
A gain-of-function mutation in the PDGFR-b alters the
kinetics of injury response in liver and skin
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Platelet-derived growth factor (PDGF) isoforms stimulate cell proliferation, migration and survival. We recently generated
mice carrying a gain-of-function mutation within the activation loop of PDGF b-receptor (PDGFR-b D849N). Embryonic
fibroblasts derived from these mice show elevated basal phosphorylation and altered kinetics for ligand-induced
activation of PDGFR-b, as well as enhanced proliferation and migration. To investigate the effect of this mutation in vivo,
we used carbon tetrachloride-induced liver injury as a model system. We observed a higher basal activation of mutant
PDGFR-b in unchallenged livers; however, the difference in activation upon carbon tetrachloride stimulation was lower
than expected, an effect that might be explained by a delayed response of the mutated receptor toward reactive oxygen
species. Mutant mice showed enhanced proliferation of nonparenchymal liver cells and activation of hepatic stellate cells,
leading to a small increase in early fibrosis formation. Another mouse strain lacking the binding site for phosphatidy-
linositol-30 kinase in PDGFR-b showed the reverse phenotype. These results suggest an important role for PDGFR-b
signaling in the early injury-response. We confirmed this hypothesis with a second injury model, cutaneous wound
healing, where we observed earlier proliferation and formation of granulation tissue in D849N-mutant mice.
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Members of the platelet-derived growth factor (PDGF)
family promote proliferation, survival, chemotaxis and
differentiation mainly of mesenchymal cells, such as fibroblasts,
smooth muscle cells, pericytes and hepatic stellate cells.
PDGF release is strongly enhanced in response to tissue da-
mage, and this growth factor is thought to be involved in a
variety of pathologic conditions like cancer, atherosclerosis and
fibrosis (reviewed in refs. 1 and 2). PDGF homo- or hetero-
dimers bind to two structurally related receptors, PDGFR-a
or PDGFR-b. Upon ligand binding, receptors dimerize, re-
sulting in activation of the intrinsic tyrosine kinase activity
and autophosphorylation of the receptor. Certain of the
specifically phosporylated tyrosine residues then serve as
docking sites for various Src homology domain-containing
proteins, initiating downstream signaling.3,4

Knockout studies revealed the importance of PDGFR-b
signaling in embryonic development, particularly in vascu-
logenesis and angiogenesis, as both Pdgfb and Pdgfrb
knockout mice die perinatally due to widespread hemor-
rhages and edema formation.5,6 However, the lethality of
these mice made it difficult to study the role of endogenous

PDGF signaling under normal physiologic as well as under
pathologic conditions in the adult organism. The mechan-
isms of PDGFR activation and the contribution of the many
different downstream signaling pathways to the cellular
effects of PDGF have been studied in great detail using
various in vitro systems (reviewed in ref. 4). However, much
less is known about the importance of single downstream
pathways in more complex in vivo scenarios.

We recently reported mice carrying a point mutation in
the activation loop of PDGFR-b (D849N).7 In embryonic
fibroblasts derived from these mice, this mutation causes an
elevated basal activation of the receptor in the absence of
ligand, as well as changes in the kinetics of receptor activation
and the activation of downstream signaling pathways upon
PDGF-BB stimulation. As a consequence, these cells showed
ligand-independent migration and enhanced proliferative
response to PDGF-BB stimulation.7 In the present study, we
aimed to investigate whether the effects observed in vitro are
retained within a complex organism, particularly under
pathologic conditions, where a multitude of different factors
and signaling pathways are acting together simultaneously.
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For that purpose, we explored two different well-established
disease models, carbon tetrachloride-induced liver injury
and cutaneous wound healing, as readout systems.
In both models, a role of PDGF has been described in
various studies (reviewed in refs. 8 and 9).

We observed changes in the activation kinetics of the
mutated PDGFR-b in the in vivomodels, which correlate well
with altered kinetics of the injury response. However, we also
show that the activation mechanism of PDGFR-b seems to be
more complex in response to injury, particularly in the CCl4
model, compared to ligand-induced activation in vitro.

