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Background  Platelet concentrate application with
added thrombin improves Achilles tendon repair in the
rat. Upon tissue injury, platelets are activated by throm-
bin, which has many biological properties in common
with growth factors. We wanted to differentiate the
effect of platelets from that of thrombin.

Methods The Achilles tendon was transected in S0
rats. Platelet gel was prepared from the blood of 10
other rats. The rats were given either platelet gel with
active or neutralized thrombin implanted into the defect
during the operation, or a local injection 6h postopera-
tively with 50 pL of either platelet concentrate, throm-
bin or saline. The rats were killed after 14 days and the
tendons were mechanically tested.

Results ~ Compared to saline, platelet gel caused
a 42% increase in force at failure, a 90% increase in
energy, and a 61% increase in ultimate stress. Platelet
gel with neutralized thrombin caused a 22% increase in
force at failure, and energy and stress were less elevated.
Injected platelet concentrate caused a 24% increase in
force at failure, and thrombin caused a 10% increase.
These effects and the differences between treatments
were statistically significant.

Interpretation Platelets and thrombin had indepen-
dent and additive stimulatory effects on tendon repair.
The clinical relevance is so far unknown.

Upon injury, platelets release bioactive proteins
and growth factors necessary for initiation and
acceleration of repair and regeneration. Platelets
concentrated in a gel have global applications in

surgery, and might be especially useful for soft
tissue reconstruction. Equipment for platelet con-
centrate production in the operating room is now
being marketed, but there has been little research
on the effects of platelets on repair.

Platelets can be activated by a large number of
bioactive molecules. Among them, thrombin is
the most powerful activator. Thrombin is also a
principal factor in blood clot formation following
tissue injury. Furthermore, it has many biological
properties in common with growth factors, such as
chemotaxis of neutrophils, monocytes, and mac-
rophages (Chen and Buchanan 1975), and stimu-
lation of fibroblast proliferation (Bar-Shavit et al.
1983). Thrombin accelerates wound healing (Sti-
ernberg et al. 2000). The in vitro growth factor-like
properties suggest that this role in wound healing
is separate from that of clot formation (Glenn et
al. 1988). Thrombin is a serine protease. Its prote-
ase activity is responsible for the transformation of
fibrinogen to fibrin. Thrombin can bind and cleave
so-called protease-activated cell surface receptors.
Non-proteolytic parts of the molecule can activate
other receptors.

We have previously found a positive effect of
an exogenously applied platelet concentrate with
thrombin in tendon repair (Aspenberg and Virch-
enko 2004). Since then, we have improved our
handling of the plateles and our interest has been
concentrated on the effect of the thrombin added.
Does thrombin have an effect of its own? Is the
effect on tendon repair a combined effect of plate-
lets and thrombin? To answer those questions,
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Figure 1. Scheme of platelet gel preparation.

we performed experiments that included not only
platelets activated with thrombin, but also platelets
without any activation, and activated platelets with
added Hirudin—which is a specific high-affin-
ity inhibitor of thrombin, completely blocking its
mitogenic effect.

Material and methods
Overview

We compared 5 treatments: (1) platelet gel, con-
taining thrombin-activated platelets and added cal-
cium, (2) platelet gel supplemented with Hirudin in
order to neutralize thrombin, (3) injectable platelet
concentrate without thrombin, (4) thrombin (in
saline), and (5) saline alone. All platelet groups
received 4 x 107 platelets in a volume of 50 pL.

Animal model

The study included 60 female Sprague-Dawley
rats with a mean body weight of 184 g (170-210),
housed 2 per cage at 21°C in a 12-h light and dark
cycle and given food and water ad libitum. The
regional ethics board had approved the study, and
institutional guidelines for the care and treatment
of laboratory animals were adhered to.

