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Abstract Osteoblastic migration and proliferation in response to growth factors are essential for skeletal
development, bone remodeling, and fracture repair, as well as pathologic processes, such as metastasis. We studied
migration in response to platelet-derived growth factor (PDGF, 10 ng/ml) in a wounding model. PDGF stimulated a
twofold increase in migration of osteoblastic MC3T3-E1 cells and murine calvarial osteoblasts over 24–48 h. PDGF also
stimulated a tenfold increase in 3H-thymidine (3H-TdR) incorporation in MC3T3-E1 cells. Migration and DNA replication,
as measured by BrdU incorporation, could be stimulated in the same cell. Blocking DNA replication with aphidicolin
did not reduce the distance migrated. To examine the role of mitogen-activated protein (MAP) kinases in migration
and proliferation, we used specific inhibitors of p38 MAP kinase, extracellular signal regulated kinase (ERK), and c-Jun
N-terminal kinase (JNK). For these signaling studies, proliferation was measured by carboxyfluorescein diacetate
succinimidyl ester (CFSE) using flow cytometry. Inhibition of the p38 MAP kinase pathway by SB203580 and SB202190
blocked PDGF-stimulated migration but had no effect on proliferation. Inhibition of the ERK pathway by PD98059 and
U0126 inhibited proliferation but did not inhibit migration. Inhibition of JNK activity by SP600125 inhibited both
migration and proliferation. Hence, the stimulation of migration and proliferation by PDGF occurred by both overlapping
and independent pathways. The JNK pathway was involved in both migration and proliferation, whereas the p38 pathway
was predominantly involved in migration and the ERK pathway predominantly involved in proliferation. J. Cell. Biochem.
93: 741–752, 2004. � 2004 Wiley-Liss, Inc.
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Migration of the bone-forming osteoblastic
cells is postulated to be involved in many
processes essential to bone physiology, includ-
ing embryonic skeletal development and sub-
sequent bone remodeling and responses to

mechanical loading. Migration is also thought
to be important in pathologic processes, such as
wound healing, fracture repair, fibrosis, and
tumormetastasis.Many growth factors, includ-
ing fibroblast growth factors, platelet-derived
growth factor (PDGF), insulin-like growth
factor-I, bone morphogenetic proteins, vascular
endothelial growth factor, and transforming
growth factor-b, can promote migration in a
variety of cell types and have been proposed as
therapeutic agents inwound healing or fracture
and targets to inhibit in fibrosis or metastasis
[Khan et al., 2000; Lieberman et al., 2002; Reddi
et al., 2003].

PDGF has been shown to stimulate migra-
tion or chemotaxis in multiple types of cells,
including vascular smooth muscle cells [Jacob
et al., 2002; Kingsley et al., 2002; Zhan et al.,
2003], fibroblasts [Anand-Apte et al., 1997],
monocytes [Siegbahn et al., 1990], endothelial
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cells [Matsumoto et al., 1999], pancreatic cells
[Masamune et al., 2003], hepaticmyofibroblasts
[Tangkijvanich et al., 2002], mesenchymal pre-
cursor cells [Fiedler et al., 2002], and osteo-
blasts [Tsukamoto et al., 1991; Lind et al.,
1995; Godwin and Soltoff, 1997]. PDGF is a
dimer, consisting of disulfide-bonded A- and B-
polypeptide chains (PDGF-AA, PDFG-AB, and
PDGF-BB), which binds and activates two
tyrosine kinase receptors, a- and b [Heldin and
Westermark, 1999]. PDGF-BB binds to both
a- and b-receptorswhile PDGF-AAbinds only to
a-receptors. Although platelets are a major
storage site for PDGF, many tissues have
been shown to synthesize PDGF [Heldin and
Westermark, 1999]. It was originally thought
that osteoblasts produced primarily PDGF-AA
[Zhang et al., 1991; Centrella et al., 1992]
although more recent studies have shown that
osteoblasts also producePDGF-BB [Rydziel and
Canalis, 1996]. In vivo, PDGF may enhance
bone repair [Bolander, 1992]. Both PDGF-A
and -B chains are expressed in multiple cells
involved in healing fractures, with PDGF-B
chains being most highly expressed in osteo-
blasts during bone formation [Andrew et al.,
1995; Fujii et al., 1999]. Activation of either
the a- or b-receptor can stimulate migration,
although PDGF-BB is generally a stronger
inducer than PDGF-AA [Gilardetti et al., 1991;
Bornfeldt et al., 1995; Heldin and Westermark,
1999; Yu et al., 2001].

