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Connective tissue remodeling provides mammals
with a rapid mechanism to repair wounds after in-
jury. Inappropriate activation of this reparative pro-
cess leads to scarring and fibrosis. Here, we studied
the effects of platelet-derived growth factor recep-
tor-� blockade in vivo using the platelet-derived
growth factor receptor (PDGFR)-� inhibitor imatinib
mesylate on tissue repair. After 7 days, healing of
wounds was delayed with significantly reduced
wound closure and concomitant reduction in myofi-
broblast frequency, expression of fibronectin ED-A,
and collagen type I. Using a collagen type I transgenic
reporter mouse, we showed that inhibiting PDGFR-�
activation restricted the distribution of collagen-syn-
thesizing cells to wound margins and dramatically
reduced cell proliferation in vivo. By 14 days, treated
wounds were fully closed. Blocking PDGFR-� signal-
ing did not prevent the differentiation of myofibro-
blasts in vitro but potently inhibited fibroblast
proliferation and migration. In addition, PDGFR-�
inhibition in vivo was accompanied by abnormal
microvascular morphogenesis reminiscent of that ob-
served in PDGFR-��/� mice with significantly re-
duced immunostaining of the pericyte marker NG2.
Imatinib treatment also inhibited pericyte prolifera-
tion and migration in vitro. This study highlights the
significance of PDGFR-� signaling for the recruit-

ment, proliferation, and functional activities of fibro-
blasts and pericytes during the early phases of wound
healing. (Am J Pathol 2006, 169:2254–2265; DOI:

10.2353/ajpath.2006.060196)

Adult tissue repair is a complex process involving coor-
dinated interactions between an array of cell types in-
cluding leukocytes, endothelial cells, fibroblasts, and ep-
ithelial cells. Despite the highly ordered sequence of
events, the remodeling process is not functionally perfect
because the end-product of repair is a scar.1,2 During
wound healing, released growth factors promote a funda-
mental reprogramming of the fibroblast, resulting in dramat-
ically increased synthesis, deposition, and formation of new
connective tissue. Inappropriate activation of the repair pro-
cess leads to excessive tissue scarring and fibrosis and
forms the basis of many pathological disorders. Identifying
the molecular cues that govern scar formation during
wound healing is likely to have a significant impact on our
understanding of pathological fibrosis.

One of the first growth factors deposited at the wound
site by degranulating platelets is platelet-derived growth
factor (PDGF).1 The three classic isoforms of PDGF exist
as dimers and are composed of polypeptide A and B
chains, forming the homodimers AA and BB and the
heterodimer AB.3 Their physiological action is evoked by
interaction with two specific cell receptor tyrosine kinases
(� and �).4 Ligand binding results in receptor dimeriza-
tion and autophosphorylation. The � receptor (PDGFR-�)
binds all three PDGF isoforms, whereas the � receptor
(PDGFR-�) preferentially binds PDGF BB.3 Recently, two
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new PDGF homodimers have been identified, PDGF-CC
and PDGF-DD, which bind to PDGFR-� and PDGFR-�,
respectively.5,6 Genetic analyses in mice have demon-
strated that PDGF isoforms play critical roles in key as-
pects of mammalian embryogenesis.7,8 Analysis of
PDGFR-�-, PDGF-A-, and PDGF-C-null mutants have
demonstrate that PDGFR-� signaling is essential for pal-
atogenesis and the correct patterning of somites and
mesodermal tissue.9,10 PDGF-B- and PDGFR-�-null mu-
tants die in utero from widespread hemorrhaging attrib-
utable to impaired recruitment of mural pericytes and
smooth muscle cells to nascent blood vessels.11 In vitro
systems have revealed the signal transduction pathways
evoked by PDGF-� and -� receptors are similar, but they
differ subtly with respect to interactions with specific SH2
domain proteins, which may explain their differential ef-
fects on target cells.12 Although both receptors evoke
mitogenic signals, the �-receptor is the more potent
transducer of cell motility.3 In contrast to PDGFR-�, stim-
ulation of PDGFR-� inhibits chemotaxis of fibroblasts and
smooth muscle cells.13 There are also differences be-
tween the receptors and their influence on the actin fila-
ment system. Both receptors stimulate edge ruffling and
loss of stress fibers, but only the �-receptor mediates the
formation of circular actin structures on the cell surface.12

Because of the embryonic lethality of PDGFR-� knockout
mice,14 our understanding of the role of PDGFR-� in adult
tissue repair and fibrosis has been based primarily on in
vitro data and analyses involving the local administration of
PDGF ligand.3 Cultured dermal fibroblasts lacking func-
tional PDGFR-� show impaired mitosis and complete inhi-
bition of migration with decreased phosphorylation of Akt,
extracellular signal-regulated kinase (ERK)1/2, and c-Jun
NH2-terminal protein kinase (JNK), but not p38 mitogen-
activated protein kinase (MAPK).15 The addition of exoge-
nous PDGF-BB increases fibroblast proliferation and migra-
tion into the wound, indirectly leading to both increased
extracellular matrix production and wound tensile
strength.16,17 In addition, overexpression of PDGFR-�
within lesional connective tissue compartments has been
noted in several fibrotic disorders including systemic scle-
rosis18 and dermal scarring.19 Although these analyses
demonstrate that exogenous PDGF is capable of stimulat-
ing connective tissue cell proliferation in vivo and enhancing
tissue repair, they do not tell us how the overexpression of
endogenous PDGFR-� contributes to fibrogenesis. This has
been partially addressed by studies of PDGFR-� chimeric
mice, which have, however, provided tantalizing glimpses
of the requirement for PDGFR-� expression by fibroblasts
and microvascular cells during wound healing.20 Although
these studies predict a requirement for PDGFR-� signaling
in fibroblasts and endothelial cells during tissue repair, they
provide no data on the precise functional role of PDGFR-�
in vivo. To gain a greater appreciation of the role of endog-
enous PDGFR-� during adult tissue repair, we have as-
sessed the functional consequences of selective inhibition
of PDGFR-� in vivo using imatinib mesylate in excisional
wound healing and in vitro using cultures of fibroblasts and
pericytes.