MATERIALS AND METHODS
Animals
Mice carrying either an activating mutation (D849N) or a
nonfunctional mutation of the binding sites for PI3K (Y739F
and Y750F, in the following called DPI3K) in the PDGFR-b
have been described recently.7,10 All mice were on identical
C57Bl/6 background. Only age- and sex-matched animals
were used for direct comparison. All animal experiments
were approved by the Local Ethical Committee.

Cell Culture
Mouse embryonic fibroblasts (MEFs) derived from D849N-
mutant embryos have been described earlier.7 The cells
were grown in Dulbecco’s modified Eagle’s medium
(Sigma) supplemented with 10% fetal bovine serum and
0.1mM b-mercaptoethanol. For stimulation, serum-starved
cells (0.05% FCS for 24 h) were treated either with 500 mM
H2O2 (Merck) or 20 ng/ml PDGF-BB (kindly provided by
Creative Biomolecules) for the indicated time-periods.
All experiments were performed with two independent cell
clones.

CCl4 Treatment and Induction of Fibrosis
Mice (3–6 months old) received injections of CCl4 (1 g/kg
body weight, diluted 1:4 in mineral oil) intraperitoneally
either as a single injection for acute liver injury studies or
twice weekly over 2–4 weeks for the induction of chronic
injury. Control animals received corresponding amounts of
mineral oil. After the indicated time points, mice were killed
and liver tissue was either frozen in liquid nitrogen or fixed
overnight in 95% ethanol/1% acetic acid.

Skin Wounding and Preparation of Wound Tissue
Mice (2–4 months old) were anesthetized by intraperitoneal
injection of avertin (2.5% in 0.15M NaCl, 0.02ml/g body
weight). Two full-thickness excisional wounds, 5mm in
diameter, were made on either side of the dorsal midline by
excising skin and panniculus carnosus with a biopsy punch.
Wounds were left uncovered and harvested at different time
points after injury. For histological analysis, the complete
wounds were isolated, bisected and either directly embedded
in tissue-freezing medium without prior fixation or fixed

overnight in 95% ethanol/1% acetic acid or 4% para-
formaldehyde.

Histology
Fixed tissues were embedded in paraffin. Sections (3 mm for
liver, 7mm for skin wounds) were stained with hematoxylin/
eosin for routine examination and with Sirius red to visualize
collagen deposition. Morphometric analyses (necrosis,
collagen deposition and wound areas) were performed using
the ImageJ software (NIH). All values presented are means of
8–12 liver lobes or wounds, derived from 4 to 5 animals
per data point. Statistical analysis was performed using
the GraphPad Prism4 software. Results are presented
as mean±s.d. and were analyzed by Student’s t-test. Pr0.05
was taken as a minimum for significance.

Immunohistochemistry
Deparaffinized sections were incubated overnight with pri-
mary antibodies against a-smooth muscle actin (ASMA;
1:500, clone 1A4, Dako), gremlin (1:200, rabbit anti-human
Gremlin, IMG-5136A, IMGENEX), elastin (1:500, Purified
Rabbit Anti-Rat Elastin, no. CL55041AP, CEDARLANE
Laboratories), or with FITC-coupled anti-ASMA antibody
(1:500, clone 1A4, Sigma), for detection of activated hepatic
stellate cells and myofibroblasts, and/or an anti-platelet/
endothelial cell adhesion molecule-1 (PECAM) antibody
for staining of endothelial cells. Primary antibodies were
detected using biotinylated secondary antibodies (Dako),
Vectastain ABC-HRP kit (Vector Laboratories) and 3,30-dia-
minobenzidine peroxidase substrate kit (Vector Labora-
tories).

Detection of Proliferating Cells by Labeling with
50-Bromodeoxyuridine
Mice were injected intraperitoneally with bromodeoxy-
uridine (BrdU) (Sigma, 50mg/kg in 0.15M NaCl) and killed
2 h after injection. Bisected wounds were fixed in ethanol/
acetic acid as described above. Sections were incubated with a
peroxidase-conjugated monoclonal antibody directed against
BrdU (Roche Diagnostics) and stained using the peroxidase
substrate kit (Vector). Counterstaining was performed with
hematoxylin.