Most growth factors that are potent stimula-
tors of migration are also potent stimulators of
cell proliferation. PDGF has been shown to be a
potent mitogen for osteoblasts in rat calvarial
organ cultures [Canalis et al., 1989; Hock and
Canalis, 1994] and in human [Zhang et al.,
1991] and rat primary osteoblastic cultures
[Centrella et al., 1992]. Signaling pathways for
both proliferation and migration often involve
the mitogen-activated protein (MAP) kinases.
MAP kinases are a family of serine/threonine
kinases, including extracellular signal regu-
lated kinase (ERK1 and ERK2), the stress-
activated p38 MAP kinase (a, b, g, d), and c-jun
N-terminal kinase (JNK1, JNK2, and JNK3),
which regulate multiple cellular functions
[Johnson and Lapadat, 2002]. All three of these
MAP kinase pathways have been shown to be
involved in PDGF-stimulated proliferation and/
or migration in various cell types [Bornfeldt
et al., 1995; Hinton et al., 1998; Cospedal
et al., 1999; Taylor, 2000; Pearson et al.,

2001; Tangkijvanich et al., 2002; Huang et al.,
2003; Javelaud et al., 2003; Kavurma and
Khachigian, 2003; Zhan et al., 2003].

In this study, we examined the dependence of
PDGF (PDGF-BB)-stimulated migration on
proliferation in murine osteoblastic MC3T3-E1
cells and compared the effects of specific
inhibitors of the ERK, p38 kinase, and JNK
pathways on migration and proliferation. We
found that PDGF could stimulate both migra-
tion and proliferation in the same cell and that
migration was independent of proliferation.
Proliferation and migration were differentially
regulated by the MAP kinases. The JNK path-
way was involved in both migration and
proliferation whereas the p38 kinase pathway
was involved only in migration and the ERK
pathway only in proliferation.

MATERIALS AND METHODS

Materials

Rat PDGF (PDGF-BB) was purchased from
R&D Systems, Inc. (Westerville, OH). Rat-tail
collagen Type I was purchased from Colla-
borative Biomedical Products, Corporation.
Aphidicolin was purchased from Calbiochem-
Novabiochem Laboratories (La Jolla, CA).
SB203580, SB202190, PD98059, U0126, and
SP600125 were purchased from Biomol
(Plymouth Meeting, PA). Crystal violet and
other chemicals were purchased from Sigma
Chemicals Co. (St. Louis, MO).

Collagen-Coated Petri Dishes

Petri dishes (100 mm) were incubated for 1 h
at 378C on a rocker with 6 ml of 50 mg/ml of rat-
tail collagen in 0.02 N acetic acid to provide a
collagen concentration of 5 mg/cm2. Dishes were
stored at 48C, and the collagen solution aspi-
rated off and the dish washed with phosphate
buffered saline (PBS) prior to cell plating. Cells
plated on collagen-coated Petri dishes grew
normally, while cells plated on non-coated
dishes did not adhere.

Cell Culture

MC3T3-E1 cells were plated at 5,000 cells/
cm2 in100-mmtissue culture dishes, cultured in
a humidified atmosphere of 5% CO2 in air at
378C. Cells were fed every 3 days with Dulbec-
co’s modified Eagle’s medium (DMEM) without
phenol red (Sigma) supplemented with 10%
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heat inactivated fetal calf serum (FCS) (Gibco
BRL, Grand Island, NY), 100 mg/ml penicillin
(Sigma), and 50 mg/ml streptomycin (Sigma),
and passaged on day 7.
Primary calvarial osteoblastic cells were

obtained from neonatal CD-1 mice, maintained
in colonies according to protocols approved
by the Animal Care and Use Committee of
the University of Connecticut Health Center.
Calvariae were dissected, washed with PBS,
and digested with crude collagenase P (Roche
Molecular Biomedicals, Inc., Indianapolis, IN)
in a solution of 1ml trypsin/EDTAand 4ml PBS
for 10 min at 378C with gentle rocking. The
digestionprocedurewas repeated toprovide five
populations of cells (fraction 5 was digested for
20min). Cells frompopulations 2–5were pooled
and cultured to confluence under the same
conditions as MC3T3-E1 cells before being
replated for experiments.