Materials and Methods

Animals

In this study, we used a transgenic mouse line harboring
a construct of the mouse collagen 1�2 promoter contain-
ing 17 kb 5� of the transcription start site, including the far
upstream enhancer region, fused to luciferase and �-ga-
lactosidase (LacZ) reporter genes.21

Wound-Healing Experiments

All animal protocols were approved by the local animal
ethics committee at University College London. Six- to
8-week-old female mice were anesthetized with avertin (500
mg/kg). The dorsum was shaved and cleaned with alcohol.
Four equidistant 4-mm full-thickness excisional wounds
were made on either side of the midline of the mouse.
Wound diameter was measured, and after sacrifice,
wounds were photographed and harvested at days 3, 7, 10,
and 14 after wounding and processed for histology, immu-
nohistochemistry, and protein extraction. For PDGFR-�
blockade, imatinib was prepared as previously described22

and administered intraperitoneally at 75 mg/kg per day.

Histology

Histological sections were prepared from wound tissue
fixed in 10% neutral buffered formalin and embedded in
paraffin. Four-�m sections were stained with either hema-
toxylin and eosin (H&E) or Masson’s trichrome. All sections
were viewed on an Axioskop Mot Plus microscope with an
Axiocam digital camera in combination with Axiovision soft-
ware (Carl Zeiss, Welwyn Garden City, UK).

Antibodies

The monoclonal antibodies 1A4 against �-smooth muscle
actin (�-SMA) and 3E2 against ED-A FN were obtained
from Sigma-Aldrich (St. Louis, MO). The anti-bromode-
oxyuridine (BrdU) antibody BU 1/75 was obtained from
Abcam plc (Cambridge, UK). Anti-CD31 antibodies were
purchased from BD Biosciences Transduction Laborato-
ries. Anti-NG2 antibody and anti-collagen type I antibod-
ies were obtained from Chemicon International (Te-
mecula, CA). NG2 is a membrane-spanning chondroitin
sulfate proteoglycan that is expressed by microvascular
pericytes.23 Biotinylated and Texas Red-conjugated an-
tibodies were obtained from Vector Laboratories (Burlin-
game, CA).

Immunohistochemistry

For immunohistochemistry, wounds were excised and
embedded in OCT and immediately snap-frozen in iso-
pentane cooled by liquid nitrogen and subsequently
stored at �70°C before cryosectioning. Serial frozen sec-
tions (5 �m) were cut on a cryostat, air-dried, and then
stored at �80°C before use. Sections were fixed in ice-
cold acetone and then blocked with normal serum from
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the appropriate species and incubated with primary an-
tibodies for 1 hour at room temperature. Endogenous
peroxidase was exhausted by incubation with H2O2 at
room temperature for 15 minutes in the dark. After wash-
ing, sections were incubated with a biotinylated second-
ary antibody (7.5 �g/ml) diluted in phosphate-buffered
saline (PBS) for 30 minutes, rinsed, and incubated with
Vectastain avidin/biotin complex conjugated with horse-
radish peroxidase for 30 minutes (Vector Laboratories,
Peterborough, UK). After washing, sections were visual-
ized using 3-amino-9-ethylcarbazole. Sections were then
washed in tap water, counterstained with hematoxylin,
and aqueously mounted with Crystal-Mount (Biomeda,
Foster City, CA). Sections were viewed and photo-
graphed on a Zeiss Axioskop 2 mot plus microscope.
Controls included an exchange of primary antibodies
with isotype-matched control antibodies.

BrdU Labeling

Mice were injected with 2 ml of BrdU-labeling reagent/100 g
mouse weight i.p. (RPN 201; Amersham Pharmacia Bio-
tech, Chalfont, St. Giles, UK) 2 hours before they were
sacrificed. Skin samples were fixed, embedded, and sec-
tioned as previously described. After dewaxing, the sec-
tions were microwaved in citrate buffer, pH 6, for 10 minutes
and then placed in 4 N HCl for 30 minutes at 37°C. Sections
were then incubated overnight at 4°C with an anti-BrdU
antibody. Slides were then washed in PBS and incubated
with a biotinylated anti-rat secondary antiserum, washed,
and then treated as above with Vectastain avidin/biotin
complex reagent. Sections were visualized with 3-amino-9-
ethylcarbazole, counterstained, and mounted.