Immunoprecipitation and Immunoblotting
For immunoblotting, cells or tissues were homogenized in
urea-buffer (10mM Tris (pH 8.0), 9.5M urea, 2mM EDTA,
1mM sodium vanadate, 1mM phenylmethyl sulfonyl fluoride)
and cleared by centrifugation. Proteins were separated by
SDS–polyacrylamide gel electrophoresis under reducing
conditions and transferred to nitrocellulose filters. Antibody
incubations were performed in 5% bovine serum albumin in
Tris-buffered saline. Antibodies against phospho-Akt, Akt,
phospho-p38 and phospho-ERK1/2 were obtained from Cell
Signaling Technology, and an antibody against phospho-Tyr
(PY99) was from Santa Cruz Biotechnology Inc. The
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antibody against the C terminus of PDGFR-b was described
earlier.11 For immunoprecipitation (IP) tissues were homo-
genized in IP-buffer (100mM Tris/HCl (pH 7.5), 1% Triton
X-100, 5mM EDTA, 150mM NaCl, 1mM Na3VO4, 1mM

pefabloc and 1% trasylol). Lysates were cleared by
centrifugation and preincubation with Protein A-sepharose
beads. PDGFR-b was precipitated using 2mg antibody and
20ml Protein A-sepharose beads. Beads were washed 3� with
IP-buffer and eluted with 2� Laemmli sample buffer. Samples
were analyzed by immunoblotting, as described above.

RESULTS
The D849N Mutation in the PDGFR-b Alters the Kinetics
of Receptor-Phosphorylation and Downstream
Signaling in Response to Carbon Tetrachloride-Induced
Liver Injury
We recently showed that introduction of a point mutation
(D849N) into PDGFR-b results in dramatically changed
kinetics of receptor activation following ligand stimulation of
MEFs. To investigate if this mutation has similar con-
sequences in more complex in vivo situations, we explored
the model of CCl4-induced liver injury in our mutant mice, a
system where induction of PDGF and PDGF receptors has
been described in several studies (reviewed in Bonner8). CCl4
(1 g/kg), or mineral oil as control, was injected i.p. and tissue
samples taken at a series of time points. Tissue lysates were
analyzed for activation of PDGFR-b by immunoprecipitation
of the wild type and mutant receptor and detection of
phosphorylated tyrosine residues by western blotting. Lysates
from PDGF-BB stimulated fibroblasts served as a positive
control. Activation of known downstream targets of PDGFR-b
was analyzed using a series of phospho-specific antibodies.

As seen in Figure 1, CCl4 caused a strong phosphorylation
of PDGFR-b as well as activation of Erk1/2, Akt and p38
already 10–20min after application in wild-type mice.
Interestingly, the basal activity of the receptor was markedly
higher in liver tissue of mice carrying the mutant PDGFR-b,
an observation that had already been made in MEF cells
derived from these animals.7 This confirmed that the effect of
the mutation seen in vitro is not compensated for in vivo.
Unexpectedly, further receptor-activation in response to the
injury occurred slightly slower in mutant mice compared to
wild type (Figure 1a). A very similar pattern was seen with
regard to the activation of Erk1/2, a downstream signaling
component in the PDGFR signaling pathway. In contrast, for
Akt and p38 the most striking difference was the high basal
phosphorylation in the mutant mice, whereas after injury
the phosphorylation initially decreased and never exceeded
the elevated basal level or the activation level observed in
wild-type mice (Figure 1c).

Fibroblasts Carrying the PDGFR-b D849N Mutation
Respond More Slowly to Hydrogen Peroxide-Treatment
Carbon tetrachloride exerts its toxic effect toward liver tissue
mainly by the generation of various highly reactive radicals.12

Recently, it had been shown that PDGFR can be activated
directly by reactive oxygen species (ROS), such as hydrogen
peroxide in a ligand-independent mechanism.13,14 To
investigate whether the D849N mutation also affects this
activation mode, we stimulated MEF cells derived from
PDGFR-b D849N-mutant mice and corresponding controls
with H2O2. To stay close to a system of ROS-mediated

Figure 1 Altered kinetics of PDGFR-b activation and downstream signaling

in D849N-mutant mice in response to CCl4-induced liver injury. Wild-type

(wt) or D849N-mutant (DN) mice were injected with 1 g/kg CCl4 in mineral

oil, or mineral oil as control (c) and killed at the indicated time points.