Wounding Model

Cells were plated at 100,000 /cm2 in collagen-
coated 100-mm Petri dishes and cultured for
24hprior towounding inDMEMwith 10%FCS.
At this plating density, cells reached confluence
in about 24 h and were uniformly distributed
near thewound line. Forwounding, a linear line
was created down the center of the Petri dish
using a sterilized, taped razor blade. One half of
the plate was gently scraped to remove cells,
and plates were washed twice with sterile PBS.
Dishes were then incubated with or without
PDGF (10 ng/ml) in DMEM with 0.1% bovine
serum albumin (BSA) for 24–48 h. If inhibitors
were employed, cells were incubated with the
inhibitors 30 min prior to wounding.
For measurement of migration, cells were

stained with crystal violet, and photographs of
the migration front were taken under the
microscope. Photographs were imported into
the NIH Image 1.61 program (free software
from NIH). For each region, a straight line of
known length (L) was drawn along the wound
line and the area (A) perpendicular from this
line to the migration front was measured. The
average distance of migration (D) of the cell
front from the wound line was calculated as
D¼A/L in arbitrary units of pixels. In each
experiment (except for the signaling pathway
experiments), there were three Petri dishes
per treatment group. Five to seven areas were
analyzed in each dish, and the average migra-
tion distance for each plate was calculated. The

average for each dishwas then used to calculate
the mean�SEM for that experiment.

3H-Thymidine Incorporation

DNA synthesis in control and PDGF-treated
cells was assessed by the incorporation of 3H-
thymidine into newly replicated DNA. Cultures
were pulsed with 5 mCi/ml 3H-thymidine (NEN
Life Science Products, Inc., Boston, MA) 24 h
after wounding and incubated for another 2 h.
Cells were washed with PBS and then extract-
ed twice with trichloroacetic acid (TCA). The
TCA insoluble fraction was assayed by scrap-
ing the cells in 0.5 M NaOH and counting by
liquid scintillation. DNA content was deter-
mined fluorometrically with diaminopheylin-
dole (DAPI) using a neutralized (with acetic
acid) aliquot of the NaOH fraction.

BrdU Staining

Staining by BrdU, which incorporates into
the nuclei of cells undergoing DNA synthesis,
was used as another measure of cell prolifera-
tion. Twenty-four hours after wounding, cells
were incubated with 10 mM BrdU (Roche
Molecular, Indianapolis, IN) for 2 h. Cells were
then fixed in 95% and 100% ethanol and
rehydrated in decreasing ethanol series. Cellu-
lar DNA was denatured by incubation with 2N
HCl for 1 h at 378C. The cells were then
incubated with anti-BrdU antibody (6 mg/ml;
Roche Molecular, Indianapolis, IN) for 1 h and
stainedwith biotinylated secondary anti-mouse
antibody (Vectastain Elite ABC kit, Vector
Labs, Inc., Burlingame, CA) for 1 h. Cells were
then incubated with avidin/biotin-HRP reagent
(Vectastain Elite ABC kit) for 1 h. The color was
developed by using the DAB peroxidase sub-
strate kit (Vector Labs). Cells were counter-
stained with Harris haematoxylin (Sigma
Chemicals Co., St. Louis, MO) and visualized
under the microscope.

Carboxyfluorescein Diacetate Succinimidyl
Ester (CFSE) Staining and Flow Cytometry

As another measure of proliferation, we
stained the cells with 5-(and -6)-carboxyfluor-
escein diacetate succinimidyl ester (CFDA, SE;
Molecular Probes, Eugene, OR). The fluores-
cence of this dye is stable for severalmonths and
can be analyzed by flow cytometry using excita-
tion at 488 nm and the FL-1 detection channel.
MC3T3-E1 cells were washed twice with sterile
PBS at room temperature and then incubated

Osteoblastic Migration and Proliferation 743



with CFDA, SE at a concentration of 50 mM in
PBS (made from a 5 mM stock of CFDASE) for
10 min at 378C. After 10 min, the reaction was
terminated by adding FCS and incubating for a
further 10 min. The cells were finally washed
twice with sterile PBS and 1% FCS. The labeled
cells were plated at 50,000 cells/cm2 and grown
for 24 h before treating with the inhibitors and
PDGF for 24 h.Meanfluorescence intensitywas
measured by flow cytometry using a FACSCa-
libur andCellQuest software (BectonDickinson
Biosciences, Mountain View, CA).

