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Abstract. Parkinson’s disease is characterized by motor deficits caused by loss of midbrain dopaminergic neurons. Neurotrophic
factors and cell transplantation have partially restored function in models of Parkinson’s disease, but have had limited effects in
humans. Here we show that intracerebroventricular administration of platelet-derived growth factor-BB can offer an alternative
strategy to restore function in Parkinson’s disease; In animal models of nigrostriatal injury, a two weeks treatment with platelet-
derived growth factor-BB resulted in long-lasting restoration of striatal dopamine transporter binding sites and expression of
nigral tyrosine hydroxylase. It also normalized amphetamine-induced rotational behavior in 6-hydroxydopamine lesioned rats.
Platelet-derived growth factor-BB promoted proliferation of neural progenitor cells in the subventricular zone. The effects on
dopaminergic neurons and functional recovery could be blocked by co-infusion with a proliferation inhibitor, indicating a link
between the proliferative and anti-parkinsonian effects. Based on the current data, we consider platelet-derived growth factor-BB
a clinical candidate drug for treatment of Parkinson’s disease.

Keywords: Platelet derived growth factor, Parkinson’s disease, subventricular zone, progenitor cell, 6-hydroxydopamine, MPTP

INTRODUCTION

Parkinson’s disease (PD) is a common neurode-
generative disease with the cardinal signs of resting
tremor, slowness of movement (bradykinesia) and
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rigidity. Symptoms are largely attributable to a pro-
gressive loss of dopaminergic (DA)-ergic neurons in
the substantia nigra pars compacta (SNpc) and as a
consequence, an impaired DAergic input to the stria-
tum and other brain regions. There is a significant
medical need for treatment strategies that could mod-
ify the disease and restore some of the functionality
of the degenerating nigrostriatal neuronal pathways.
Two restorative approaches, supplying protein factors
that can rescue dying DAergic neurons or transplant-
ing DA-producing cells, have been explored for more
than two decades, both preclinically and clinically. The
most extensively investigated strategies are intracere-
broventricular (i.c.v.) or intraparenchymal delivery of
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glial cell line-derived growth factor (GDNF) or embry-
onic cell/tissue grafting into striatal regions. While
these approaches have been effective in various ani-
mal models, the results of clinical placebo-controlled
trials have been so far disappointing [15, 25, 33]. Most
recently, moderately positive clinical results have been
reported using the GDNF-like protein neurturin deliv-
ered via an adeno-associated viral vector [28]. Overall
however, it remains important to identify other mech-
anisms relevant to restoration of DA-functionality.

The platelet-derived growth factor (PDGF) family
comprises growth factors that act via tyrosine kinase
receptors. The PDGFs stimulate various cellular func-
tions such as proliferation, growth and differentiation.
The PDGF-BB isoform, but not −AA, has been shown
to increase survival of DAergic cells in vitro, suggest-
ing that it’s in vivo administration could be beneficial in
PD [34, 38]. PDGFs promote the proliferation of glial
precursor cells and are possibly important to maintain
a pool of neural and glial precursor cells in the brain
[12, 13, 22]. In line with this, PDGFs potentiate prolif-
eration, migration and neuronal differentiation in vivo
in the subventricular zone (SVZ) and striatum [21, 30].
The SVZ is located in the walls of the lateral brain
ventricles and known to harbor neural stem and pro-
genitor cells. Interestingly, DAergic fibers originating
in the SNpc innervate the SVZ of mice [2] and non-
human primates [16]. The SVZ in PD patients display
cellular losses, in particular cells which have a regen-
erative capacity [20]. It has been suggested that the
stem/progenitor cell niche in the SVZ is dependent on
DAergic input to maintain a normal cellular turnover.
The possibility that an increased cell proliferation in
e.g. the SVZ could influence the DAergic system has
been suggested, but not addressed in any greater detail
[4, 9, 12, 14]. To elucidate a potential effect of PDGF
on the nigrostriatal DAergic system we investigated
the effects of 14 days of i.c.v. infusion of PDGF-BB in
models of PD in mice and rats. To partially address the
mechanism by which an effect is mediated, we inhib-
ited the proliferative response elicited by PDGF-BB,
by co-administering a mitosis-blocker in a rat model
of PD.