Terminal dUTP Nick-End Labeling (TUNEL)
Staining of Tissue Sections

Paraffin-embedded sections were dewaxed and taken to
water. Sections were then treated with freshly prepared
proteinase K (20 �g/ml) for 15 minutes at room temperature.
After 3 � 5-minute washes in PBS, the sections were incu-
bated with a mixture of working-strength terminal deoxynu-
cleotidyl transferase (TdT) and digoxigenin-labeled nucleo-
tide triphosphates (Chemicon) for 1 hour at 37°C. The
sections were then washed in PBS and incubated with a
Texas Red-conjugated anti-digoxigenin antibody for 30
minutes at room temperature. The sections were then
washed in PBS and nuclear counterstained with 4,6-dia-
midino-2-phenylindole (DAPI). The number of apoptotic cell
nuclei was then counted in 10 fields of vision (�40 objec-
tive) and calculated as a percentage of total cells per field
of view as determined by DAPI staining.

Immunofluorescence

Cells were permeabilized for 5 minutes with 0.2% Triton
X-100 (TX-100) in 3% paraformaldehyde and fixed with
3% paraformaldehyde/PBS for 10 minutes. The anti-�-
SMA antibody was used to identify myofibroblasts. The

cells were visualized with a secondary anti-mouse Texas
Red conjugate and counterstained with DAPI to visualize
cell nuclei.

Image Analysis

Images were captured using a �40 Plan Neofluar lens
(NA and so forth) and analyzed using KS400 software
(Imaging Associates, Bicester, UK). After image capture
and segmentation, the total number of immunopositive
cells was expressed as a percentage of the total number
of cells in each field of view. Significance was evaluated
using the Student’s t-test with a P value of �0.05 consid-
ered as statistically significant.

�-Galactosidase Expression and Distribution

Levels of �-galactosidase transgene expression were as-
sayed using a �-galactosidase chemiluminescent re-
porter gene assay system (TROPIX; Applied Biosystems,
Foster City, CA). Wound tissue was weighed and homog-
enized according to the manufacturer’s instructions. The
same samples were measured for protein content using
the BCA protein assay (Pierce, Rockford, IL). To assess
the spatial distribution of the �-galactosidase transgene,
one sample of wound tissue from each animal was fixed
with 0.2% glutaraldehyde, 2% formalin in 0.1 mol/L phos-
phate buffer, pH 7.3, containing 2 mmol/L MgCl2 and
ethylene glycol bis(�-aminoethyl ether)-N,N,N�,N�-tet-
raacetic acid for 45 minutes. Samples were then washed
three times for 30 minutes each in the same phosphate
buffer with 0.1% sodium deoxycholate and 0.2% Nonidet
P-40 and stained overnight at room temperature in the
dark with 1 mg/ml 5-bromo-4-chloro-3-indolyo-�-D-galac-
toside solution (X-gal) containing 5 mmol/L potassium
ferrocyanide and 5 mmol/L potassium ferricyanide. For
histological analysis, wound samples were then embed-
ded in paraffin, and 4-�m sections were cut, dewaxed,
and counterstained with eosin.

Cell Culture and Reagents

AG01518 foreskin fibroblasts (Coriell Institute for Medical
Research, Camden, NJ) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Invitrogen, Paisley,
UK) supplemented with 10% fetal calf serum, sodium
pyruvate, and glutamine. Placental pericytes were iso-
lated and identified as previously described.24 For serum
starvation and treatments, cells were incubated in me-
dium containing sodium pyruvate, glutamine, and serum
replacement factor (Sigma), which was added to DMEM
to generate a serum-free medium. To determine the ef-
fect of imatinib treatment on myofibroblast formation,
transforming growth factor (TGF)-� (R&D Systems, Min-
neapolis, MN) was added daily to the cells at a concen-
tration of 2 ng/ml for 5 days. For inhibition experiments,
cells were preincubated 30 minutes before the addition of
TGF-� with imatinib at a concentration of 2 �mol/L.
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In Vitro Wound Closure Assay

In vitro wound closure assays were performed by creating
clear lines in a confluent cell monolayer with a sterile plastic
pipette tip. The migration of the cells into the cleared spaces
was monitored throughout time and photographed. To in-
vestigate cell migration, contraction of relaxed collagen gels
was assessed. Twenty-four-well tissue culture plates were
precoated with sterile 2% bovine serum albumin in PBS (2
ml/well) to prevent the gels from becoming bound to the
plastic. Gel contraction assays were performed by allowing
2 ml of DMEM with 10% fetal bovine serum, 1.0 mg/ml
bovine type I collagen (Vitrogen 100; Nutacon, Leimuiden,
The Netherlands), and 8 � 104 fibroblasts/pericytes to form
a gel for 3 hours at 37°C before releasing the gels from the
dish. Contraction of the gel was quantified by loss of gel
weight and decrease in gel diameter throughout a 24-hour
period. The effect of imatinib on tethered gel contraction
was assessed as previously described.25 In brief, the tissue
culture plates were not precoated with bovine serum albu-
min, allowing the gels to adhere to the sides of the tissue
culture dish. The gels were then treated with DMEM con-
taining 10% fetal calf serum (FCS) or 10 ng/ml PDGF-BB.
The gels were maintained for a period of 48 hours, allowing
mechanical tension to develop. To initiate contraction, the
gels were gently released from the culture dish using a
sterile pipette tip and the contraction monitored throughout
a 24-hour period. For inhibition experiments, cells were

preincubated in the presence of imatinib mesylate for 30
minutes before initiation of the assay. Significance was eval-
uated using the Student’s t-test with a P value of �0.05
considered as statistically significant.

