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Platelets stimulate proliferation of
bone cells: involvement of platelet-
derived growth factor, microparticles
and membranes

Key words: membranes; microparticles; osteoblast; platelet-derived growth factor; platelet-
rich plasma.

Abstract: Platelets have been implicated in accelerated bone regeneration in grafting
applications. The beneficial effects of platelets may involve their ability to stimulate the
proliferation of osteoblasts. We therefore determined the mitogenic response of human
trabecular bone-derived cells to human platelets and supernatants of thrombin-activated
platelets. We can show a � 50-fold increase in DNA-synthesis of bone cells (BC) cultured in
the presence of platelets as determined by [3H]-thymidine incorporation. Preventing cell-to-cell
contact by a membrane filter did not abrogate the stimulatory effect, indicating the release
of soluble factor(s) that are mitogenic for BC. The lipid fraction of the platelets had no effect
on [3H]-thymidine uptake into the DNA of BC. Platelet-released supernatant (PRS) increased
the rate of [3H]-thymidine incorporation to � 20-fold and retained 56% of their activity after
incubation at 56 æC, and 27% at 100 æC, respectively. Neutralizing antibodies raised against
platelet-derived growth factor (PDGF) partially suppressed the mitogenic potential of PRS.
Gel exclusion chromatography analysis showed that molecules ranging from 25 kDa to more
than 70 kDa within the PRS can stimulate BC proliferation. The highest amount of PDGF
was detected in fractions corresponding to a molecular weight of 28–37 kDa as determined
by immunoassay. The mitogenic activity was not restricted to soluble growth factors because
microparticles in the PRS and platelet membranes also increased BC proliferation. Our data
indicate that native platelets, the respective PRS, microparticles, and platelet membranes can
stimulate the mitogenic activity of BC, thereby contributing to the regeneration of
mineralized tissue.

Platelets are characteristically activated at
sites of injury where they create a physical
barrier to limit blood loss and accelerate
the generation of thrombin to intensify the
coagulation process.8 Platelets can also re-
lease local mediators with phylogistic po-
tential and interact with leukocytes and
endothelial cells modulating the inflam-
matory reaction (Bazzoni et al. 1991; Kling-
er 1997). In addition to haemostasis and in-
flammation, platelets are involved in
wound healing and repair of mineralized
tissue (Gentry 1992; Barnes et al. 1999). As

bone is a highly vascularized tissue, the
biologic activities of platelets occur as im-
mediate responses to fractures where the
degranulation of platelets takes place dur-
ing formation of a heamatoma. Vascular
disruption also occurs in microfractures
without any clinical sign of injury (Zuo &
Zhu 1991). Platelet-released growth factors
are chemoattractant for mesenchymal cells
of the external soft tissue and the bone
marrow (Barnes et al. 1999). Growth fac-
tors that are highly abundant in platelets
can stimulate the proliferation and the dif-
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ferentiation of periosteal cells, and attract
granulocytes and macrophages to the frac-
ture haematoma (Joyce et al. 1990; Barnes
et al. 1999). Little is known regarding the
interaction of platelets with cells of the
osteogenic lineage.

Native platelets can be mitogenic for
osteoblastic cells derived from fetal bone
(Slater et al. 1995). Two clinical studies
have investigated the effects of platelets to
reconstruct mandibular and vertebral de-
fects (Marx et al. 1998; Lowery et al. 1999);
the application of platelet-rich plasma re-
sults in a higher bone density within auto-
logous bone grafts after 6months sug-
gesting that endosteal osteoblasts that line
the cancellous bone surface survive trans-
plantation and are responsive to the plate-
let-released growth factors (Marx et al.
1998). Among these growth factors, plate-
let-derived growth factor (PDGF) has been
shown to stimulate bone cell replication
(Hock & Canalis 1994; Yu et al. 1997).
PDGF increases bone matrix apposition
and in vivo studies on tibial osteotomies in
rabbits showed that exogenous PDGF has
a stimulatory effect on fracture healing
(Pfeilschifter et al. 1990; Nash et al. 1994).
Despite these results, it remains unclear
whether PDGF is the only factor that me-
diates the interaction of platelets with BC.

Activation of platelets by physiologic
agonists such as thrombin also results in
the release of small (1mM) membrane ves-
icles from their surface, termed micropar-
ticles (MP) (Barry & FitzGerald 1999;
Hughes et al. 2000). Similar to growth fac-
tors, MP act in the local environment of
their formation. MP have pro- as well as
anticoagulant properties and their number
is increased in the circulation of patients
with syndromes of platelet activation (Bar-
ry & FitzGerald 1999). Moreover, MP
modulate the function of platelets, mono-
cytes, and vascular endothelial cells, and
stimulate the proliferation of coronary ar-
tery smooth muscle cells, independent of
PDGF (Barry et al. 1998; Weber et al.
2000). Given that the release of MP accom-
panies the vascular disruption at the frac-
ture sites, we suggest that MP can have an
effect on endosteal osteoblasts.