MATERIALS AND METHODS

PDGF-BB in MPTP lesioned mice and subsequent
analyses

Two different experimental designs were used to
study the effect of PDGF-BB (Sigma) in mice (C57

Bl/6, 10 weeks old) after a lesion induced by l-methyl-
4-phenyl-l,2,3,6-tetrahydropyridine (MPTP; Fig. 1a,
b): A, to assess the effects on cell proliferation in
the forebrain, mice were given four doses of MPTP
intraperitoneally (i.p.; 15 mg/kg × 4, 2 h apart). One
week post-lesion, osmotic pumps linked with brain
infusion kits delivered PDGF-BB at 36 ng/day into the
right lateral ventricle. The pumps also contained the
proliferative marker 5-bromo-2′-deoxyuridine (BrdU,
1 mg/ml) and co-delivered the two compounds for two
weeks. Mice were sacrificed two days after the end of
treatment, half of the forebrain was taken for immuno-
histochemical evaluation and the other half for DA
transporter (DAT) autoradiography. Antibodies against
the following proteins were used in these mouse MPTP
experiments: Doublecortin (Dcx) to identify imma-
ture neuroblasts, neuronal nuclei (NeuN) to identify
mature neurons, glial fibrillary acidic protein (GFAP)
to identify astrocytes, chondroitin sulphate proteogly-
can 4 (NG2) to identify immature oligodendrocytes,
Iba-1 to identify monocyte lineage cells (such as
microglia and macrophages) as well as a vascular
stain (tomato lectin) to identify endothelium and peri-
cytes. B, to assess PDGF-BB-induced neurorestorative
effects on the MPTP-lesioned midbrain, a single dose
of MPTP (40 mg/kg, s.c.; [8]) was given 3 h before
i.c.v. administration of PDGF-BB (36–60 ng/day) via
osmotic pumps. Drug delivery for the highest dose
was 0.1 �g/h/kg body weight. The treatment lasted
for 7 days. One week or eight weeks later, animals
were anesthetized with chloral hydrate (60 mg/kg i.p.)
and sacrificed by intracardial infusion of fixative (4%
paraformaldehyde in PBS). After dissection of the mid-
brain, it was divided along the ventro-dorsal midline
and postfixed and cryoprotected in sucrose. Cryostat
sections were prepared as follows: one hemisphere was
sectioned into 40 �m sections throughout the midbrain,
which contains SNpc. A randomly chosen series of
every 6th section was used for free-floating immuno-
histochemistry using a polyclonal anti-TH antibody
(Pel-Freeze, diluted 1 : 400) to identify DA neurons
in the tissue. To visualize the antibody, the avidin-
biotin peroxidase kit (Vector), with 0.03% DAB as
chromagen, was used adding 0.01% H2O2. Cresyl vio-
let was employed to visualize the nucleolus in neuronal
nuclei, Nissl substance in neurons and the nucleus in
glia cells [23]. The total number of TH-positive/cresyl
violet positive neurons in SNpc was estimated with
the optical fractionator as published earlier [8, 23,
43]. Briefly, the slides were viewed using l00× oil-
immersion objectives with a numerical aperture of 1.4.
With a random start outside SNpc, counting frames
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Fig. 1. Timelines illustrating the various experimental designs, a, mouse proliferation and cell fate experiments. MPTP or saline were given
1 week prior to a 2 weeks treatment with vehicle or PDGF-BB. Animals were sacrificed 2 days after end of treatment, b, mouse restorative
experiment. MPTP or saline were given 3 hours prior to a 1 week treatment with vehicle or PDGF-BB. Animals were sacrificed either at end
of treatment or 7 weeks after end of treatment. c, rat rotational experiment. 6-OHDA or sham lesions were made 5 weeks prior to a 2 weeks
treatment with vehicle or PDGF-BB. Animals were sacrificed 10 weeks after end of treatment (rotational assessment was carried out before
treatment and weekly throughout the remainder of the experiment), d, rat Ara-C experiment. 6-OHDA lesions were made 5 weeks prior to a
2 weeks treatment with either vehicle, PDGF-BB, vehicle+Ara-C or PDGF-BB+Ara-C. Animals were sacrificed 6 weeks after end of treatment,
(rotational assessment was carried out before treatment and weekly throughout the remainder of the experiment).