Cell Proliferation

Cell proliferation was assessed using a methylene blue
assay.26 Cells were counted and plated at 1000 cells/well
in a 96-well tissue culture plate. Cells were serum-starved
for 48 hours and treated with PDGF-BB (10 ng/ml) for 48
hours. For inhibition experiments, cells were preincu-
bated with imatinib at a concentration of 2 �mol/L for 30
minutes before the addition of PDGF-BB. At the end of the
incubation period, cells were washed in PBS and fixed
using 10% neutral buffered formalin. Plates were incu-
bated with 100 ml of methylene blue, washed in 0.01
mol/L borate buffer, and absorbance was measured at
650 nm.

Results

Imatinib Treatment Impairs Wound Closure

Excisional wounds were made on the back of 6- to 8-week-
old collagen transgenic mice (Figure 1A). After 3 days, the
wound area of control mice was reduced by 40% of original

Figure 1. Wound healing is impaired in mice
treated with imatinib. A: Punch wounds (4 mm3)
were made on the back of anesthetized mice. After
3 days, wound diameters are noticeably smaller in
control animals (B) in comparison with imatinib-
treated animals (D). After 7 days, wound diame-
ters in control wounds (C) are clearly reduced
compared with imatinib-treated wounds (E). Anal-
ysis of sections stained with H&E confirmed that
after 7 days, distance between wound margins was
greater in imatinib-treated animals (G) compared
with control animals (F). Staining of sections with
Masson’s trichrome confirmed that granulation tis-
sue in treated animals was poorly formed and
relatively hypocellular (I, arrows) compared with
control animals (H, arrows). Granulation tissue in
control animals was characterized by the forma-
tion of small blood vessels (H, inset, arrow-
head), which were not present in imatinib-treated
wounds (I, inset, arrowhead). Quantification of
wound diameter throughout 10 days after injury.
Results represent the mean � SEM. Between 3 and
7 days after wounding, the difference in wound
diameter was significant (P � 0.05). Scale bars �
100 �m (F, G); 50 �m (H, I); 10 �m (insets).

PDGF-� Blockade Delays Wound Healing 2257
AJP December 2006, Vol. 169, No. 6



size and 70% after 7 days (Figure 1, B and C). In contrast,
imatinib-treated wounds were reduced by 20% after 3 days
and 50% after 7 days (Figure 1, D and E). These differences
were statistically significant between 3 and 7 days after
wounding (P � 0.01) (Figure 1J). By day 10, the differences
in wound area were no longer statistically significant, and by
day 14, wounds had closed in both sets of animals.

Histological analysis of sections stained with H&E con-
firmed that 7 days after wounding, imatinib-treated
wounds displayed reduced wound contraction com-
pared with controls (Figure 1, F and G). Wound morphol-
ogy was assessed by Masson’s trichrome staining. In
control animals after 3 days, wounds were characterized
by cell migration from the wound margins and the forma-
tion of small blood vessels within the provisional wound
matrix (Figure 1H). In contrast, the wound tissue in
treated mice was relatively hypocellular, and blood ves-
sels were abnormally large and distended (Figure 1I). At
day 7, treated wounds were still significantly larger than
controls with reduced cellular and microvascular density.
After 14 days, treated wounds had contracted and were

characterized by acellular scar tissue (unpublished
data).

Reduced Cell Proliferation in Imatinib
Mesylate-Treated Animals

BrdU incorporation was used to identify proliferating cells.
In control animals, 3 days after wounding, the majority of
BrdU-labeled cells were located at the wound margins and
in the basal keratinocyte layer (Figure 2, A and C). The
addition of imatinib resulted in a substantial decrease in
BrdU incorporation after 3 days with little or no evidence of
cell proliferation (Figure 2, B and D). In control animals,
BrdU immunostaining was evident in pericytes (Figure 2C,
inset) but was absent in pericytes of imatinib-treated
wounds (Figure 2D, inset). After 7 days, in control animals,
BrdU-labeled cells were more uniformly distributed through-
out the granulation tissue (Figure 2E). In imatinib-treated
wounds, BrdU-labeled cells were more evident than after 3
days and were located throughout the wound tissue; how-