Preparation of platelet concentrate

Whole blood was collected from 10 female
Sprague-Dawley rats (200 g, M&B, Ry, Denmark).
The rats were anesthetized with isoflurane, and 4-6
mL of whole blood was collected by cardiac punc-
ture using a 10-mL syringe containing 1.5 mL of
anticoagulant citrate phosphonate dextrose (CPD)
buffer (0.15 mg CPD/mL) and a 1.2-mm needle.
After blood collection, the animals were killed
with an intracardiac injection of an overdose of
pentobarbital. The anticoagulated blood was then
centrifuged at 220 x g for 20 min. The superna-
tant, containing platelet-rich plasma, was used for
a second centrifugation at 480 x g for 20 min to
form a pellet of rat platelets. The platelets were
then resuspended in plasma and the cell density
was adjusted to 8.3 x 10? platelets/L (Figure 1).
The platelet concentrate was dispersed in 20
microwells, 50 uL in each, and activated by adding
0.25 U thrombin (1.25 pL) from bovine plasma
(Sigma Chemical Co., St. Louis, MO) and 5 IE (5
pL) calcium chloride (Braun Melsungen) at 37°C.
The gels in 10 of the microwells received Hirudin
(recombinant from yeast; Fluka Chemie GmbH,
20.75 Ul/vial) at 0.5 U per microwell to neutralize
thrombin. The platelet concentrate and platelet gel
were irradiated at 25 Gy according to international
blood banking standards, to inactivate any remain-
ing white blood cells. The platelet concentrate and
platelet gel were stored at 4°C for a maximum
period of time of 24 h, and then applied to the
transsected Achilles tendons (see below).

Operative procedure and treatment

The rats (n = 50) were anesthetized with 5% iso-
flurane gas (Forene; Abbot Scandinavia, Solna,
Sweden) in an anesthetic induction chamber and
then 3.5% in a mask. The skin on the right hind
limb was shaved. Antibiotics by way of 5 mg intra-
muscular injections of tetracycline (Engemycin;
Intervet, Boxmeer, Holland), and analgesics in
the form of 0.015 mg buprenorphine (Temgesic;
Schering-Plough, Brussels, Belgium) were given
preoperatively. The animal was placed prone on
a warm pad (38.2°C) and the right hind leg was
stretched backwards and washed with chlorhexi-
dine (5 g chlorhexidine digluconate, 600 g etha-
nol, sterile water). A 3-mm transverse incision was
made in the skin lateral to the right Achilles tendon.
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The surrounding fascia was opened and the Achil-
les tendon complex was exposed. Approximately
7 mm of the plantaris tendon was then removed
to simplify force measurements at the end of the
experiment. Subsequently, the Achilles tendon was
cut transversely 1.5 and 4.5 mm proximal to the
calcaneal insertion. Thus, a 3-mm segment was
removed. The tendon was left unsutured with a
gap between the tendon stumps, and the skin was
sutured. There was no postoperative immobiliza-
tion. After the operation, the animals were placed
in clean cages under a heating lamp for constant
temperature of 30°C until they awoke completely.

The rats were divided into 5 groups for treatment
by a lottery, randomizing each rat groups of 10 at
a time. This was done by an assistant during the
operation. The rats either received 50 pL (1 piece)
of platelet gel in the defect at the operation, or a
local injection 6h postoperatively of 50 pL of the
platelet concentrate or control solution.

Evaluation

After 14 days, the rats were killed with CO, gas.
The tendon with the attaching calcaneal bone was
dissected free of other tissues and removed. Sagit-
tal and transverse diameters were measured with
a digital calliper. For clamping, the muscle was
scraped off the tendon substance by blunt dissec-
tion, to produce a fan of tendon fibers, which was
then sandwiched between fine sandpaper in metal
clamps. The calcaneus was fixated in a custom-
made clamp in 30° dorsiflexion, relative to the
direction of traction. Finally, the clamps were
attached to a materials testing machine (100R;
DDL Inc., Eden Praire, MN), and the tendon was
pulled at a constant speed of 1 mm/s until failure.
Mechanical parameters measured were force at
failure, stiffness and energy uptake at 10% droop
of the curve. Stress and transverse area were cal-
culated.

Statistics

One-way ANOVA was used for statistical analy-
sis. Post hoc comparisons for differences between
groups were made using Bonferroni-Dunn test. A
p-value less than 0.05 was considered significant.
Statistical analysis was performed with StatView
for Windows version 5.0.1 (SAS Institute, Cary,
NO).

Results

Compared to saline, platelet gel caused a 42%
increase in force at failure, a 90% increase in energy
and a 61% increase in ultimate stress. Platelet gel
with neutralized thrombin caused a 22% increase
in force at failure, a 57% increase in energy and a
35% increase in stress. Platelet concentrate caused a
24% increase in force and a 62% increase in energy.
Thrombin caused a 10% increase in force at failure.
All these results were statistically significant rela-
tive to the saline control (Table 1; Figures 2 and 3).