were systematically sampled within the SNpc area
using an X-Y microscope stage step motor linked to
a computer assisted stereology toolbox (CAST 2.0,
Visiopharm, Hoersholm, Denmark). Evaluating both
the total thickness of the sections and the entire SNpc
area, the morphological measurements were carried
out in a three-dimensional fraction of the entire SNpc
volume, i.e. by means of the optical fractionator. The
sampling volume in the z-axis extended from 4 �m
from the top of the section 8 �m deep, thus excluding
the parts of the section close to the slide or coverslip
[43]. In the X-Y plane the sampling volume was deter-
mined by the counting frame. The population of nigral
neurons displaying both Nissl substance (cresyl violet
stain) and expressing TH immunoreactivity in the cell
body/neuropil were analyzed. Only neurons with their
nucleolus inside the sampling volume were counted.

The rotator was used for the cell volume estimates.
Coefficient of error for each estimate was <0.09.

6-OHDA lesioned rats

Male Sprague-Dawley rats weighing 280–350 g
were housed in a temperature-controlled room under a
12 h light/dark cycle with free access to food and water.
Thirty minutes prior to surgery, animals were injected
i.p. with pargyline (5 mg/kg; monoamine oxidase
inhibitor) and desipramine (25 mg/kg; noradrenaline
uptake inhibitor). Rats were then placed in a stereo-
tactic frame under general anaesthesia (Halothane).
A small burr hole was made in the right side of the
skull. Animals received a unilateral injection of 4 �g
6-hydroxydopamine (6-OHDA; in 2 �l sterile water
with 0.1% ascorbic acid) or vehicle into the right
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medial forebrain bundle at co-ordinates −2.8 mm from
bregma, 2 mm lateral to the midline, and 8.6 mm below
the skull according to Paxinos and Watson [36]. The
6-OHDA injection was made over a 5 min period using
a 5 �l Hamilton syringe and the dose was chosen as
an optimal dose giving a partial unilateral decrease of
DAT as analyzed by autoradiography; 4 �g 6-OHDA
elicited a 51 ± 11% reduction in DAT binding com-
pared to unlesioned side (p < 0.01 paired t-test). 6 �g
6-OHDA elicited a 99 ± 0.6% reduction in DAT bind-
ing compared to the unlesioned side (p < 0.001 paired
t-test; data not shown). This degree of lesioning is in
line with data published by Barnèoud and colleagues
[3] who showed that, following 6ug 6-OHDA injected
into the medial forebrain bundle of 29 rats, only 13
rotated when challenged with apomorphine and were
thus fully lesioned with 99.8% loss of dopamine. Of
the remaining 16 rats, 11 were partially lesioned rats
and rotated to amphetamine but not apomorphine and
were reported to have a 72% lesion when analyzed
post mortem. The rats were allowed to recover for
5 weeks following the lesion. The animals were then
implanted with an Alzet minipump attached to a can-
nula to allow infusion of PDGF-BB (36 ng/day) or
vehicle into the right lateral ventricle over a period of
2 weeks (Fig. lc). The Alzet minipump was removed
1 week later. Some animals received mitotic blocker
Ara-C 10 mg/ml in the minipump (Fig. 1d). Alzet
osmotic mini-pump model 2002 was used for the rats
with a volume of 200 �l, pumping rate 12 �l/d for
14 days.