Figure 2. Cell proliferation is inhibited in imatinib-treated mice. Mice were injected with BrdU 2 hours before sacrifice. Sections were subsequently stained with
an anti-BrdU antibody. Three days after injury, immunostaining for BrdU was significantly increased in control animals (A, C) compared with treated animals (B,
D). In control animals, BrdU immunostaining was predominant at the wound margins (A, arrow), which was significantly reduced in imatinib-treated animals
(B, arrow). In control animals, BrdU immunostaining was present in pericytes (C, inset, arrowhead) in contrast to imatinib-treated animals (D, inset,
arrowhead). E and F: After 7 days, BrdU immunostaining was present in the granulation tissue of both control and imatinib-treated animals. G: Quantification
of BrdU-stained cells confirming that imatinib treatment produced a significant reduction in cell proliferation after 3 and 7 days. Results represent the mean � SD.
*P � 0.005. Inhibition of pericyte (H) and fibroblast (I) proliferation by imatinib was confirmed by in vitro analyses. Ten percent of FCS and PDGF-BB-induced
stimulation of pericyte and fibroblast proliferation was inhibited by treatment with imatinib (2 �m). Results represent the mean � SD. *P � 0.05. Scale bars �
100 �m (A, B); 50 �m (C–F); 10 �m (insets).
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ever, overall numbers were still reduced in comparison with
control tissue (Figure 2F). Quantification of the number of
positively stained cells using image analysis confirmed that
the reduction in BrdU incorporation after 3 and 7 days was
statistically significant (P � 0.005), (Figure 2G). The princi-
pal PDGF-BB-responsive cells in the dermis are fibroblasts
and pericytes. Therefore, we used an in vitro approach to
determine whether fibroblasts and pericytes were sensitive
to imatinib treatment. PDGF-BB induced a robust mitogenic
response in both cultured pericytes and fibroblasts (Figure
2, H and I). PDGF-BB-induced proliferation was significantly
inhibited by imatinib treatment (P � 0.005), (Figure 2, H and
I). Serum-induced mitogenesis of pericytes and fibroblasts
was also significantly reduced by imatinib (Figure 2, H and
I), confirming that PDGF-BB is a principal mitogenic serum
factor for fibroblasts and pericytes.

Imatinib Treatment Does Not Affect
Apoptosis in Vivo

Imatinib treatment resulted in reduced cellularity in the
granulation tissue. Therefore, the role of imatinib on ap-
optotic cell death was investigated to establish whether
increased apoptotic cell death was responsible for the
hypocellularity of imatinib-treated wounds. Analysis of
day 7 wound sections by TUNEL staining demonstrated
that apoptotic nuclei were evenly distributed throughout
control (Figure 3A) and imatinib-treated wounds (Figure
3C). Counting of apoptotic cell nuclei revealed no signif-
icant difference between control and imatinib-treated
wounds (Figure 3E). The number of cell nuclei in control
and imatinib-treated wounds was counted in 10 fields of

view (�40 objective) and compared. This confirmed that
imatinib-treated wounds contained 10% fewer cells per
field of view compared with control wounds.

Imatinib Treatment Impairs Motility of
Fibroblasts and Pericytes in Vitro

We hypothesized that the hypocellularity of imatinib-
treated wounds was due in part to inhibition of PDGF-BB-
mediated motility. To confirm this we performed a series
of in vitro analyses investigating fibroblast and pericyte
migration using scratch wounds and relaxed collagen
gels. In response to PDGF-BB (10 ng/ml), both fibroblasts
and pericytes had completely closed scratch wounds
after 72 hours (Figure 4, D and H). The addition of ima-
tinib resulted in marked inhibition of fibroblast and peri-
cyte migration (Figure 4, E and I). Migration stimulated by
DMEM containing 10% FCS (Figure 4, B and F) was also
inhibited by imatinib treatment, indicating that PDGF-BB
is a major serum factor in promoting pericyte and fibro-
blast migration (Figure 4, C and G). We assessed the
ability of PDGF-BB to stimulate pericytes and fibroblasts
to contract a relaxed collagen gel, a process dependent
on the tractional forces of migrating cells. Cells were
incubated for 24 hours in the presence or absence of
PDGF-BB (10 ng/ml). Both cell types when incubated
with PDGF-BB contracted their gels significantly more
than cells incubated with vehicle alone (P � 0.05) (Figure
4I). PDGF-BB induced gel contraction was significantly
inhibited by imatinib treatment, confirming the impair-
ment of cell migration (P � 0.01) (Figure 4J).

Figure 3. Imatinib treatment does not affect apoptotic cell death in vivo. Apoptotic cell death in day 7 wounds was assessed by TUNEL staining. Apoptotic nuclei
(arrows, red) were detected in both control (A) and imatinib-treated wounds (C). Cell nuclei were counterstained with DAPI (B, D). Analysis of the percentage
of apoptotic cell nuclei in control and imatinib-treated sections revealed no significant difference (E) (P � 0.8). Quantification of cell nuclei revealed 10% fewer
cells in imatinib-treated wounds compared with controls (F). Data shown are mean � SD. Original magnifications, �20.
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Imatinib Treatment Impairs Myofibroblast
Formation in Vivo

PDGF-BB is known to be a potent mitogen for myofibro-
blasts,27 therefore we compared the expression of myo-
fibroblast markers such as ED-A FN and �-SMA. At 3
days after wounding, myofibroblasts in treated wounds
were significantly reduced in number compared with
control animals (Figure 5, A and B). �-SMA immunostain-
ing in imatinib-treated wounds was restricted predomi-
nantly to microvessels (Figure 3B), whereas in control
animals, immunostaining was observed in interstitial myo-
fibroblasts at the wound margins (Figure 5A). By 7 days
after wounding, myofibroblasts had appeared in treated
wounds and were primarily located at the epidermal-
dermal junction and surrounding microvessels (Figure
5D). In control tissue, �-SMA-positive myofibroblasts ap-
peared to be more uniformly distributed throughout the
granulation tissue (Figure 5C). Using image analysis to
count the number of positively stained cells, the reduction
in myofibroblast numbers 3 days after wounding was
found to be statistically significant (P � 0.01) (Figure 5E),
whereas after 7 days, the reduction in myofibroblast num-
bers did not reach statistical significance (P � 0.13)
(Figure 5E). By 14 days, �-SMA expressing myofibro-
blasts were no longer detectable in either control or ima-
tinib-treated wounds (unpublished data). Imatinib treat-
ment also resulted in decreased expression of the ED-A
splice variant of fibronectin (ED-A FN). In treated wounds,