Statistical Analysis

Each experiment was performed three times,
unless specified otherwise, and the mean and
standard error of the mean (SEM) were calcu-
lated. Statistical significance of differences was
determined by analysis of variance (ANOVA),
with post-hoc comparison of more than two
groups by Bonferroni or t-test as appropriate
(SigmaStat software, Jandel Scientific, San
Rafael, CA).

RESULTS

Effects of PDGF on Cell Migration

MC3T3-E1 cells were plated on collagen-
coated Petri dishes, and 24 h later the cell layer
was wounded and the remaining cells treated
with vehicle or PDGF (10 ng/ml) in serum free
media. Migration of the cell front for 48 h is
shown inFigure 1A.Measurement of themigra-
tion of the cell front from the wound line is
shown in Figure 1B. Data from three indepen-
dent experiments are shown in Figure 1C.
PDGF significantly increased the migration of
cells from the wound line relative to control
cultures in all experiments, with the mean
increase (�SEM) being 2.4� 0.4-fold. Following
the same protocol, two experiments were per-
formed on primary calvarial cells from neonatal
mice, and PDGF stimulated a 1.9� 0.3-fold
increase in the movement of cells out from the
wound line (data not shown), similar to the
results seen with the MC3T3-E1 cells.

Effects on Cell Migration of
Inhibiting Cell Proliferation

PDGF is a potent mitogen and the increased
migration of the cell front in PDGF-treated
cultures compared to control cultures might
be coupled to increased proliferation. Hence,
we measured migration in the presence of

aphidicolin, an inhibitor of DNA replication.
To confirm that proliferation was inhibited, we
examined the incorporation of 3H-thymidine
into newly replicated DNA, normalized to
the total DNA content, during the last 2 h of
24 h culture of MC3T3-E1 cells treated with
PDGF (10 ng/ml) or vehicle, in the presence or
absence of aphidicolin (Fig. 2). PDGF increased
3H-thymidine incorporation tenfold in cells

Fig. 1. Effect of platelet-derived growth factor (PDGF) on
migration of MC3T3-E1 cells. A: Photomicrographs of MC3T3-E1
cells treated with vehicle (control) and PDGF (10 ng/ml) for 48 h
after wounding. B: Method used for quantifying migration of cell
front. Cultures were stained with crystal violet and non-over-
lapping photographs of the migration front were taken. For each
area, a straight line of known length, L, was drawn along the
wound line, and the area, A, of the cell front perpendicular to L
outlined and calculated by NIH Image. The average distance of
migration, D, of the cell front from the wound line was calculated
as D¼A/L in arbitrary units of pixels. C: Effect of PDGF (10 ng/ml)
on migration in three different experiments. Each bar represents
the mean� SEM. aSignificant effect of PDGF, P<0.01; bP< 0.05.
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without aphidicolin. However, in cells treated
with either 30 or 90 mM aphidicolin, PDGF
had no significant effect on 3H-thymidine
incorporation.
To examine the effects of aphidicolin on

migration of MC3T3-E1 cells, treatment with
aphidicolin was begun 1 h before wounding.
After wounding, cells were treated with PDGF
(10 ng/ml) or vehicle, in the presence or absence
of aphidicolin, for 24 h. In three independent
experiments, PDGF increased migration on
average by 2.3� 0.3-fold in the presence of
aphidicolin 30 mM, compared to 1.8� 0.3-fold
in the absence of aphidicolin (Fig. 3A). In the
presence of aphidicolin 90 mM, PDGF stimulat-
ed an increase in migration of 2.2-fold, com-
pared to 2.1-fold without aphidicolin (Fig. 3B).
Migration in cultures without PDGF was not
significantly affected by aphidicolin. This same
protocol was repeated with neonatal mouse
calvarial cells. In two experiments, PDGF
(10 ng/ml) increased the distance of cell migra-
tion by 1.7-fold in the presence of aphidicolin
(90 mM), compared to 1.8-fold without aphidi-
colin (data not shown). Migration in control
cultures was not effected by aphidicolin.
To visualize both proliferating and migrat-

ing cells, some cultures of MC3T3-E1 cells
were stained with BrdU during the last 2 h of
culture (Fig. 3C). Many cells that migrated out
from the wound line were stained for BrdU,
indicating that the same cell could both repli-
cate and migrate. Treatment with aphidicolin