Study design rotational study

There were 4 groups of rats, individual rats being
randomly assigned to a treatment group. Initially there
were 23 rats in the lesion + vehicle group, 29 rats in
the lesion + PDGF-BB group and 8 rats in each sham
group, treated with vehicle and PDGF-BB, respec-
tively. In the lesion + vehicle group, 13 rats were
partially lesioned and 6 were fully lesioned. One died
and 3 did not display any rotation to amphetamine; in
the lesion+PDGF-BB group, 17 were partially lesioned
and 7 were fully lesioned. One died and 4 did not
display any rotation to amphetamine. The rats were
left for 10 weeks after end of treatment and sacri-
ficed for post mortem studies. In addition, there were
2 groups of partially lesioned rats (3 rats in each) that
received BrdU (+PDGF-BB or vehicle) and were killed
after the 2 week infusion period. During the study
the animals received 0.05 mg/kg s.c. apomorphine and
5 mg/kg i.p. amphetamine once a week to measure rota-

tional response (Fig. lc). Spontaneous locomotion was
assessed in an open field test using an automated activ-
ity monitoring system (AM1053, Linton Instruments,
UK). The AM1053 uses an array of 48 infrared beams,
24 on each of 2 levels measuring horizontal activity and
rearing movement, respectively. The activity detector
operates by counting the number of times the beams
change from unbroken to broken and incrementing the
relevant counters.

Study design Ara-C study

The Ara-C dose was titrated by administering four
randomly assigned groups of rats either vehicle alone
(comprising of BrdU 1 mg/ml and 0.1% RSA in PBS),
or vehicle plus 0.55 mg/ml, 3.3 mg/ml or 20 mg/ml
Ara-C in the pumps. The pumps delivered the respec-
tive solution for 2 weeks. Then, the mice were sac-
rificed and the BrdU labeled cells were quantified in the
SVZ and striatum. There was a clear dose response in
the number of cells stained positive for BrdU. Although
the number of BrdU cells were greatly diminished fol-
lowing 3.3 and 20 mg/ml Ara-C in both striatum (56%
and 74% reduction, respectively) and SVZ (53% and
87% reduction, respectively, all values p < 0.01, One-
way ANOVA with Dunnett’s Post-hoc Test), small cells
appeared around the third ventricle in the highest dose
group which were not present in any other group. The
morphology of the cells was affected as well and for
this reason, the 20 mg/ml dose was considered too high.
The final dose was set at 10 mg/ml Ara-C, which was
aimed by extrapolation to give an approximate 68%
reduction of the number of BrdU positive cells in stria-
tum and 75% reduction in the SVZ. In the following
experiment, there were four 6-OHDA lesioned groups
of rats, individual rats being randomly assigned to a
treatment group. One group received vehicle one group
PDGF-BB (36 ng/day), one group Ara-C (10 mg/ml),
and the fourth group was given both Ara-C and PDGF-
BB. During the study animals received 0.05 mg/kg
s.c. apomorphine and 5 mg/kg i.p. amphetamine once
a week to measure rotational response. The inclu-
sion criterion was 75 rotations over one hour. Prior to
pump implantation, amphetamine induced 528 ± 174,
475 ± 127, 430 ± 141 and 561 ± 90 net ipsiversive
rotations in the vehicle (N = 7), PDGF-BB (N = 10),
Ara-C (N = 7) and Ara-C + PDGF-BB (N = 7) groups,
respectively. There was no difference in amphetamine
induced rotations between any of the groups compared
to the vehicle-treated (p > 0.05; Student’s t-test). No
animals rotated in response to apomorphine, i.e. only
partially lesioned animals were included. The rats were
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analyzed for a further 6 weeks after the end of treatment
and before being sacrificed for post mortem studies
(Fig. 1d).