(a) PDGFR-b was immunoprecipitated from liver lysates (IP). Precipitated

proteins were analyzed by immunoblotting (IB) using anti-phospho-

tyrosine (PY99; upper panel) and anti-PDGFR-b (lower panel) antibodies.

(b) Densitometric quantification (using Image J software) of receptor

phosphorylation and normalization to the total receptor levels. (c) Tissue

lysates (80 mg of total protein) were analyzed by immunoblotting for the

activation of Erk1/2, Akt and p38, using phospho-specific antibodies. Levels

of total Erk1, total Akt and b-actin were determined as loading controls. As

positive control (‘P’), MEF cells were treated with 20 ng/ml PDGF-BB for

5min. One representative result is shown out of a total of three

independent experiments.
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toxicity, we choose H2O2 concentrations that had been
reported to be cytotoxic for fibroblasts upon prolonged
exposure.15 Stimulation with PDGF-BB was used as positive
control. Interestingly, D849N-mutant cells showed a strongly
delayed activation of PDGFR-b compared to the wild-type
controls (Figure 2a), similar to that observed in vivo; whereas
in the wild-type cells the maximum of receptor activation
was reached already after 5min, it took 40min to get full
activation for the mutant cells. To a lower extent, this delayed
kinetics was also observed for activation of some of PDGFR-b’s
downstream targets, such as phosphorylation of Erk-1/2 and
Akt (Figure 2c). In contrast to the complex in vivo
situation shown in Figure 1c, the enhanced basal activation of
the downstream effectors in cells carrying the mutant
receptor was less pronounced in the cell culture experiments,
despite the clear basal activation of the mutant receptor
(Figure 2a and c) and only visible after prolonged exposure.

The PDGFR-b D849N Mutation Causes Enhanced
Proliferation and Activation of Hepatic Stellate Cells
after Acute Injury
To examine potential consequences of the altered kinetics of
PDGFR-b activation after CCl4 injury on the healing
response, we measured the proliferation rate of non-
parenchymal cells (the expression site of PDGFR-b in the
liver) at different time points after injury. As revealed
by BrdU-incorporation, mutant mice showed significantly
higher DNA synthesis 60h after CCl4 administration (Figure 3a),
the time point where both control and mutant mice reached
the maximal rate of proliferation. No difference was seen in
unchallenged livers and after 48 h, whereas after 36 h mutant
mice showed slightly lower BrdU incorporation. No sig-
nificant difference was seen in the proliferation of hepato-
cytes (data not shown). The distribution of BrdU-positive
cells over the liver was similar in both genotypes: 36 h after
injury, BrdU-positive cells were mainly found in the peri-
portal area; no BrdU-positive cells were found in the necrotic
areas. At 48 h, the first nonparenchymal BrdU-positive cells
were detected also in the necrotic areas and 60 h after CCl4
administration, high numbers of proliferating cells were
distributed all over the liver, with hepatocytes still restricted
to the undamaged areas.

As a second readout of the injury response, we examined
the activation of fibrogenic cells by immunostaining for the
marker ASMA. ASMA-positive cells comprise the smooth
muscle cells in the wall of the portal vein and artery, myo-
fibroblasts of the portal and pericentral area and activated
hepatic stellate cells along the sinusoids.16,17 In control-
injected animals, only the linings of the vessel walls (portal
and central) stained positive for ASMA. The first activated
fibrogenic cells were detected in the pericentral area 48 h after
injury (Figure 3b, upper panel). In some of the mutant
samples, ASMA staining seemed stronger than in the
controls, but did not reach statistical significance, due to the
high inter-individual differences. At 60 h after CCl4 injection,

ASMA-positive cells had spread widely around from the
central areas, whereas in the portal tract, staining was
restricted to the vessel walls. Morphometric measurements
revealed significantly stronger ASMA staining, and thus
HSC activation, in mutant compared to wild-type animals
(Figure 3c).