Here, we addressed the question whether
native platelets and PRS can stimulate the
proliferative activity of human trabecular
BC. Our results show that platelets were
genuinely highly mitogenic to BC, me-
diated, at least inpart, by PDGFandMP, and
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also that platelet membranes are involved
in this process. These findings suggest a
mechanism where platelets can contribute
to the healing of skeletal defects and the re-
generation of grafted bone matrix.

Material and methods

Human bone cells (BC)

Trabecular bone specimens were obtained
from patients (62–88yearsold) during rou-
tine hip replacements from the Department
of Traumatology (Dr Mayer, Hospital Bad-
en, Baden, Austria). Human trabecular BC
were prepared as described by Evans and co-
workers with minor modifications (Evans
et al. 1990). In brief, bone chips were exten-
sively washed with PBS and placed in T-75
tissue-culture flasks (Costar, Cambridge,
MA, USA) in the presence of DMEM/F12
(Life Technologies, Grand Island, NY, USA)
supplemented with 10% fetal calf serum
(Life Technologies), 100U/ml penicillin G,
100mg/ml streptomycin, and 0.25mg/ml
amphotericin B (Life Technologies). This
medium is termed serum-containing me-
dium (SC-medium). Cells that grew out
from the bone chips were cultured in a hu-
midified atmosphere at 37æC in 5% CO2 for
at least 2weeks. Medium was changed 3
times a week. Cells of the second and the
third passage were used for experiments.

Isolation of platelet concentrates

Aphaeresis platelet concentrates from vol-
unteer donors were prepared by standard
aphaeresis procedures using an MCSπ de-
vice (Haemonetics, Braintree, MA, USA)
and acid citrate dextrose (ACD-A; 22g/l so-
dium citrate, 24.5g/l glucose monohydrate
and 8g/l citric acid monohydrate; Haemo-
netics) as anticoagulant at a ratio of 1 :10.
The platelet concentrates were automati-
cally leucodepleted by a negatively charged
pall filter (LRFTM, XL), and fewer than
3¿103 white blood cells/ml remained in
the platelet concentrates. The platelet con-
centrates were gently agitated at 21æC on
a platelet agitator (Helmer Laboratories,
Nobesville, IN, USA) and aliquots were
aseptically withdrawn after 3–4h.

Preparation of washed platelets, platelet

supernatants, platelet membranes, and MP

Platelets (3¿109) from platelet concen-
trates were washed in Tyrode’s buffer,
pH6.4, and centrifuged at 1400g for 10min

Pellets were resuspended in 3ml serum-
free medium (SF-medium), which is a
DMEM/F12 medium supplemented with
2.5mg/ml insulin-transferrin-selenium
(Boehringer Mannheim, Germany) and
antibiotics/antimycotics. The platelet sus-
pension was diluted at a 1 :5 ratio, result-
ing in platelet numbers of 2¿108/ml (I);
4¿107/ml (II); 8¿106/ml (III); 1.6¿106/ml
(IV); and 3.2¿105/ml (V).

Release of platelet products into the
supernatant was induced by adding 1U/ml
of human thrombin (Sigma, St. Louis, MO,
USA) to 1¿109 platelets/ml SF-medium
for 20min at room temperature. After cen-
trifugation at 1400g for 10min, the PRS
was diluted in the same way as described
for experiments with washed platelets.
PRS were also incubated for 5, 15, and
30min at 56æC and 100æC before dilution.
Platelet membranes were prepared from re-
suspended pellets of thrombin-activated
platelets after washing with PBS.

MP were prepared as described by Weber
et al. (2000) with minor modifications. In
brief, 1ml of the platelet supernatant was
further centrifuged at 100000g for 1h at
4æC. The particle-free supernatant was col-
lected and the MP-pellet was resuspended
in 1ml SF-medium. Both the MP and the
corresponding particle-free PRS were di-
luted at the 1 :5 ratio in SF-medium for
analysis.