The gel had the greatest effect, followed by
platelet gel with Hirudin and platelet concentrate—
which were similar. Thrombin alone had less effect
than the other active treatments. Almost all inter-
group comparisons were significant (Table 2).

The transverse area of the tendon callus was not
significantly different in any of the experimental
groups.

Discussion

Our results show that both platelets alone and
thrombin alone can improve tendon repair in rats.
There is also an additive effect when combining
them. The effect of platelets is probably due to the
growth factors that are released during activation.
The thrombin probably functions by stimulating
mitogenic events through interaction with cell
surface receptors (Lundblad et al. 2004). We have
previously found improvement of tendon repair in
the same model following one injection of platelet
concentrate (Aspenberg and Virchenko 2004). Our
previous results showed a 27% increased force at
failure by platelet concentrate treatment, as com-
pared to a 42% increase by using platelet gel in
this study. This difference is probably caused by
a difference in dosage (1.5 x 10° platelets/mL in
the first experiments and 8.3 x 10° platelets/mL in
this experiment) and platelet handling. Prepara-
tory experiments for the present study showed no
difference between saline-injected and uninjected
controls (data not shown).

None of the tendon regenerates increased in
transverse area. The increased strength was instead
caused by improved material characteristics. In
our previous study, this could also be confirmed
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Table 1. Effects of platelet gel, platelet gel with neutralized thrombin, platelet concentrate, and
thrombin injections compared with saline

Percent increase
Biomechanical data compared to saline
Treatment n m SD 95% CI P-value
min. m max.

Force (N) Platelet gel 10 50 3.7 34 42 51 < 0.001
PGNT 10 43 2.0 16 22 28 <0.001
Platelet injection 10 44 2.1 18 24 31 < 0.001
Thrombin 10 39 1.1 5 10 16 0.003
Saline 10 35 3.1

Stiffness (N/'mm) Platelet gel 10 12 2.0 -16 0 16 0.7
PGNT 10 12 2.0 -16 0 16 0.3
Platelet injection 10 11 1.6 -24 -6 9 0.5
Thrombin 10 12 1.7 -12 4 19 0.6
Saline 10 12 2.3

Energy (Nmm) Platelet gel 10 159 24 63 90 118 <0.001
PGNT 10 131 26 28 57 86 < 0.001
Platelet injection 10 135 23 35 62 89  <0.001
Thrombin 10 96 27 -14 15 44 0.3
Saline 10 84 29

Area (mm?) Platelet gel 10 6.4 2.8 -35 7 21 0.6
PGNT 10 6.2 1.8 -34 -10 14 0.5
Platelet injection 10 7.7 248 -14 13 41 0.3
Thrombin 10 7.7 1.5 -11 12 35 0.4
Saline 10 6.8 2.0

Stress (MPa) Platelet gel 10 8.8 3.4 19 61 108 0.001
PGNT 10 7.4 1.9 7 35 63 0.05
Platelet injection 10 6.1 1.9 -16 11 39 0.5
Thrombin 10 53 18 -26 -4 19 0.7
Saline 10 5l 1.5

PGNT: platelet gel with neutralized thrombin.
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Figure 2. Force at failure. Figure 3. Energy.
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Table 2 A. Intergroup comparisons for force at failure
(p-values)

Saline Thrombin Platelet PGNT
injection

Plateletgel <0.001 <0.001 <0.001 <0.001

PGNT < 0.001 < 0.001 0.4
PCI < 0.001 < 0.001
Thrombin 0.003

PGNT: platelet gel with neutralized thrombin.
PCI: Platelet concentrate injection.

Table 2 B. Intergroup comparisons for energy 10% (p-
values)

Saline Thrombin Platelet PGNT

injection
Platelet gel <0.001 < 0.001 0.03 0.02
PGNT < 0.001 0.009 0.7
PCI < 0.001 0.003
Thrombin 0.3

PGNT: platelet gel with neutralized thrombin.
PCI: Platelet concentrate injection.