To exclude that the observed increase in proliferation and
HSC activation was a consequence of potentially higher
sensitivity toward CCl4 and subsequently larger tissue
damage rather than stronger PDGFR activation, we measured

Figure 2 Delayed response to H2O2 in D849N-mutant MEF cells. Wild-type

or D849N-mutant MEF cells were serum starved and subsequently

stimulated with 500mM H2O2 for the time indicated. Stimulation with

20 ng/ml PDGF-BB (5min) was used as a positive control (‘P’). (a) PDGFR-b
was immunoprecipitated from cell lysates (IP). Precipitated proteins were

analyzed by western blotting (IB) using anti-phospho-tyrosine (upper

panel) and anti-PDGFR-b (lower panel) antibodies. (b) Densitometric

quantification of the receptor phosphorylation and normalization to the

total receptor levels. (c) Cell lysates (20 mg) were analyzed by western

blotting for the activation of Erk1/2, Akt and p38, using phospho-specific

antibodies. Levels of total Erk1, total Akt and b-actin were determined as

loading controls. Total p38 was omitted, as it was below the detection level

of the antibody. One representative result is shown out of a total of three or

more independent experiments.
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necrotic areas within the livers on histologic sections; how-
ever, no difference in the amount of necrosis was found at
any of the time-points analyzed (data not shown).

The Fibrotic Response to Chronic CCl4 Injury is
Transiently Increased in PDGFR-b-D849N-Mutant Mice
Chronic liver injury, experimentally modeled by repeated
administration of CCl4, causes development of fibrosis. To
investigate if the enhanced activation of hepatic stellate cells
we observed after acute injury also leads to a stronger fibrotic
response, we treated mice twice a week with CCl4 (1 g/kg
body weight) for 2 and 4 weeks. This setup allowed us to

monitor both the onset of collagen deposition (2 weeks) and
to quantify established fibrosis (4 weeks). Using picrosirius
red staining to visualize deposited collagen fibers, we
observed a slight, but statistically significant, increase in
collagen deposition in the D849N-mutant animals after 2
weeks of treatment (Figure 4a). In contrast, after 4 weeks
there was no more difference between wild-type and mutant
mice (Figure 4b), indicating that this PDGFR-b mutation
mainly affects the acute injury response and the onset of fibrotic
disease, but is less important for the later stages of fibrosis.

Besides hepatic stellate cells, also myofibroblasts and portal
fibroblasts have been reported to participate in the fibrotic

Figure 3 Enhanced proliferation and fibrogenic cell activation in D849N-mutant mice after CCl4-induced acute liver injury. Wild-type (wt) or D849N-mutant

(DN) mice were injected with 1 g/kg CCl4 or mineral oil as control (MO) and killed after 36, 48 or 60 h. (a) Analysis of the proliferation rate of nonparenchymal

cells. Mice were injected with 50mg/kg BrdU 2 h before the end of the experiment. Sections from ethanol-fixed, paraffin-embedded tissue derived from

wild-type (left) and D849N-mutant mice (middle) (5 mice per time point and genotype) were stained with anti-BrdU antibody (dark brown signal) and

positive cells counted using Image J software. Hepatocytes (open arrow) and nonparenchymal cells (filled arrow) were distinguished morphologically. To

the right, results for nonparenchymal cells are shown. Statistical analysis was performed using Student’s t-test, P-values are P¼ 0.021 for 36 h, P¼ 0.447 for

48 h and P¼ 0.0004 for 60 h. (b, c) Analysis of cell activation. Sections from the same samples were stained with anti-ASMA antibody (dark brown signal).

(b) Representative mineral oil-treated control (MO), CCl4 treatment of wild-type and D849N-mutant mice for 48 and 60 h. Positive stained areas were

quantified morphometrically and presented as percent of the total image area. Results are shown in (c), P¼ 0.0015 for the 60 h time point. Scale bars:

100 mm, PV: portal vein, CV: central vein.
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response.18–20 Recently, the secreted protein gremlin has
been identified as a specific marker for myofibroblasts.17

We analyzed protein expression of gremlin in sections from

mice induced with CCl4 for 60 h, 2 and 4 weeks to further
characterize the fibrotic response in our mice (Figure 4c). We
found gremlin-positive cells along the liver sinusoids in mice

Figure 4 Slightly enhanced fibrosis in D849N-mutant mice. Mice were treated with 1 g/kg CCl4 twice weekly for 2 weeks (a) or 4 weeks (b). Fibrosis was

analyzed by staining sections from wild-type (left panels) and D849N-mutant (middle panels) animals with picrosirius red. Stained areas were quantified and

presented as percent of total tissue area (right panel). See legend to Figure 3 for details on statistical analysis. P-values are P¼ 0.032 for 2 weeks and