Mitogenic assay

The proliferation of human BC was meas-
ured by incorporation of radiolabeled [3H]-
thymidine (Amersham Pharmacia Biotech,
Buckinghamshire, England) into the rep-
licating strands of DNA produced during
BC mitosis as recommended by the sup-
plier of the gamma-counter with minor
modifications (TopcountA, Packard, Merid-
en, CT, USA; http://www.packardbioscien-
ce.com/reference_matl/531.asp). In brief,
BC were plated at 10000 cells/cm2 in 96-
well plates (Packard) and grown for 2–
3days in SC-medium. The SC-medium
was changed to SF-medium with and with-
out the indicated concentrations (I–V, see
above) of washed platelets, platelet mem-
branes and supernatants for 24h. Cells
were pulse-labeled with [3H]-thymidine
(0.5mCi/well) for the last 6h of culture,
washed extensively with PBS, and the [3H]-
thymidine incorporation was measured di-
rectly in the culture plate with a liquid
scintillation counter (Packard).
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To determine the involvement of cell-to-
cell contact for the proliferative effect, hu-
man BC were grown in 24-well culture
dishes (Costar) in the presence of various
concentrations (I–V) of washed platelets for
24h, but separated by a membrane filter
(Transwell, 6.5-mm diameter, 3.0-mm pore
size, Costar). BC were pulsed with [3H]-
thymidine (3mCi/well) for the last 6h of
culture. After removing unincorporated
radioactivity, osteoblasts were released
from the culture plate with 0.2% trypsin
(Life Technologies) and harvested onto Un-
ifilter-plates (Packard). Relative [3H]-thymi-
dine incorporation was determined by
liquid scintillation counting.

Methanol/chloroform extraction of cellular

lipids

Washed platelets (1¿109/ml SF-medium)
were lysed by sonification (Branson Sonifi-
re 250; Schwäbisch Gmünd, Germany) for
2min at room temperature. Lipids were ex-
tracted according to a modified version of
Bligh & Dyer (1959). In brief, 1ml of dis-
rupted platelets were incubated with
3.75ml chloroform/methanol (1 :1, Merck,
Darmstadt, Germany) for 10min with con-
tinuous shaking. Thereafter, 1.25ml
chloroform and 1.25ml H2O were added
and after extensive vortexing, the tubes
were centrifuged for 10min at 1400g. The
lower phase containing the lipid fraction
was evaporated and dissolved in 100ml
ethanol. For analysis, 900ml SF-medium
was added to the lipid extract that was
then diluted at the 1 :5 ratio. The cell rem-

Fig.1. Platelets increase the proliferation of human
BC. Subconfluent human BC were cultured in 96-
well plates, and incubated for 24h with and without
the addition of washed platelets. The platelet suspen-
sion was diluted, resulting in platelet numbers of
2¿108/ml (I); 4¿107/ml (II); 8¿106/ml (III);
1.6¿106/ml (IV); and 3.2¿105/ml (V). Values are
given as x-fold stimulation over untreated controls.
Data are means ∫SD of results from 4 experiments
resulting from 2 different BC and 2 platelet prepara-
tions. **P�0.01 vs. control.
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nants within the interface were removed,
washed two times with SF-medium, resus-
pended in 1ml of the same medium and
diluted as described above.

Blocking of PDGF with an neutralizing antibody

Human BC were cultured with PRS corre-
sponding to 8¿107 platelets/ml (Dilution
II) in the presence of neutralizing anti-
bodies raised against human PDGF (Clone
AB-20-NA, R&D systems, MN, USA) for
24h and assayed for mitogenic activity. Ac-
cording to the information provided by the
supplier, the half-maximal inhibition is 3–
5mg antibody/ml for 10ng/ml natural hu-
man PDGF; hence, 1 :100 dilutions can
block 30ng PDGF/ml.

Gel exclusion chromatography of platelet

supernatants and determination of PDGF

Chromatographic analysis was performed
based on the handbook ‘Gel Filtration,
Principles and Methods’ provided by the
supplier of the equipment (Amersham
Pharmacia). 800ml of PRS, corresponding to
1¿109 platelets/ml, was applied to a Se-
phadex G-75 column (1.6¿40cm; Amer-
sham Pharmacia Biotech) equilibrated with
SF-medium and eluted at a flow rate of
50ml/h at room temperature. The column
was calibrated using bovine serum albu-
min (67kDa), ovalbumin (43kDa), chymo-
trypsinogen (25kDa) and ribonuclease A
(12.7kDa). Fractions (1ml) were collected
and assayed for their mitogenic activity
and for their concentration of PDGF. PDGF
was determined by a commercially avail-

Table 1. Platelets stimulate mitogenic activity of BC, independent of cell-to-cell contact

I II III IV V

Cell proliferation 67 ∫ 15** 29 ∫ 20** 4 ∫ 1** 1 ∫ 0.5 1 ∫ 0.6

Human BC grown in 24-well culture plates were incubated with washed platelets that were separated by a 3.0-mm

nylon mesh. Platelets were diluted to reach concentrations of 2 ¿ 108/ml (I); 4 ¿ 107/ml (II); 8 ¿ 106/ml (III); 1.6 ¿ 106/

ml (IV); and 3.2 ¿ 105/ml (V). Cells were pulsed with [3H]-thymidine and values are given as x-fold stimulation over

untreated controls. Data are means ∫ SD of results from experiments with 2 different BC- and 4 platelet prepara-

tions.**P � 0.01 vs control.