(30 mM) decreased the number of BrdU stained
cells in the migration front but not the distance
migrated outward from the wound line.

Effects on Migration of Inhibiting
the MAP Kinase Pathways

To study the roles of p38 kinase and ERK
signaling pathways in osteoblastic migration,
MC3T3-E1 cells were treated with specific in-
hibitors of p38 MAP kinase activity, SB203580
and SB202190, and specific inhibitors of ERK
activity, PD98059 and U0126. In each experi-
ment, the average distance of migration was
calculated from seven non-overlapping areas of
equal length along the wound line in one dish.
Themean values (�SEM) for three independent
experiments are shown in Figure 4A. The in-
hibitors, SB203580 and SB202190, are reported
to selectively inhibit p38 MAP kinase with IC50

of 50–70nM[ClerkandSugden, 1998;Foxet al.,
1998]. Both of these inhibitors, used at a dose of
10 mM, completely blocked the PDGF stimu-
lated migration of osteoblastic cells (Fig. 4A).
The inhibitors, PD98059 andU0126, selectively
inhibit MAP kinase kinase (MEK) activity and
ERK phosphorylation. The maximal effects of
PD98059 are reported to occur at 10–100 mM
[Pang et al., 1995], while the IC50 for U0126 is
60–70 nM [Favata et al., 1998]. PD98059 and
U0126, used at 40 and 20 mM, respectively,
had no effect on PDGF-stimulated migration
(Fig. 4A). Therewas no significant change in the
basal migration of the cells when treated with
any of these inhibitors alone.

To examine the role of the JNK signaling
pathway in PDGF-stimulated migration, cells
were treated with the selective inhibitor of JNK
activity, SP600125. This inhibitor was shown to
block the phosphorylation of c-Jun with an IC50

of 5–10 mM in Jurkat T-cells [Bennett et al.,
2001]. SP600125 at 1 mM had no effect on
migration of MC3T3-E1 cells (data not shown)
but SP600125 at 10 mM decreased migration in
control cultures by 30% and in PDGF-stimu-
lated cultures by 50% (Fig. 4B). In the presence
of SP600125, PDGF stimulated a 1.6-fold
increase in migration, compared to a 2.2-fold
increase in the absence of SP600125. The same
results were obtained in a second experiment.

Effects on Cell Proliferation of Inhibiting
the MAP Kinase Pathways

To study the effects of the MAP kinase in-
hibitors on cell replication in response to PDGF,

Fig. 2. Effect of aphidicolin on PDGF-stimulated cell prolifera-
tion. MC3T3-E1 cells were treated with PDGF (10 ng/ml), with
or without aphidicolin (30 or 90 mM). Incorporation of 3H-
thymidine into newly replicated DNA, normalized to the total
DNA content, was measured during the last 2 h of a 24 h culture.
Bars are means� SEM. aSignificant effect of PDGF, P<0.01.
bSignificant effect of aphidicolin, P<0.01.
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MC3T3-E1 cells were stained with CFDA, SE,
which spontaneously penetrates cell mem-
branes, is converted to anionic carboxyfluores-
cein succinimidyl ester (CFSE) by intracellular
esterases and couples to other proteins in cells
resulting in long-term retention. When cells
divide, the CFSE labeling is distributed equally
between the daughter cells, the mean fluores-
cence intensityper cell is halved, and thepeakof
fluorescence intensity moves towards the left

(Fig. 5). Cells were stained with CFSE at the
time of plating and cultured for 24 h before
addition ofPDGForvehicle. Selective inhibitors
and aphidicolin were added 30 min before
PDGF. The peak intensity of cells treated with
aphidicolin (30 mM) was taken to reflect the cell
population that had not undergone division
after treatment with PDGF. For each experi-
ment, the percentage of the cell population that
had undergone �2 cell divisions was calculated

Fig. 3. Effect of aphidicolin on migration. MC3T3-E1 cells were
treated with vehicle (control) or PDGF (10 ng/ml) after wounding,
in the presence or absence of aphidicolin (A) 30 mM or (B) 90 mM.
Results are from three independent experiments. Bars are
means� SEM. aSignificant effect of PDGF, P< 0.01; bP<0.05.