DAT binding

Levels were determined by receptor-radioligand
binding autoradiography using the high affinity DAT
compound N-(3-iodoprop-2 E-enyl)-2beta-carbo-
methoxy-3beta-(4-methylphenyl) nortropane (PE2I)
in the striatum. The value of this measure lies in
determining whether sprouting of DAergic neurons
has occurred. The radiolabeling of PE2I was per-
formed from the stannyl precursor in order to identify
the DAergic nerve endings [18]. After purification,
PE2I was obtained in a no-carrier-added form with a
specific activity of 2000 Ci/mmol [10]. PE2I was kept
in ethanol at −20◦C and is stable for 1 month under
these storage conditions. Sections were incubated for
90 min at 25◦C with 50 pM PE2I in pH 7.4 phosphate
buffer (NaH2PO4 10.14 mM, NaCl 137 mM, KC1
2.7 mM, KH2PO4 1.76 mM) as previously described
[5, 6, 17]. Following incubation, sections were washed
twice for 20 min in phosphate buffer at 4◦C and then
dipped in distilled water at 4◦C. After drying at room
temperature, sections were exposed to �-radiation
sensitive film (Hyperfilm �-max, Amersham, UK) in
X-ray cassettes, for 2 days. Densitometric analysis
of autoradiographs was performed using an image
analysis system (Image ProPlus). The optical density
was assessed in both the rostral and caudal part of
the caudate-putamen defined according to a rat brain
atlas. Three sections per animal were analyzed by
an examiner blinded to the experimental conditions.
Optical densities were averaged in each animal
and converted to amount of radioactivity bound by
comparison to the previously measured sections from
control animals. Mean radioactivity bound and SEM
was calculated for each group. Data was expressed in
fmol/mg of tissue equivalent.

Immunohistochemistry of cellular markers

Brains were cut into 14 �m coronal sections using
a cryostat microtome. The sections were thawed
onto pretreated slides and fixed in 4% (wt/vol)
paraformaldehyde/PBS for 10 min. For tissue to be
stained for BrdU, the sections were treated with 2 M
HC1 at 37◦C for 30 min to increase accessibility of
the anti-BrdU antibody to the cell nuclei. The sec-
tions were rinsed in PBS and transferred to blocking
solution (PBS; 0.1% Tween; 10% donkey/goat serum)

overnight at 4◦C. The following primary antibod-
ies were used for: TH (AB152, Chemicon; 1 : 800),
Ki67 (mouse IgG, NCL-Ki67-MM1; Immunkemi,
1 : 100), Sox2 (goat IgG sc-17320; SantaCruz,
1 : 100), PDGFRalpha (Rabbit IgG SantaCruz; 1 : 100),
PDGFR-beta (Rabbit IgG SantaCruz; 1 : 100), RECA
(mouse IgG Serotec; 1 : 1000) and BrdU (rat anti-
BrdU, Harlan Sera Labs; 1 : 100). For diaminoben-
zidine staining, primary antibodies were applied in
blocking solution for 60–90 min at room temperature
or over night at 4◦C. After washing in PBS/0.1%
Tween for 3 × 30 min, secondary biotinylated anti-
bodies (goat anti-rabbit and goat anti-rat, VectorLabs)
were added at a 1 : 200 dilution in blocking solution
for 60 min at room temperature. The sections were
washed for 2 h prior to treatment with Vectastain Kit
(VectorLabs) according to the manufacturer’s protocol.
After 1 hour of washing, the BrdU-antibody com-
plex was detected using 0.05% diaminobenzidine with
0.01% H2O2, and counterstained with Hematoxylin.
The sections were dehydrated in a graded series of
ethanol concentrations, followed by xylene and 99%
ethanol, and mounted in Pertex. For fluorescent stain-
ing, goat-anti-mouse Alexa 555, donkey-anti-rabbit
Alexa 488, and donkey-anti-goat Alexa 555 were
used as secondary antibodies. DAPI was used as
nuclear stain. The fluoresent sections were mounted
in ProlongGold anti fade mounting media (Invitro-
gen). Sections were visualized using a Nikon Eclipse
E600 microscope and pictures taken with a Spot Insight
CCD camera.