Table 2. Platelet-derived lipid extracts are not mitogenic to human BC

I II III IV V

BC 1/Lipid extracts 1.4 ∫ 0.1 1.4 ∫ 0.1 1.2 ∫ 0.1 1.3 ∫ 0.1 1.1 ∫ 0.3

BC 2/Lipid extracts 1.4 ∫ 0.3 1.4 ∫ 0.2 1.0 ∫ 0.2 1.0 ∫ 0.2 1.1 ∫ 0.2

BC 1/Platelet remnants 2.1 ∫ 0.1* 1.6 ∫ 0.1* 1.4 ∫ 0.1 1.4 ∫ 0.1 1.3 ∫ 0.1

BC 2/Platelet remnants 5.5 ∫ 0.6** 3.3 ∫ 0.4** 2.7 ∫ 0.7* 2.3 ∫ 0.3* 1.8 ∫ 0.4

Lipid extracts and the respective platelet remnants were prepared as described in Material and methods. Preparations

corresponding to platelet numbers of 2 ¿ 108/ml (I); 4 ¿ 107/ml (II); 8 ¿ 106/ml (III); 1.6 ¿ 106/ml (IV); and 3.2 ¿ 105/ml

(V) were assayed for their mitogenic activity. Values are given as x-fold stimulation over untreated controls. Data are

means ∫ SD of results from quadruplicates. *P � 0.05 vs. control; **P � 0.01 vs. control.

able immunoassay (R&D systems). The
PDGF-immunoassay detects the PDGFAB

isoform with 10% cross-reactivity with
PDGFAA and 2% cross-reactivity with
PDGFBB.

Statistical analysis

Statistical analysis was performed by Stu-
dent’s t-test and by multiple range tests,
with significance assigned at the P�0.05
level.

Results

Isolated platelets stimulate the proliferation of

human BC

The effects of native platelets on BC pro-
liferation were examined in a coculture
model. BC cultured for 24h with SF-me-
dium alone showed little mitogenic activ-
ity, whereas BC incubated with platelet
suspensions resulted in a concentration-de-
pendent increase of [3H]-thymidine incor-
poration (Fig.1). Summarizing data from
four experiments, 2¿108 platelets/ml (Di-
lution I) increased the mitogenic activity
of BC 46∫15-fold when compared to SF-
medium controls.

Cell-to-cell contact is not necessary for the

effects of platelets on bone cell proliferation

We performed experiments where platelets
were separated from BC by a 3.0-mm pore
size filter to determine whether the bio-
logic activity of platelets depends on the
cell-to-cell contact. Similar to the cocul-
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Fig.2. PRS increase the proliferation of human BC.
Subconfluent human BC were cultured in 96-well
plates, and incubated for 24h with and without the
addition of PRS (black bars) and platelet membranes
(white bars). The stock solutions were diluted corre-
sponding to platelet numbers of 2¿108/ml (I);
4¿107/ml (II); 8¿106/ml (III); 1.6¿106/ml (IV); and
3.2¿105/ml (V). Values are given as x-fold stimula-
tion over untreated controls. Data are means ∫SD of
results from experiments resulting from 2 different
BC and 2 platelet preparations. *P�0.05 vs. con-
trol; **P�0.01 vs. control.

ture experiments, the mitogenic activity of
BC in response to platelets was increased
in a dose-dependent mode of action up to
67∫15-fold, as indicated in Table1. The
proliferative response observed in the co-
culture was not significantly different from
experiments where platelets were separ-
ated by a membrane filter.

The lipid fraction of platelets does not stimulate

the mitogenic activity of BC

The lipid fraction of the platelets was not
mitogenic for BC, whereas the lipid-ex-
tracted cell remnants retained a mitogenic
activity, shown by the dose-dependent in-
crease in BC proliferation (Table2).

