroblastic synthetic activity,
which has been shown to be enhanced by PRP [3]. The independence of load from VEGF
receptors, despite the proven stimulation of fibroblast bioactivity by PRP [23,24,3], might be
interpreted as an indicator of the higher importance of other PRP-related growth factors,
such as TGF-beta or PDGF [7,38]. Such an interpretation is in accordance with findings
from earlier studies, showing that TGF-beta might counteract any VEGF-mediated
detrimental action in scar formation [14].

The third studied parameter was linear stiffness. Stiffness, as a compound parameter of load
over displacement, and thus offers a more comprehensive evaluation of ACL healing. As
seen in earlier studies, there was a significant, negative association between serum VEGF
levels and stiffness [40,30]. However, there was no association with VEGF receptors.
Interestingly, there was, again, strong evidence for residual confounding by age.

Also, strong evidence was found that the association between yield load and maximum load
and VEGF receptor expression was influenced by age, in such a way as that accounting for
age reduced the strength of the association between load and VEGF receptors. Recent
studies have shown repeatedly and consistently that age is negatively associated with
functional outcome after PRP-augmented primary ACL repair, as well as tissue maturation
and ACL fibroblast migration, proliferation and collagen production [23–25] suggesting
growth factor receptor expression as a reason for the observed age-dependence.

These findings have potential for important clinical implications. Since they describe the
interaction of two important determinants of functional outcome of enhanced ACL repair,
the identification of these determinants allows using a tailored therapeutic approach based
on individual patient characteristics. Second, a number of drugs have been developed that
influence the VEGF pathway and might be added to such a surgical technique. Finally, these
findings suggest the overstimulation of VEGF receptors might lead to a poorer functional
result, implying that higher concentrations of platelets in PRP might not necessarily produce
better results in sports medicine [22].

This study has potential limitations. Only one growth factor was studied, thus potential
interaction between different growth factors could not be assessed. Secondly, the data build
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on a snapshot of receptor expression, which might change in response to PRP. Lastly, no
post-translational control on the peptide level to confirm the mRNA changes, but earlier
research confirmed PRP-initiated up-regulation of VEGFR-1 and R2 mRNA expression by
histology and immunohistochemistry [17].

Conclusion
In conclusion, the findings of this study suggest that VEGF receptor expression in ACL
fibroblasts is associated displacement, but not load or stiffness, after ACL repair compared
to untreated ACL transection. High VEGF receptor expression is associated with higher
displacement, suggesting a more plastic repair tissue. Also, the age-dependent expression of
VEGF receptors seems to be an important factor in the age-dependence of functional
outcome after ACL repair. Most likely this is also true for other growth factors. This
interpretation suggests that the bottleneck of cellular stimulation is reception, not
concentration of growth factors. Consequently, increasing PRP concentrations will not
improve outcome but might very well increase the risk of adverse events [22]. Addressing
growth factor reception might prove to be a more effective treatment modification.
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Figure 1.
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Table 1

Primers sequences used for PCR

target Forward Backward

VEGR-R1 agc cca agg cct cac tca ag acg gga ggg ctg cac tac ag;

VEGR-R2 ctg gtt ctg gcc caa caa tc tgg tcc cca gac atg gaa tc

GAPDH aag ggc atc ctg ggc tac ac ggt cca ggg gct ctt act cc
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