P¼ 0.948 for 4 weeks. Scale bars: 200 mm. (c) IHC-staining for the myofibroblast marker gremlin in sections from wild-type (upper panel) or D849N-mutant

(lower panel) mice, treated with CCl4 for 60 h (left panel), 2 weeks (middle panel) or 4 weeks (right panel) as described above. Scale bars: 100 mm.
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treated with CCl4 for 4 weeks, but not at earlier time points.
No significant difference was found between wild-type and
mutant animals (data not shown), in accordance with the
observation that collagen deposition was no longer elevated
in mutant mice at this time point. Similar results were
obtained for the portal tract fibroblast marker elastin (data not
shown). Therefore, we conclude that in our model, pericentral
hepatic stellate cells are the major cell type affected by the
D849N mutation, which is in accordance with both the strong
expression of the PDGF receptor in these cells8 and the fact
that CCl4 is predominantly a centrilobular toxin.21

Mutant Mice Lacking the Binding Site for PI3-Kinase in
the PDGFR-b Show Reduced Proliferation after Acute
Injury and Less Collagen Deposition after Chronic CCl4
Administration
Observations from other groups have shown a pivotal role of
PI3 kinase in mediating the effects of PDGF on proliferation
and migration of hepatic stellate cells.22 We recently estab-
lished mutant mice lacking the binding site for PI30 kinase in
the PDGFR-b (called ‘DPI3K’), thus eliminating the activa-
tion of PI3K in response to PDGF and certain downstream
signaling pathways, such as the Akt pathway.10 In several
aspects, MEF cells derived from these mice show the opposite
phenotype compared to cells carrying the D849N mutation
of the PDGFR-b, such as reduced chemotaxis in response to
the ligand. Therefore, we used these mice as a complementary
model to investigate the effects of altered PDGFR-b signaling
on injury response in the liver and onset of fibrotic disease.

Upon CCl4-induced liver injury, we observed a delayed
proliferative response in the DPI3K mice compared to the
wild type, with a significantly reduced number of BrdU-
positive cells after 48 h (Figure 5a). After 60 h, the mutant
mice had reached the proliferation level of the wild-type
mice, indicating a shift in the injury-response kinetics rather
than generally impaired proliferation.

Interestingly, this delayed response toward CCl4 resulted in
reduced collagen deposition, as revealed by Sirius red stain-
ing. This effect was more pronounced after 2 weeks of
chronic CCl4 application, but still statistically significant after
4 weeks (Figure 5b).

Reformation of Dermal Tissue after Skin Wounding is
Accelerated in Mice Carrying the Activating D849N
Mutation in the PDGFR-b
To confirm the effect of a mutated PDGFR-b on the kinetics
of injury response in a second wounding model, we per-
formed excisional skin wounding experiments with the
D849N mice. Release of PDGF by degranulating platelets is a
very early event after wounding,9 therefore we focused mainly
on the early phase of the healing response. Histological
examination of wounds at days 3 and 5 indeed showed
significantly enlarged areas of granulation tissue in the
mutant mice compared to the wild-type controls at both time
points (Figure 6a–c). In accordance with this observation, we
found a higher proliferation rate of dermal cells in 3-day
wounds, as revealed by staining for incorporated BrdU
(Figure 6d). The total number of BrdU-positive cells was

Figure 5 Reduced injury response in PDGFR-b-DPI3K-mutant mice. (a) Wild-type (left panel) and PDGFR-b-DPI3K-mutant (middle) mice received a single

injection of 1 g/kg CCl4 and were killed after 48 and 60 h. Proliferation was measured by BrdU incorporation as described in the legend to Figure 3. Pictures

show staining of 48 h sections. Quantification is shown to the right, P¼ 0.0014 for 48 h and P¼ 0.217 for 60 h. (b) Wild-type (left panels) and PDGFR-b-DPI3K-
mutant (middle) mice were treated with 1 g/kg CCl4 for 2 (left and middle panel) or 4 weeks. Fibrosis was analyzed by staining with picrosirius red and