PRS enhance the proliferation of BC

Based on the observation that platelets can
mediate their effects independently of cell-
to-cell contact, we investigated the pro-
liferation of BC in response to PRS ob-
tained from thrombin-stimulated cells. In
these experiments, the addition of the PRS
resulted in a dose-dependent stimulation of
[3H]-thymidine uptake into the DNA of BC
when compared to unstimulated controls
(Fig.2). Summarizing four experiments,
PRS corresponding to 2¿108 platelets/ml
(Dilution I) increased the mitogenic activ-
ity of BC 20∫2-fold when compared to SF-
medium controls. Supernatants from plate-
lets that were either stimulated with ADP
(2.5mM), serotonine (1mM), and collagen
type I (0.1mg/ml) or disrupted by repeated
freezing/thawing cycles also enhanced the
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Fig.3. Preincubation of PRS at 56æC and 100 æC par-
tially reduced their mitogenic potential. Subconflu-
ent human BC were cultured in 96-well plates, and
incubated for 24h with and without the addition of
PRS. The supernatants were preincubated at 56æC
(black bars) and 100æC (white bars) for the indicated
time periods and diluted corresponding to platelet
numbers of 2¿108/ml (Dilution I). Values are given
as % of stimulated control. Data are means ∫SD of
results from quadruplicates. *P�0.05 vs. control; **
P�0.01 vs. control.

mitogenic activity of BC (data not shown).
Platelet membranes that remain in the pel-
let after centrifugation were also mitogenic
for BC, resulting in an 17∫7-fold increase
in [3H]-thymidine incorporation (Fig.2).

The mitogenic activity of PRS decreased at

higher temperatures

In order to characterize the heat sensitivity
of the mitogenic components, PRS were
preincubated at 56æC and 100æC before
being added to BC. As shown in Fig.3, the
incubation of the PRS at 100æC reduced
the mitogenic activity to 27∫9% of un-
heated controls. The incubation of the PRS
at 56æC resulted in a time-dependent de-
crease of the rate of [3H]-thymidine uptake
into the DNA of BC, to 56∫1% after
30min. Additional experiments showed
that the storage of the PRS at ª70æC did
not abrogate their mitogenic potential (data
not shown).

Neutralization of PDGF decreased bone cell

proliferation

Blocking experiments with a neutralizing
antibody raised against human PDGF were
performed to determine whether the mito-
genic effects of the PRS were mediated by
PDGF. In these experiments, the addition
of the PDGF neutralizing antibody (at
1 :100 dilution) blocked the stimulatory ef-
fect of supernatants corresponding to
4¿107 platelets/ml (Dilution II) between
23% and 56% (Fig.4). Purified platelet-de-
rived PDGF, which contains all the iso-

Fig.4. Antibodies against PDGF decreased the mito-
genic activity of PRS. Human BC were incubated
with PRS with or without the addition of antibodies
specific for PDGF (10mg/ml) for 24h in SF-medium.
The PRS are representative of platelet numbers of
8¿107/ml (Dilution II). Values are given as percent
of unstimulated controls. Percent difference between
white bars (anti-PDGF antibody) and black bars
(without antibody) are indicated in parentheses. Data
are means ∫SD of results from quadruplicates. **
P�0.01 vs. without antibody.

forms that are naturally released from acti-
vated platelets (R&D systems), also in-
creased the mitogenic activity of BC,
although to a much lesser extent than PRS
(data not shown).

Gel exclusion chromatography of PRS resulted

in one major peak

We used G-75 gel filtration chromatogra-
phy to correlate the molecular weight of
molecules within the PRS with their mito-
genic activity. The data show that platelet-
released molecules with a molecular
weight higher than 25kDa are mitogenic
for BC, as shown in Fig.5. PDGF could be
detected in fractions corresponding to a
molecular weight around 30kDa (Table3).
The addition of PDGF-neutralizing anti-
bodies did not completely block the mito-
genic activity of the 30kDa fraction (data
not shown). Fractions corresponding to
molecular weights higher than 68kDa
(Fractions 16–18) were also mitogenic for
BC.

Platelet-derived MP stimulate the proliferation

of BC

To examine whether platelet-derived MP,
released upon stimulation with thrombin,
are part of the mitogenic potential of PRS,
BC were incubated with MP suspended in
SF-medium, and with MP-free super-
natants. Both MP and their respective
supernatants enhanced the incorporation
of [3H]-thymidine by BC when compared
to SF-medium controls. Preparations of MP
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Fig.5. Sephadex G-75 gel chromatography of platelet
supernatants showed a wide range of mitogenic ac-
tivity. PRS corresponding to 1¿109 platelets/ml SF-
medium, was applied to a Sephadex G-75 column
(1¿40cm) and eluted at a flow rate of 50ml/h at
room temperature. Fractions (1ml) were collected
and assayed for their mitogenic activity. The cali-
bration by bovine serum albumin (67kDa), ovalbum-
in (43kDa), chymotrypsinogen (25kDa) and ribonu-
clease A (13.7kDa) is indicated in the figure. Values
are given as x-fold stimulation over untreated con-
trols. Data are means ∫SD of results from quadrupli-
cates.