(C) Photomicrographs of BrdU staining of MC3T3-E1 cells,
treated with PDGF (10 ng/ml) in the presence and absence
of aphidicolin (30 mM), and allowed to migrate for 24 h after
wounding. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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by setting the right hand gate at 2 cell divisions
to the left of the aphidicolin peak fluorescence
intensity.
Using this methodology, PDGF (10 ng/ml)

caused a twofold increase in the percentage of
cells that underwent �2 cell divisions over 24 h
(Fig. 6A–C).Thep38kinase inhibitor SB203580

used at 10 mM, the same dose that blocked
PDGF-stimulated migration, had no inhibitory
effect on either control or PDGF-stimulated
proliferation (Fig. 6A). There was a trend for
the p38 kinase inhibitor SB202190 to decrease
both control and PDGF-stimulated prolifera-
tion, but it was not statistically significant
(Fig. 6B). Both of the ERK inhibitors, used at
the same doses that had no effect on PDGF-
stimulated migration, decreased cell division
in control and PDGF treated cultures by about
50% (Fig. 6A,B). A dose response for the
JNK inhibitor, SP600125, showed no effect on
PDGF-stimulated cell division at 1 mM, while
SP600125 at 20 and 40 mM had similar inhibi-
tory effects to SP600125 at 10 mM (data not
shown). Results of treatment with SP600125
(10 mM) are shown in Figure 6C. SP600125
decreased proliferation in control and PDGF
treated cultures by 75–80%. Despite the mark-
ed inhibition of proliferation in general, there
was still a stimulatory effect on proliferation
by PDGF in the presence of these inhibitors
(Fig. 6A–C).

DISCUSSION

Local growth factors induce migration in
osteoblastic cells during skeletal development,

Fig. 5. Measurement of cell replication using carboxyfluor-
escein succinimidyl ester (CFSE) staining and flow cytometry.
Peak intensity of cells treated with aphidicolin (30 mM) was taken
to reflect the cell population that had not undergone division.
The gate was then set at 2 cell divisions to the left of the
aphidicolin peak intensity for each experiment. The percentage
of the population of cells with �2 divisions was calculated for
each experiment.

Fig. 4. Role of MAP kinase signaling pathways in PDGF
stimulated migration. MC3T3-E1 cells were treated with PDGF
(10 ng/ml) or vehicle, with or without inhibitor, and allowed to
migrate for 24 h. Inhibitorswere added 30 min prior to wounding.
A: Effects of inhibiting the p38 kinase pathway (SB203580,
10 mM; SB202190, 10 mM) and the ERK pathway (PD98059,
40mM; U0126, 20mM) on migration. B: Effects of the specific JNK
inhibitor (SP600125, 10 mM) on migration. aSignificant effect of
PDGF, P<0.01. bSignificant effect of inhibitor, P< 0.01.
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bone growth and remodeling, and fracture
repair. PDGFhas been shown to be a stimulator
of migration in osteoblasts [Tsukamoto et al.,
1991; Lind et al., 1995; Godwin and Soltoff,
1997]. Using a wounding model where move-
ment of the cell front out from the wound line
could be directly visualized and measured, we
found that PDGF reproducibly stimulated a
twofold increase in migration in MC3T3-E1
and calvarial osteoblastic cells. Migration and
proliferation are often linked, both being

induced by similar factors. The question arises
of whether or not migration of a cell is in part a
function of the movement apart of daughter
cells after replication. In this regard, PDGF has
been shown to stimulate proliferation in osteo-
blasts [Canalis et al., 1989; Zhang et al., 1991;
Centrella et al., 1992; Hock and Canalis, 1994],
and, using several methods to measure replica-
tion, we confirmed that PDGF is a potent
mitogen for MC3T3-E1 cells. Visualization of
cells undergoing DNA replication by BrdU