quantified as described in Figure 4. The right panel shows results for 2 and 4 weeks. P¼ 0.0031 for 2 weeks, P¼ 0.019 for 4 weeks. Scale bars: 100 mm.
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elevated, and the area containing positive cells extended
farther toward the middle of the wound. Interestingly, at day
5 we observed a lower proliferation rate in the mutant mice
(Figure 6e), suggesting that they reached the peak of pro-

liferation earlier than wild-type mice, resulting in an earlier
reformation of the dermal tissue. Staining for blood vessels
using the endothelial marker PECAM revealed no differences
in the revascularization of the wound (Figure 6f). PDGF is
also thought to be involved in the differentiation of fibro-
blasts into myofibroblasts during wound healing, a process
responsible for wound contraction. However, in stainings
for the marker a-smooth muscle actin, equal amounts of
myofibroblasts were found in wild-type and mutant mice
(Figure 6f). In accordance with this finding, also morpho-
metric measurements did not reveal differences in wound
diameter (data not shown), indicating that the mutation does
not influence wound contraction. Other wound parameters
like reepithelialization and wound closure were not altered
either (data not shown).

DISCUSSION
Platelet-derived growth factor is a mitogenic factor involved
in a large variety of physiologic and pathologic processes,
such as angiogenesis, malignant transformation, fibrotic
diseases and tissue regeneration.4 In the present work, we
describe the effects of a gain-of-function mutation in the
PDGF b-receptor observed in animal models for tissue repair
processes.

Mutations of a conserved aspartate residue in the activa-
tion loop of related tyrosine-kinase receptors have been
found in a number of human tumors (reviewed in Jones and
Cross23). In particular, mutations of aspartate 842 in the
highly similar PDGFR-a were identified in gastrointestinal
stromal tumors. We therefore introduced an activating mu-
tation of the corresponding amino-acid residue in the pdgfrb
gene to generate an animal model of enhanced PDGFR-b
signaling.7 This mutation alone is not sufficient to cause
tumor formation, and mice also do not show abnormalities

Figure 6 Accelerated skin wound healing in D849N-mutant mice. Five mm

full-thickness excisional wounds were generated on the back of wild-type

(wt) and D849N-mutant (DN) mice. (a, b) Sections from the middle of 3- (a)

and 5-day (b) wounds were stained with hematoxylin/eosin. (c) Area

quantification of granulation tissue in 3-day (left) and 5-day- (right) old

wounds using Image J software. 12–15 wounds derived from 4–5 animals

were measured for each time point and genotype. Only functional new

tissue was counted, whereas pure matrix deposits were neglected.

P¼ 0.043 for 3-day and P¼ 0.016 for 5-day wounds (Student’s t-test). (d, e)

Analysis of the proliferation rate of cells within the granulation tissue. Mice

were injected with 50mg/kg BrdU 2 h before the end of the experiment.

Sections from the middle of the wounds were immunostained with anti-

BrdU antibody. BrdU-positive cells in the granulation tissue were counted

and depicted as the number of positive cells per 1000mm2 granulation

tissue (right panel). P¼ 0.024 for 3-day and P¼ 0.0015 for 5-day wounds as

revealed by Student’s t-test. (f) Sections from 5-day wounds from wild-type

(left) and mutant (right) mice were immunostained for a-smooth muscle

actin (ASMA, green) as a marker for myofibroblasts, and PECAM (red) as a

marker for endothelial cells/blood vessels. The area containing

myofibroblasts was measured for each wound (nine wounds per genotype,

P¼ 0.463), shown in the right panel. Scale bars: 100 mm.
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in unchallenged adult animals, thus making them an ex-
cellent model for studying the effects of enhanced PDGFR
signaling in disease models without interference of systemic
effects.

Embryonic fibroblasts carrying the D849N mutation show
ligand-independent activation of PDGFR-b, altered kinetics
of PDGF-response as well as enhanced proliferation and
chemotaxis.7 In this study, we investigated the effect of this
mutation in vivo, where many different factors are involved
simultaneously. We choose the model of CCl4-induced liver
injury to monitor PDGFR-b activation in response to tissue
damage, because the role of PDGF is well established in this
setup (reviewed in Bonner8). The most prominent difference
we found in mutant animals was the enhanced basal activa-
tion of PDGFR-b and several of its downstream effectors
such as Erk1/2, Akt and p38, thus correlating well with our