Fig.6. MP and the corresponding particle-free super-
natants stimulate the proliferation of BC. Human BC
were incubated with platelet-released MP (white
bars) and their respective particle-free supernatants
(black bars) for 24h in SF-medium. MP and the par-
ticle-free supernatants were obtained from PRS and
diluted corresponding to platelet numbers of 2¿108/
ml (I); 4¿107/ml (II); 8¿106/ml (III); 1.6¿106/ml
(IV); and 3.2¿105/ml (V). Values are given as x-fold
stimulation over untreated controls. Data are means
∫SD of results from 2 experiments. **P�0.01 vs.
control.

were less stimulatory than the MP-free
supernatants. Summarizing four experi-
ments, MP-suspensions corresponding to
2¿108 platelets/ml (Dilution I) increased
the mitogenic activity of BC 6∫2.6 –fold,
and MP-free supernatants 17∫7-fold, re-
spectively (Fig.6) (Table3).

Discussion

Bone is a highly vascularized tissue and ac-
tivation of platelets occurs immediately
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Table 3. PDGF-concentration in fractionated PRS

Fractions 16–18 19–21 22–24 25–27 28–30
Molecular size 69 kDa 68–44 kDa 37–28 kDa 25–20 kDa 18–15 kDa

PDGF 26 ∫ 15 80 ∫ 35 700 ∫ 230 80 ∫ 27 33 ∫ 19

Supernatant of thrombin activated platelets. corresponding to 1 ¿ 109 platelets/ml SF-medium. was applied to a Se-

phadex G-75 column (1.6 ¿ 40 cm). Fractions (1 ml) were collected and assayed for their PDGF-concentration. Values

are given in pg PDGF/ml. Data are means ∫ SEM.

after a fracture, during formation of the
haematoma. It is suggested that platelet-re-
leased growth factors act locally at the site
of injury, where they mediate the early
events of fracture repair (Barnes et al.
1999). Clinical studies have shown that the
autologous application of platelets to bone
grafts result in a higher bone density of the
reconstructed mandibular defect (Marx
et al. 1998). Platelets are mitogenic for BC
released from embryonic tissue, but no
data exist with regard to cells of mature
bone (Slater et al. 1995).

Here we report that platelets strongly in-
creased the proliferation of BC from adult
individuals, supporting our hypothesis that
platelets can act as local regulators of frac-
ture repair and bone regeneration. A mem-
brane filter that prevented cell-to-cell con-
tact did not decrease the mitogenic effects,
indicating the involvement of small plate-
let-released products. Based on obser-
vations by Ammon and coworkers that
lipid extracts of platelets can stimulate the
differentiation of monocytic cells, we in-
vestigated whether lipids may also account
for the mitogenic activities on BC (Am-
mon et al. 1998). In contrast to monocytic
cells, lipid fractions of platelets did not
stimulate [3H]-thymidine uptake into BC.

These findings prompted us to analyze
the supernatants of thrombin-activated
platelets. PRS increased BC proliferation
within a range corresponding to
2¿108ª8¿106 platelets/ml, concen-
trations that reflect the physiologic num-
ber of platelets in the circulation. Purified
thrombin can stimulate BC proliferation,
although to a much lesser extent when
compared to PRS (Frost et al. 1999). The
mitogenic activity of the PRS does not de-
pend on thrombin-activation because simi-
lar results were obtained when platelets
were treated either with ADP, serotonin,
and collagen type I, or disrupted by re-
peated freezing/thawing (data not shown).
It seems likely that thrombin can only par-
tially contribute to the PRS-mediated [3H]-
thymidine uptake.

Native platelets were more potent
stimulators for BC-proliferation than the
respective PRS; these findings prompted us
to determine whether platelet membranes
that remain in the pellet after thrombin-
activation can account for the different
mitogenic activity. Resuspended platelet
membranes increased BC proliferation,
suggesting that the differences may be due
to the mitogenic activity of platelet mem-
branes and/or to growth factors that re-
mained in the pellet after centrifugation.