Fig. 6. Role of MAP kinase signaling pathways in PDGF
stimulated proliferation. MC3T3-E1 cells were labeled with
CFSE, plated at 50,000 cells/cm2 and grown 24 h before treating
with PDGF (10 ng/ml) or vehicle for another 24 h. Inhibitors and
aphidicolin were added 30 min prior to treating with vehicle or
PDGF. Bars are the means� SEM, calculated from three to four
independent experiments, for the percentage of cells that under-
went two or more cell divisions when compared to aphidicolin-

treated cells, as described in the text. A: Comparison of inhibitors
of the p38 kinase (SB203580, 10 mM) and ERK pathways
(PD98059, 40 mM). B: Comparison of two other inhibitors of
the p38 kinase (SB202190, 10 mM) and ERK pathways (U0126,
20 mM). C: Effects of the specific JNK inhibitor (SP600125,
10 mM). aSignificant effect of PDGF, P<0.01; bP< 0.05.
cSignificant effect of inhibitor, P< 0.01; dP<0.05.
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staining showed that both migration and repli-
cation could occur in the same cells. Treatment
with an inhibitor of DNA replication, aphidico-
lin, inhibited cell replication by 90% and
reduced the density of cells in the migrating
front but had no effect on the distance that the
cell front moved in either control or PDGF
treated cultures. Hence, the number of cells
migrating, but not the rate of migration, de-
pendedoncellproliferation.Tangkijvanichetal.
[2002] have reported similar results in hepatic
myofibroblasts. They observed that pretreat-
ment with the anti-mitotic agent mitomycin C
did not alter the rate ofmigration in the absence
or presence of PDGF.
Innon-osteoblastic cellmodels,multipleMAP

kinase signaling pathways have been impli-
cated in PDGF-stimulated migration. The p38
kinase pathway has been found to mediate
PDGF-stimulated migration in smooth muscle
cells [Hedges et al., 1999; Iijima et al., 2002],
aortic endothelial cells [Matsumoto et al., 1999],
and pancreatic stellate cells [Masamune et al.,
2003]. ERK activation was shown to be neces-
sary for PDGF-stimulated chemotaxis ormigra-
tion in vascular smoothmuscle cells and retinal
epithelial cells [Hinton et al., 1998; Cospedal
et al., 1999; Yamboliev and Gerthoffer, 2001;
Kingsley et al., 2002], whereas in similar cell
models, others found no effect on migration by
inhibiting ERK activation [Bornfeldt et al.,
1995]. Effects of inhibition of the p38 kinase
and ERK pathways on cell migration have also
been compared. In a study of vascular smooth
muscle cells, similar contributions of the p38
and ERK pathways to PDGF-stimulatedmigra-
tionwere found [Zhan et al., 2003]. On the other
hand, in three other reports of migration of
vascular smooth muscle cells [Kavurma and
Khachigian, 2003], hepatic myofibroblasts
[Tangkijvanich et al., 2002], and corneal epithe-
lial cells [Sharma et al., 2003], the p38 kinase
pathway but not the ERK pathway appeared to
mediate PDGF-induced cell migration. In the
current report, PDGF-stimulated migration of
MC3T3-E1 cells out from the wound line was
blocked by both of the selective p38MAP kinase
inhibitors, SB203580 and SB202190, but was
unaffected by either of two selective ERK
inhibitors, PD98059 and U0126.
Cells alsomigrated out from thewound line in

serum free medium in the absence of PDGF.
This migration might be stimulated by growth
factors or cytokines released onwounding of the

cell monolayer. In an immortalized rat calvarial
cell line, wounding or conditioned media from
the wounded monolayer was shown to phos-
phorylate ERK in the unperturbed cell layer
[Katz et al., 2002]. The selectiveERK inhibitors,
however, had no effect on basal MC3T3-E1 cell
migration in our study.Theabsence of any effect
of the p38 kinase inhibitors on basal migration
suggests that the autocrine/paracrine factor is
not PDGF.