RESULTS

Histological analysis of cells in MPTP-lesioned
mice

PDGF-BB was administered together BrdU for 14
days, starting one week after lesioning with MPTP
(4 × 15 mg/kg, i.p.; Fig. la). As a sign of pre-synaptic
DA-system improvements, DAT was up-regulated on
the side ipsilateral to the PDGF-BB treatment (Fig. 2a)
when analyzed at two days post treatment (p = 0.0204,
Kruskal-Wallis ANOVA, p = 0.029, Mann Whitney
U-test, MPTP/vehicle versus MPTP/PDGF-BB). A
significant increase in cell proliferation was seen in the
ventricular wall and striatum (Fig. 2b, c) and BrdU pos-
itive cells were typically co-labeled with NG2, Dcx and
tomatolectin, indicating proliferation of oligodendro-
cytic and neuronal precursor cells, as well as vascular
cells, respectively (Fig. 3a–d).
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Fig. 2. Rodent models of PD. a, DAT binding; in mice that did not receive MPTP, levels of DAT binding were similar regardless of whether
they were infused with vehicle or PDGF-BB. In mice treated with MPTP and then infused with vehicle, DAT binding was decreased by
approximately 75%. This reduction was significantly reversed in mice injected with MPTP and then infused with PDGF-BB; in these animals,
levels of DAT were increased by 100%. The graph shows median values ±max, min. ∗p = 0.029, Mann-Whitney U-test, compared to MPTP-
vehicle, b, Photomicrographs showing BrdU positive cells in the MPTP lesioned mouse brain, c, Significant increase in number of BrdU positive
striatal cells following treatment with PDGF-BB compared to vehicle in the MPTP lesioned mouse brain ∗p < 0.05, Student’s t-test. d, The effect
of PDGF-BB (36 ng/day, 14 days; i.c.v.) on net ipsiversive rotations following amphetamine challenge (5 mg/kg; i.p.) in the 6-OHDA lesioned
rat model of PD, p < 0.01 lesion + treatment group, weeks 2–12 vs. week 0; two-way repeated measures ANOVA show significant effect with
respect to treatment (F1,25 = 5.3724, p = 0.02893) and Scheffe’s post-hoc test revealed significant changes in average rotations at week 5–12,
compared to baseline value (week 0) of the group selected for PDGF-BB treatment (∗∗ = p < 0.01 and ∗∗∗ = p < 0.001). No difference in mean
baseline rotation could be seen at week 0 when comparing the groups selected for vehicle and PDGF-BB treatment, respectively (nor were there
any other significantly different means when comparing all against all). e, The effect of PDGF-BB (36 ng/day, 14 days; i.c.v.) in combination
with Ara-C (120 ng/day, 14 days; i.c.v.) on striatal DAT binding. Data are presented as percentage binding compared to un-lesioned striatum.
∗p < 0.05 compared to vehicle group; one-way ANOVA followed by Dunnett’s test. f, The effect of PDGF-BB (36 ng/day, 14 days; i.c.v.) in
combination with Ara-C (120 ng/day, 14 days; i.c.v.) on % pre-pump rotations induced by amphetamine (5 mg/kg, i.p.) in the 6-OHDA lesioned
rat model of PD. ∗∗p < 0.01 vs. week 0; one way repeated measures ANOVA followed by Dunnett’s test.

Motorbehavior and histology in Parkinsoninan
rats

To assess a potential PD-related behavioral effect
following PDGF-BB treatment, including any associ-
ation with cell proliferation, we used a partial unilateral
6-OHDA lesioned rat model. Animals presenting rota-
tions when challenged with amphetamine alone, but
not apomorphine, were considered partially lesioned
[31]. The partially lesioned and fully lesioned vehi-
cle treated rats had a significantly different loss of
striatal DAT-binding (73.6% and 91.7%, respectively;
p = 0.00689, Student’s t-test). We chose to adminis-
ter PDGF-BB (36 ng/day; i.c.v.) five weeks after the
lesion (Fig. lc), to avoid assessing a more direct neuro-

protective effect. A significant effect on amphetamine
induced behavior was seen at 4–6 weeks after initi-
ating the PDGF-BB treatment, i.e. 2–4 weeks after
the end of treatment. The treatment resulted in a com-
plete restoration of rotational asymmetry and the effect
lasted until the study was terminated 10 weeks post-
treatment (Fig. 2d). No difference with respect to
baseline motor activity, when analyzed in an open field
test, was seen in comparison to vehicle treated animals
(data not shown). In contrast, rats that were shown
to have a more complete lesion, based on their rota-
tional behavior in response to apomorphine, did not
show any significant improvement in behavior after
the identical PDGF-BB treatment (data not shown).
In apomorphine responsive rats, we could not detect
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Fig. 3. The distribution and phenotype of newborn cells within the SVZ and adjacent striatum. a, Within the striatal parenchyma of either
un-lesioned or MPTP lesioned animals, the predominant progenitor cell derived population were newborn NG2 oligodendrocytes, arrow in
(BrdU = red and NG2 = blue). b, Because of the injury, newborn vascular cells (lectin-positive; green and asterisks) and microglia (Iba-1; blue
and arrow) were abundant in tissues from all MPTP-treated mice. c, Most of the Ibal-positive monocytes (green) were co-decorated with NG2,
(blue). d, Although rarely, we did find evidence for recruitment of neurogenesis within the MPTP-lesioned striatal parenchyma (dcx = white,
BrdU = red, NeuN = green) either with or without PDGF-BB treatment, but were able to easily detect BrdU-labeled NeuN-positive neurons
within the hippocampus (e; NeuN = green, BrdU = red), d and f, Consistent with the findings in rats, we did note an increase in the number of
Dcx-positive progenitors in the more ventral regions of the SVZ proper. Scale bars = 50 �m in a and b, 20 �m in c–e.