ED-A FN was confined to the papillary dermal layer ad-
jacent to the epidermis (Figure 5G). In contrast, ED-A FN
was distributed throughout the granulation tissue in con-
trol wounds (Figure 5F). To investigate the mechanism by
which imatinib treatment impaired myofibroblast forma-
tion, we treated dermal fibroblasts in vitro with TGF-� for
4 days to promote myofibroblast differentiation. After 4
days of treatment with TGF-�, 72% of the cells contained
�-SMA�ve stress fibers (Figure 5H), compared with 4%
of treated with vehicle alone (unpublished data). The
addition of imatinib did not affect �-SMA stress fiber
formation either qualitatively or quantitatively (Figure 5, I
and J), suggesting that the reduction in myofibroblast
numbers in vivo does not result from an inhibition of TGF-
�-mediated myofibroblast formation.

Imatinib Mesylate Does Not Block Serum-
Induced Contraction of Tethered Collagen Gels

We then assessed whether imatinib treatment affected
the contraction of tethered collagen by fibroblasts. In this
system, cells are subject to mechanical tension as the
gels are attached to the culture dish. Using this system,
the contraction of tethered collagen gels was stimulated
by DMEM containing 10% FCS. However, treatment with
PDGF-BB (10 ng/ml) was found to have no significant
stimulatory effect (Figure 6). Serum-induced gel contrac-
tion was not inhibited by the actions of imatinib (Figure 6).

Figure 4. Imatinib treatment impairs migration of pericytes and fibroblasts in vitro.
A: Scratch wounds were made in confluent cell monolayers. In response to both 10%
FCS and 10 ng/ml PDGF-BB, fibroblasts (B, D) and pericytes (F, H) completely fill a
scratch wound after 72 hours. The addition of imatinib (2 �m) completely abrogates
migration induced by both 10% FCS and PDGF-BB in fibroblasts (C, E) and pericytes
(G, I). Impairment of cell migration was confirmed and quantified using free-floating
collagen matrices. Representative images of pericyte-seeded gels are shown. Peri-
cytes were seeded into a collagen gel matrix, and after gel polymerization, the gel
was detached from the tissue culture plate and incubated in the presence or absence
of PDGF-BB (10 ng/ml). J: Pericyte contraction of gels in response to PDGF-BB is
inhibited in the presence of imatinib. K: Quantification of gel weight after contrac-
tion. Results represent the mean � SD.
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Imatinib Mesylate Treatment Results in
Diminished Collagen Type I Biosynthesis

PDGF indirectly stimulates collagen type I biosynthesis by
stimulating proliferation and migration of activated fibro-
blasts. To determine whether collagen type I biosynthesis
was affected by blockade of PDGFR-� signaling, we used a
transgenic mouse harboring a 17-kb fragment of the colla-
gen 1�2 upstream enhancer fused to a �-galactosidase
(Lac-Z) reporter gene.21 The expression profiles and distri-
bution of the 17-kb fragment during adult wound healing
have been previously defined and demonstrated to be a
marker of endogenous gene expression.28 After 7 and 14

days, collagen transgene expres-sion was significantly re-
duced in treated animals (P � 0.01) (Figure 7G). In control
samples, transgene-expressing cells were extensively lo-
cated throughout day 7 granulation tissue (Figure 7, A and
C). In treated wounds, transgene expression was notice-
ably less pronounced and was restricted to the wound
margins (Figure 7, B and D). To confirm the reduction in
collagen biosynthesis at the protein level, wound sections
were probed with an antibody against collagen type I. After
14 days, expression of collagen type I was reduced in
imatinib-treated wounds (Figure 7F) compared with control
wounds (Figure 7E), mirroring the expression of the trans-
genic reporter construct.

Figure 5. Imatinib treatment delays the appearance of myofibroblasts. A:
Three days after injury, �-SMA immunostaining is present in myofibroblasts
in the wound margins of control animals (arrow). B: In imatinib-treated
animals, �-SMA immunostaining is restricted to microvessels (arrow). After
7 days, �-SMA immunostaining is present throughout the granulation tissue
of control (C, arrows) and present in imatinib-treated wounds, particularly
at the epidermal/dermal junction (D, arrows). Quantification of the number
�-SMA-expressing myofibroblasts by image analysis confirmed a significant
reduction in myofibroblast numbers in imatinib-treated animals 3 days after
injury. E: After 7 days, myofibroblast numbers were still lower in imatinib-
treated animals; however, the difference was not significant. Expression of
ED-A FN was also reduced as a result of imatinib treatment (G, arrow)
compared with control tissue (F, arrows). Results represent the mean � SD.
*P � 0.01. TGF-� (2 ng/ml) treatment of cultured fibroblasts produced
prominent �-SMA stress fibers (H, arrowhead), which was not inhibited by
imatinib treatment (I, arrowhead). J: Quantification of myofibroblast num-
bers after TGF-� and imatinib treatment. Results represent the mean � SD.
Scale bars � 50 �m (A–G); 25 �m (H, I).
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Imatinib Mesylate Treatment Impairs
Angiogenesis during Wound Healing