previous in vitro data. Interestingly, this activation did not
lead to enhanced proliferation or activation of hepatic stellate
cells in unchallenged animals, indicating that in vivo, either
the slightly elevated activity of these pathways is not sufficient
to induce HSC proliferation, or other regulatory mechanisms
exist that counteract the effects of activated PDGFR-b.
Against our expectations, the difference in the activation
pattern between wild-type and mutant PDGFR-b after CCl4
challenge was rather small. A notable feature was also the
very early phosphorylation response, already 10–20min after
injury. This time course seems too fast to be mediated
by release of PDGF from invading inflammatory cells or by
induction and secretion of PDGF by liver cells. Both
observations might be explained by the mechanism of CCl4-
induced liver injury: hepatotoxicity in this system is mainly
mediated by the generation of radicals and the production of

Figure 6 Continued.
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ROS.12 Recently, it has been shown that PDGFR-b, as well as
other tyrosine-kinase receptors, can be activated directly by
ROS.13,14 To investigate if the point mutation we introduced
into the PDGFR-b also affects its activation by reactive
oxygen, we studied this process in MEF cells. Surprisingly, the
mutated receptor displayed a markedly delayed response
toward ROS in cell culture, in contrast to the enhanced
activation by ligand. The mechanism of this effect remains
to be elucidated in further studies; it is possible that
conformational changes in the mutant receptor impair its
immediate activation by ROS, or that the overall sensitivity of
the cells toward reactive oxygen has been altered through an
adaptation process. It is tempting to speculate that two dif-
ferent mechanisms of PDGFR-b activation, by ROS and later
by PDGF, occur during CCl4-induced injury. Most likely the
activating point mutation we introduced influences both
processes in opposite manners, which would explain the
unexpected pattern of receptor activation we observed.

Does this altered activation pattern have any consequences
for the injury response in the mutant animals? In accordance
with higher receptor activation at later time points, we found
elevated proliferation levels in the mutant animals 60 h after
acute injury, but not at the onset of proliferation (36 and
48 h). In a chronic liver injury model, however, we saw only a
minor increase in the fibrotic reaction in the mutant animals,
indicating that the hyperactive PDGFR-b mainly affects the
early proliferative response after injury and the initial acti-
vation of fibrogenic cells, whereas it has only weak influence
on chronic disease.

The idea of PDGF as a factor regulating early events in the
development of fibrotic disease is supported by recent stu-
dies, suggesting that other growth factors, such as TGF-b, are
major players in collagen deposition and fibrosis formation
during chronic liver injury (reviewed in Gressner et al24). In
addition, it had been shown in rodent models that PDGFR
inhibitors are only effective against fibrosis if applied before
injury25,26 but do not revert already existing fibrosis.27 These
data are consistent with our results with mice lacking the
binding site for PI3-kinase on PDGFR-b, which show a
delayed proliferation in response to CCl4 injury, as well as a
weaker fibrotic response. The importance of the PI3K sig-
naling pathway for the activation of hepatic stellate cells by
PDGF has been demonstrated in vitro;22 however, we show
here for the first time that this pathway is also essential
in vivo.

As the dual mechanism of PDGFR-b activation by CCl4
complicated the interpretation of our results, we looked for a
second injury model to better understand the effects of a
hyperactive receptor on early injury response. During cuta-
neous wound healing, high amounts of PDGF are released by
platelets during the blood clotting process immediately after
the mechanic injury.9 Production of ROS during the
inflammatory phase of wound healing occurs later and at
relatively low amounts compared to CCl4 injury,

28,29 so it is
safe to assume that in the skin model PDGFR is pre-

dominantly activated by its ligand. We observed that the
activating mutation in the PDGFR-b shifted the kinetic of
proliferation in the dermal compartment and the formation
of granulation tissue toward earlier time points. Interestingly,
the proliferative phase of wound healing also ended earlier,
indicating that the regulatory mechanisms that control and
synchronize the healing response are not disturbed by the
mutant PDGF receptor.

Much of the knowledge about PDGF actions during injury
response and tissue regeneration is derived from studies that
rely on overexpression or application of high amounts of
exogenous PDGF.30,31 Here we show that the rather moderate
increase in PDGF signaling we achieve by a single point
mutation in the PDGFR-b is sufficient to increase particu-
larly the early proliferative phase of injury response.
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