We next investigated the heat sensitivity
of PRS to get information about the ther-
mostability of the molecules that cause the
proliferative response. The data showed
that PRS retained their mitogenic activity
after incubation at 56æC to 56%, vs. 27%
at 100æC, indicating that the increased
[3H]-thymidine incorporation into BC is
mediated, at least in part, by heat stable
growth factors.

PDGF is a heat stable molecule, highly
abundant in platelets, that has been shown
to increase the proliferation of osteoblastic
cells, suggesting that it may account for
the ‘heat-insensitive’ mitogenic effects of
the supernatant (Strain et al. 1982; Hock &
Canalis 1994). Our data showed that the
mitogenic effect of the PRS does not de-
pend exclusively on the presence of PDGF
because neither could the antibody against
PDGF completely abolish the increase in
DNA synthesis, nor could the PDGF-pro-
tein, purified from human platelets, reach
the same mitogenic activity when com-
pared to PRS. These observations indicate
that PDGF is one of a larger number of
platelet-released molecules with a mito-
genic potential for BC (Kasperk et al. 1995).
The data are consistent with reports based
on other in vitro models, showing that the
effects of platelets are mediated by PDGF,
but not exclusively.

In order to identify other components
that may account for the observed mito-
genic activity, PRS were size-fractionated
by gel exclusion chromatography. The
highest PDGF levels were detected in frac-
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tions corresponding to a molecular weight
of �30kDa. Blocking experiments showed
that even in this particular fraction the
mitogenic effect on BC could not be abol-
ished by a PDGF-neutralizing antibody, in-
dicating the presence of additional mito-
genic growth factors with a similar mol-
ecular weight (Heldin et al. 1979; Heldin &
Westermark 1999). Moreover, fractions
with a molecular weight higher than
�70kDa also increased BC proliferation.
The findings obtained by gel exclusion
chromatography further suggest that
PDGF is part of a larger number of mito-
genic molecules that are released from acti-
vated platelets.

Published data and our own observations
have led us to examine the effects of larger
platelet-released products, the MP (Barry &
FitzGerald 1999). Indeed, MP increased
[3H]-thymidine incorporation into BC in a
dose-dependent manner, though the MP-
free supernatant was more potent in this
regard. Based on the fact that MP are re-
leased from platelets in response to physi-
ologic stimuli and enhance BC prolifer-
ation, it follows that, in addition to growth
factors, MP may also contribute to the re-
generation of mineralized tissue.

In summary, we have demonstrated that
platelets stimulated the mitogenic activity
of BC independent of cell-to–cell interac-
tion, and that the proliferation rate of BC
was increased in response to PRS, MP, and
platelet membranes. These findings sug-
gest that soluble factors and MP being re-
leased upon platelet activation, as well as
platelet membranes can contribute to the
regeneration of skeletal defects.
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Résumé

Les plaquettes ont rendu la regeneration osseuse plus ra-
pide dans les systémes de greffe. L’effet bénéfique des pla-
quettes pourrait comprendre leur halbilité à stimuler la
proliferation des ostéoblastes. La response mitogénique
des cellules derives de l’os trabéculaire humain sur les
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plaquettes humaines et les surnageants de plaquettes ac-
tives par la thrombine a été déterminée. Une augmenta-
tion de 50 fois de la synthès d’AND des cellules osseuses
(BC) en culture en presence de plaquettes a été mise en
evidence par l’incorporation de Thymidine 3H d’une ving-
taine de fois et retenait 56% de leur activité après incuba-
tion à 56 degrés et 27% à 100 degrés. Neutraliser les anti-
corps contre les facteurs de croissance derives des plaque-
ttes (PDGF) supprimait partiellement le potentiel
mitogénique de PRS. L’analyse par chromotographie d’ex-
clusion a montré que les molecules de 25 à plus de 70

kD à l’intérieur du PRS. L’analyse par chromotographie
d’exclusion a montré que les molecules de 25 à plus de
70 kD à l’intérieur du PRS pouvaient stimuler la prolife-
ration des BC. La quantité la plus importante de PDGF a
été détectée dans les fractions correspondant à un poids
moléculaire de 28 à 37 kD comme cela a été determiné
par essai immunitaire. L’activité mitogénique n’était pas
réduite au facteur de croissance soluble parce que des mi-
croparticules dans le PRS et les membranes des plaquet-
tes augmentaitent également la prolifération des BC. Les
plaquettes, les PRS, les microparticules et les membranes
des plaquettes peuvent donc stimuler l’activité mitogéni-
que des BC, contribuant ainsi à la regeneration du tissue
mineralise.