The importance of PDGFR-� in regulating pericyte re-
cruitment during angiogenesis has been well document-
ed.11 We therefore hypothesized that imatinib treatment
would impair vascular formation during wound healing.
Masson’s trichrome staining of wound sections demon-
strated abnormal microvascular morphology as a result
of imatinib treatment. Microvessels were fewer and were
abnormally large and distended compared with those in
control wounds (Figure 8, A and B). Moderately reduced
neovascularization was confirmed by immunostaining for
CD31, which was reduced in the granulation tissue of
imatinib-treated wounds (Figure 8, C and D). Using an
antibody against NG2, a marker for pericytes, reduced
immunostaining was discovered in imatinib-treated
wounds compared with control tissue (Figure 8, E and F).

Interestingly, the degree of vascular disruption varied
between wounds. The reasons for this are unclear.

Discussion

The present study demonstrates that imatinib impairs the
onset of cutaneous wound healing and collagen biosyn-
thesis in vivo and pericyte and fibroblast activation in vitro.
Besides PDGFR-�, imatinib is also known to inhibit the
c-abl and c-kit tyrosine kinases.29 Therefore, the possi-
bility that inhibition of these kinases contributes to the
impairment of wound healing and collagen biosynthesis
cannot be excluded. However, although c-abl was re-
cently identified as a potential mediator of TGF-� activi-
ty,30 in our current study we found imatinib to have no
effect on the TGF-�-induced formation of myofibroblasts
in vitro, nor were we able to detect in vivo any previously
reported characteristics of impaired TGF-� signaling dur-
ing wound healing such as accelerated re-epithelializa-
tion.31 Furthermore, to our knowledge, there is no evi-
dence that c-kit directly mediates fibroblast and pericyte
proliferation and migration, which taken together support
our hypothesis that the effect of imatinib on these cells is
attributable to PDGFR-� blockade. The effects of
PDGFR-� signaling on mesenchymal cell proliferation
and migration have been well documented in vitro.3 How-
ever, because of the embryonic lethality of both the
PDGF-B chain and PDGFR-�-null mutants, much remains
unknown regarding the postnatal role of PDGFR-� in vivo.
The data presented in our current study clearly support
the hypothesis that in vivo PDGFR-� is a key mitogen and
motogen for both fibroblasts and pericytes during the
early stages of tissue repair. Between 3 and 7 days after
wounding, cell proliferation was significantly reduced in
the granulation tissue of imatinib-treated wounds. In con-
trol tissue after 3 days, proliferating cells were located
predominantly in the wound margins and in the basal
epidermis. Reduced cell proliferation in imatinib-treated
wounds was also associated with interstitial fibroblasts
and microvascular cells.

A further aspect of imatinib treatment was a significant
reduction in early wound closure. Wound closure is
thought to be initiated by tractional forces generated by
fibroblasts migrating into newly forming granulation tis-
sue.32 As the wound closes, mechanical tension devel-
ops, which combined with the actions of TGF-� and ED-A
FN induces the formation of myofibroblasts, which then
contract the wound.33 Because the granulation tissue of
imatinib-treated wounds was generally hypocellular com-
pared with controls, it is plausible that the failure to initiate
wound closure stems from inhibition of PDGF�R-medi-
ated recruitment of fibroblasts into the wound. The sub-
sequent reduction in tractional force generation could
conceivably result in reduced wound closure. Using two
independent assays of cell migration, scratch wound
assays and contraction of relaxed collagen gels, we were
able to show that the in vitro migration of pericytes and
fibroblasts was impaired by imatinib treatment. Given that
imatinib-treated wounds were hypocellular compared
with control wounds, we also assessed the effect of ima-

Figure 6. Imatinib mesylate does not block serum-induced contraction of
tethered collagen gels. The ability of fibroblasts to contract tethered collagen
lattices was assessed. Cells were seeded into tethered collagen gels. Mechan-
ical tension was generated throughout a 48-hour period after which the gels
were released. DMEM containing 10% FCS (C) stimulated contraction in
comparison to serum-free DMEM (A) and PDGF-BB (10 ng/ml) (E). Imatinib
did not affect contraction by serum-free DMEM (B), 10% FCS (D), and
PDGF-BB (F). G: Quantification of gel weight after contraction. Results
represent the mean � SD. *P � 0.05.
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tinib treatment on apoptosis by TUNEL staining. There
was no difference in the number of apoptotic nuclei in
control and imatinib-treated wounds, indicating that re-
duced cell proliferation and migration were the principle
causes of the reduced cell numbers in imatinib-treated
wounds. This is in agreement with a recent analysis of
synovial fibroblasts showing that imatinib blocked prolif-
eration without affecting apoptosis.34