Disruption or inhibition of the JNK pathway
has been shown to inhibit basal migration in
smooth muscle cells [Cospedal et al., 1999] and
dermal fibroblasts [Javelaud et al., 2003].
Retinoic acid has been shown to inhibit cardiac
neural crestmigration by blocking JNKactivity
[Li et al., 2001]. A recent study has demon-
strated that phosphorylation of paxillin, a focal
adhesion adaptor protein, by JNK, is required
for the rapid movement of fish keratocytes and
rat bladder epithelial cells [Huang et al., 2003].
In several studies, JNK signaling was also
found to play a role in PDGF-stimulated migra-
tion in smooth muscle cells [Kavurma and
Khachigian, 2003; Zhan et al., 2003]. We found
that the selective JNK inhibitor SP600125
decreased basal and PDGF-stimulated migra-
tion in MC3T3-E1 cells by 30–50%. The effects
of this inhibitor were not specific for PDGF
since the inhibitor did not significantly reduce
the PDGF-stimulated increase in migration
(treated/control).

Our observation that inhibition of prolifera-
tion did not block migration suggests that some
of the signaling pathways in migration and
proliferation might be independent. ERK is the
MAP kinase thought to be predominantly
involved in the regulation of mitogenesis in
multiple cell types [Pearson et al., 2001]. ERK
kinasehasbeen shown tobe essential forPDGF-
stimulated mitogenesis in smooth muscle cells,
fibroblasts, and other non-osteoblastic cells
[Bornfeldt et al., 1995; Taylor, 2000; Tangkijva-
nich et al., 2002; Kavurma and Khachigian,
2003; Zhan et al., 2003]. Two studies, in which
effects of ERK and p38 inhibitors in hepatic
myofibroblasts [Tangkijvanich et al., 2002] and
corneal epithelial cells [Sharma et al., 2003]
were compared, found that the ERK pathway
and not the p38 pathway mediated PDGF-
stimulated proliferation.

Our results in osteoblastic MC3T3-E1 cells
are similar to those of Tangkijvanich et al.
[2002] and Sharma et al. [2003]. Both of the
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ERK inhibitors, used at doses that had no effect
on PDGF-stimulated migration, decreased cell
division in control and PDGF treated cultures
by about 50%. Hence, the effect of ERK inhibi-
tors on proliferation was not specific for PDGF-
stimulated proliferation. As discussed above, it
is possible that the wounding itself stimulated
the activation of signaling pathways leading to
proliferation. Both of the p38 MAP kinase
inhibitors SB203580 and SB202190 blocked
PDGF-induced migration, and although there
was a non-significant trend for SB202190 to
decrease proliferation, SB203580 had no effect
on proliferation. The reason for the difference in
the effects on proliferation is unclear. Both of
the p38 inhibitors are pyridinylimidazole com-
pounds that inhibit p38 MAP kinase a and b
isoforms but not g and d isoforms [Singh et al.,
1999; Davies et al., 2000]. They are both con-
sidered to be reasonably specific inhibitors and
their degree of specificity is similar, although
SB203580maybeaboutfive times as effective in
inhibiting the b isoform as SB202190 [Davies
et al., 2000]. SB202190 has been shown to
negatively regulate the p42/44 MAP kinase
(ERK) pathway [Singh et al., 1999], and it is
possible that this crossover could be more
important for SB202190 than for SB203580.

All three kinases, ERK, p38, and JNK, have
been examined in smooth muscle cells and it
was considered that all contributed to PDGF-
stimulated proliferation in smooth muscle cells
[Kavurma and Khachigian, 2003; Zhan et al.,
2003]. In our study, the selective JNK inhibitor,
SP600125, used at the lowest dose that inhib-
ited migration or proliferation, inhibited pro-
liferation in both control and PDGF-treated
cultures by 75–80% but did not prevent a
PDGF-stimulated increase in proliferation.
The inhibition of cell division was similar to
that seen with aphidicolin in the CFSE flow
cytometry studies (data not shown) and could
reflect a generalized toxicity. However, aphidi-
colin itself did not inhibit migration. Never-
theless, it should be noted that some studies
have found SP600125 to be very non-specific in
its effects [Bain et al., 2003].

In summary, we have shown that PDGF-
stimulated osteoblastic migration and prolif-
eration can be differentially regulated. The
dissection of the signaling pathways for these
processes might lead to novel therapeutic
interventions in wound healing and fracture
repair.
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