Table 2 C. Intergroup comparisons for stress (p-values)

Saline Thrombin Platelet PGNT

injection
Platelet gel 0.001 0.006 0.04 0.3
PGNT 0.05 0.009 0.1
PCI 0.5 0.3
Thrombin 0.7

PGNT: platelet gel with neutralized thrombin.
PCI: Platelet concentrate injection.

by a significantly higher histological scoring for
tissue maturity (Aspenberg and Virchenko 2004).
This effect is quite different from the effects of the
growth factor CDMP-2 (cartilage-derived mor-
phogenic protein-2). In the same model, CDMP-
2 improved strength and stiffness, but this was
entirely due to an increase in tendon regenerate
size (Forslund and Aspenberg 2002).

When the platelet concentrate is activated by
thrombin, a gelatinous structure is formed and
the wound-healing growth factors are released
from the alpha-granules (Whitman et al. 1997).

These growth factors are involved in cell growth
and differentiation, including the normal pro-
cesses of development and tissue repair. Several
growth factors have been found to have roles in
tendon healing. Improved mechanical properties
of a healing tendon or ligament have been shown
after exogenous application of platelet-derived
growth factor (PDGF) (Hildebrand et al. 1998)
and at least 3 members of the transforming growth
factor8 (TGF-B8) superfamily, i.e. the cartilage-
derived morphogenic proteins (CDMPs) (Forslund
et al. 2003). Other growth factors are apparently
involved in tendon repair, e.g. vascular endothelial
growth factor (VEGF) (Zhang et al. 2003), insulin-
like growth factor (IGF) (Kurtz et al. 1999), and
basic fibroblast growth factor (bFGF) (Chan et al.
2000).

Platelet products have found clinical applica-
tions in orthopedic surgery, maxillofacial surgery,
dental implant surgery, and plastic surgery (Anitua
et al. 2004). Still, there have been few publications
reporting enhancement of healing by platelets. In a
bone grafting study in goats, platelet-rich plasma
(PRP) appeared to enhance bone healing consid-
erably (Fennis et al. 2004). Histological analyses
of bone defects surrounding titanium implants in
dogs showed that PRP increased local bone forma-
tion (Kim et al. 2002). Human platelet concentrate
was found to improve bone ingrowth distance into
porous hydroxyapatite in nude rats (Siebrecht et
al. 2002). Other studies on bone regeneration have
failed to show an effect (Jensen et al. 2004). Muscle
regeneration in rabbits was found to be improved
by rabbit platelet concentrate (Jodczyk et al. 1986),
and in skin wounds, platelet concentrate was found
to increase granulation tissue and fibrous tissue for-
mation and epithelial growth (Ksander et al. 1990,
Carter et al. 2003, Henderson et al. 2003).

There have been a number of uncontrolled
clinical studies reporting a good effect of plate-
let concentrate in both bone and soft tissue repair
(Tischler 2002). To our knowledge, there have been
no controlled clinical studies on soft tissue repair,
and only two controlled clinical studies showing
an effect of PRP on bone regeneration. Marx et al.
(1998) showed that combining PRP with autog-
enous bone in mandibular continuity defects in
human patients resulted in faster radiographic mat-
uration and a histomorphometrically denser bone
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regenerate. PRP and bovine porous bone mineral
combined with guided tissue regeneration has been
more effective in the treatment of human intrabony
periodontal defects than guided tissue regeneration
alone (Camargo et al. 2002).

There are risks associated with thrombin in clini-
cal use. Serious coagulopathies have been reported,
after topical exposure to bovine thrombin used as a
hemostatic agent in orthopedic, neurosurgical, and
cardiovascular surgeries (Cmolik et al. 1993, Spero
1993, Christie et al. 1997). In several cell types
such as neurons, astrocytes (Smirnova et al. 1998),
or tumor cells (Zain et al. 2000), thrombin has been
shown to induce cell proliferation at low concen-
trations and apoptosis at high concentrations. We
found a positive effect of thrombin in tendon heal-
ing, but the concept that “if a little is good, a lot
may be better” may not apply. The thrombin con-
centration needed for optimal platelet aggregation
(0.5 U/mL) is much lower than the thrombin con-
centrations used in other clinical applications (140
U/mL) (Marx et al. 1998). The amount of thrombin
used in this study appears to be less than would
be expected to cause complications. Because
exogenous thrombin has a stimulatory effect, one
might suspect that inhibition of exogenous throm-
bin activity (e.g. by low molecular weight heparin)
delays healing.

In conclusion, the use of thrombin to activate a
platelet gel adds to its efficacy in tendon repair.
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