Imatinib treatment resulted in a reduction in the num-
ber of �-SMA-expressing myofibroblasts and reduced
expression of ED-A FN, which is crucial for myofibroblast
formation.35 After 3 days, �-SMA immunostaining, denot-
ing the presence of myofibroblasts, was present in con-
trol tissue but absent in treated tissue. By 7 days, the
number of myofibroblasts in treated wounds was still
reduced; however, the difference was no longer statisti-
cally significant. During wound healing the differentiation
of myofibroblasts from fibroblasts is stimulated by me-
chanical tension generated as wound margins are reap-
proximated.32,33 Therefore, a reduction in cell migration
and recruitment would result in a smaller pool of cells
from which myofibroblasts could be formed. Moreover, a
loss of tractional forces would delay the generation of
mechanical tension, which is an essential requirement for
myofibroblast formation. We found that imatinib treatment

had no effect on the TGF-�-mediated differentiation of
myofibroblasts in vitro, supporting the idea imatinib re-
duces myofibroblast numbers by impairing fibroblast mi-
gration and proliferation rather than by affecting the pro-
cess of myofibroblast differentiation from fibroblasts. It
has been proposed that imatinib attenuates the fibrotic
response by inhibiting TGF-�-mediated signaling via a
novel non-Smad-dependent pathway.22,30 Although fur-
ther studies are required to confirm this, our data dem-
onstrate that the induction of the myofibroblast pheno-
type by TGF-� in vitro is not affected by imatinib
treatment. We also studied the effects of imatinib on
fibroblast contraction of tethered collagen gels. This sys-
tem allows for the contraction of collagen matrices under
mechanical tension and therefore models the contraction
of granulation tissue by myofibroblasts. In our hands,
PDGF-BB did not significantly promote tethered gel con-
traction by fibroblasts. However, cells incubated with
10% FCS produced a robust contraction that was not
affected by imatinib. These results indicate that blockade
of PDGFR-� blocks cell recruitment and the generation of
tractional forces by migrating cells, which in turn impairs
initial wound closure.

Another aspect of imatinib-treated wounds was re-
duced microvascular density and the presence of abnor-

Figure 7. Collagen type I gene promoter activity is
reduced in imatinib-treated animals. Seven days after
injury, wounds were excised from mice and stained
with 1 mg/ml X-gal. Control wounds show uniformly
intense X-gal staining (A, arrow), whereas staining
in tissue from imatinib-treated mice was significantly
weaker and confined to the wound margins (B,
arrow). C: In histological sections, X-gal staining
could be observed in fibroblastic cells throughout
the granulation tissue (arrowheads). D: In sections
from imatinib-treated animals, relatively fewer blue
cells were present and were restricted to the wound
margins (arrowhead). G: Imatinib-mediated reduc-
tion in collagen transgene activity was confirmed by
quantification of transgene activity in whole
wounds. Results represent the mean � SD. *P �
0.01. Immunofluorescence staining of 14-day-old
wounds confirming that expression of collagen pro-
tein was concordantly reduced in imatinib-treated
wounds (F, arrow) relative to control tissue (E,
arrow). Scale bar � 50 �m.
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mally dilated and distended microvessels. Moreover, im-
munostaining for NG2, a pericyte marker,23 was reduced
in imatinib-treated wounds. Similarly distended microves-
sels have been recorded in PDGFR-� and PDGF-B chain
knockout mice14,36 with subsequent studies confirming
that these microaneurysms were caused by a failure to
adequately recruit pericytes to nascent capillaries.11,37

Using an in vitro approach, imatinib treatment was shown
to impair significantly the migration and proliferation of
cultured pericytes in response to both PDGF-BB and
serum. Our findings mirror studies showing impaired mi-
crovascular formation in response to PDGFR-� inhibition
in the vasculature of tumors.38,39 It was recently demon-
strated that during tumor formation that the differentiation
of pericytes from bone marrow-derived progenitor cells is

PDGFR-�-dependent.40 Although this mechanism of
pericyte recruitment has yet to be demonstrated in
wound healing, it is clear that PDGFR-� signaling is cen-
tral to the expansion and recruitment of resident pericytes
in the adult.

Our studies also demonstrated that PDGFR-� inhibition
results in reduced collagen biosynthesis during wound
healing. The addition of exogenous PDGF-BB during ex-
cisional wound healing has been shown to increase the
synthesis of provisional matrix components such as fi-
bronectin and is thought to indirectly augment collagen
biosynthesis by promoting the recruitment of fibro-
blasts.41 PDGF-BB has been shown to have no direct
stimulatory affect on type I collagen gene expression in
cultured fibroblasts.42 Therefore, the observed reduction
in collagen biosynthesis resulting from imatinib treatment
may stem directly from reduced fibroblast proliferation
and recruitment.

The potential of PDGFR-� blockade as a potential anti-
fibrotic strategy has been previously validated in studies
of experimentally induced pulmonary and renal fibro-
sis.22,30,43 Interestingly, a number of studies have dem-
onstrated that in fibrotic tissue increased PDGFR-� ex-
pression localizes to pericytes. Our data demonstrate
that microvascular pericytes are a key target cell for
PDGF-B during tissue repair, and further studies are mer-
ited to determine its precise functions in the development
of fibrosis. In conclusion, we have shown that endoge-
nous PDGFR-� signaling is critical in initiating the tissue
repair process by stimulating the expansion and recruit-
ment of fibroblasts and pericytes, and this may be sig-
nificant in fibrotic disorders characterized by PDGFR-�
overexpression.
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