Zusammenfassung

Plättchen werden zur Beschleunigung der Knochenrege-
neration bei Transplantaten verwendet. Die günstigen Ef-
fekte der Plättchen rühren daher, das sie die Fähigkeit
besitzen, die Proliferation von Osteoblasten zu stimulie-
ren. Wir bestimmten daher die mitogene Antwort von
menschlichen Zellen aus trabekulärem Knochenmark
auf menschliche Plättchen und thrombin-aktivierte
Plättchen. Wir können eine �50-fache Steigerung der
DNA-Synthese der Knochenzellen (BC) zeigen, wenn
Plättchen vorhanden sind. Die DNA-Synthese wurde
mittels Inkorporation von [3H]-Thymidin bestimmt.
Wenn der Zellkontakt mit einem Membranfilter verun-
möglicht wurde, so hatte das keinen Einfluss auf den sti-
mulierenden Effekt. Das deutet auf die Freisetzung von
löslichen Faktoren hin, welche mitogen für BC sind. Die
Fraktionierung der Lipide der Plättchen hatte keinen Ef-
fekt auf die [3H]-Thymidin-Inkorporation in die DNA der
BC. Die von Pättchen freigesetzten Ueberbleibsel (PRS)
steigerten die Rate der [3H]-Thymidin-Inkorporation auf
�20-fach und behielten 56% ihrer Aktivität nach Inkuba-
tion bei 56 æC bzw. 27% bei 100 æC. Neutralisierende
Antikörper gegen Wachstumsfaktoren von Plättchen
(PDGF) unterdrückten teilweise das mitogene Potential
von PRS. Die gel-ausschlusschromatographische Analyse
zeigte, dass Moleküle von 25kD bis zu mehr als 70kD
innerhalb der PRS die BC-Proliferation stimulieren kön-
nen. Die grösste Menge an PDGF wurde in Fraktionen,
welche einem Molekulargewicht zwischen 28–37kD ent-
sprachen, entdeckt. Die Bestimmung erfolgte mittels Im-
munoassay. Die mitogene Aktivität war nicht auf die lös-
lichen Faktoren beschränkt, da Mikropartikel in PRS und
Plättchenmembranen ebenfalls die BC-Proliferation stei-
gerten. Unsere Daten zeigen, dass native Plättchen, die
entsprechenden PRS, Mikropartikel und Plättchenmem-
branen die mitogene Aktivität von BC stimulieren kön-
nen. Dadurch tragen sie zur Regeneration von minerali-
siertem Gewebe bei.

Resumen

Se ha implicado a las plaquetas en la regeneración ósea
acelerada en aplicaciones de injerto. Los efectos benefi-
ciosos de las plaquetas pueden incluir su habilidad para
estimular la proliferación de osteoblastos. Por lo tanto he-
mos determinado la respuesta mitogénica de las células
derivadas del hueso trabecular humano a las plaquetas
humanas y a los supernatants de las plaquetas activadas
por trombina. Podemos mostrar un incremento de 50 ve-
ces en la sı́ntesis de DNA de las células óseas (BC) culti-
vadas en presencia de plaquetas tal como se determina
por la incorporación de [3H]-Timidina. El hecho de preve-
nir el contacto célula a célula por una membrana no abo-
lió el efecto estimulador, indicando la liberación de facto-
r(es) solubles que con mitogénicos para (BC). La fracción
lipı́dica de las plaquetas no tuvo efecto sobre la toma de
[3H]-Timidina en el DNA de las BC. Los supernatants
liberados por plaquetas (PRS) incrementó el ı́ndice de in-
corporación de [3H]-Timidina en 20 veces y retuvo el 56%
de su actividad tras incubación a 56æC, y el 27% a 100æC,
respectivamente. Los anticuerpos neutralizantes aumen-
taron contra el factor de crecimiento derivado de las pla-
quetas (PDGF) parcialmente suprimidos por el potencial
mitogénico de PRS. El análisis de cromatografı́a de gel de
exclusión mostró que las moléculas que varı́an desde 25

kD a más de 70 kD dentro de PRS puede estimular la
proliferación de BC. La mayor cantidad de PDGF se detec-
tó en fracciones correspondiente a un peso molecular en-
tre 28 a 37 kD determinado por inmunoensayo. La activi-
dad mitogénica no se restringió a los factores de creci-
miento solubles porque micropartı́culas en el PRS y en
las membranas de las plaquetas también incrementó la
proliferación de BC. Nuestros datos indican que las pla-
quetas nativas, los PRS respectivos, las micropartı́culas y
las membranas plaquetarias pueden estimular la activi-
dad mitogénica de BC, por tanto contribuyendo a la rege-
neración de tejido mineralizado.
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