TH containing fibers in the SVZ, while such fibers
were present in all partially lesioned animals, treated
and untreated (Fig. 4a). The magnitude of the prolif-
erative response to PDGF-BB, i.e. increased number
of BrdU positive cells was similar in rats irrespective
of the degree of lesion. No turning behavior could be
induced in sham lesioned animals, neither following
vehicle nor following PDGF-BB treatment.

Functional effects in relation to proliferation

To investigate whether a relationship existed be-
tween the behavioral/histological/biochemical im-
provements caused by PDGF-BB and its proliferative
effects, we used the mitotic blocker Ara-C [24] at a
dose (10 mg/ml) that reduced PDGF-BB-induced pro-
liferation by 70%. In 6-OHDA lesioned rats (Fig. 1d),
co-administration of Ara-C with PDGF-BB impeded
the effects of PDGF-BB on striatal DAT binding and
amphetamine induced rotations (Fig. 2e, f), as well as
TH expression in SNpc (Fig. 5a–d).

The underlying structural restorative mechanism
was further analyzed in a separate study in mice.
PDGF-BB was administered i.c.v. for 7 days, starting
3 hr after a partial MPTP-induced lesion (40 mg/kg,
s.c.; Fig. 1b). Compared to untreated animals, there
was an increased number of TH immunoreactive/cresyl
violet staining neurons in SNpc as well as an increased
density of TH positive fibers in the dorsal stria-
tum following PDGF-BB treatment at eight weeks,
but not at 1 week, post treatment (Fig. 6). Taken
together, these findings in rodents suggest a delayed,
cell proliferation-dependent structural and functional
restorative effect on the DAergic system mediated by
PDGF-BB.

Expression of PDGF receptors in rats

PDGF-BB is known to activate both PDGF-alpha
and -beta receptors. In the rat, the PDGF receptor
(PDGFR) -alpha was expressed in cells of the SVZ
(Fig. 4b). Proliferating cells were abundant in the SVZ
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Fig. 4. Striatal micrographs. a, TH fibers in the medial striatum and SVZ following two weeks of vehicle or PDGF-BB treatment in partially
vs. fully 6-OHDA lesioned rats. b, the presence of PDGFR-alpha positive cells (green) in proximity to TH fibers (red) in the SVZ and medial
striatum. The nuclear stain DAPI is seen in blue. Scale bars = 50 �m.
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Fig. 5. Immunohistochemistry in rat SNpc and SVZ. a, Clear upregulation of TH expression was seen at ten weeks after end of treatment with
PDGF-BB alone compared to b, vehicle, c, Co-treatment with Ara-C or d, Ara-C alone did not show any upregulation. Scale bar = 500 �m. e-h,
Partially lesioned 6-OHDA rat brain treated with PDGF-BB (36 ng/day) by continuous i.c.v. infusion during 14 days, e, Photomicrographs show
Sox2 positive (green) multipotent progenitor cells. f, Ki67 positive (red) proliferating cells, g, co-localization of Sox2 and Ki67 in several cell
nuclei (white arrow heads) along the lateral ventricle wall. h, DAPI was used as nuclear stain. The same region is shown in (e–h) (LVW = lateral
ventricle wall; scale bar = 50 �m).
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Fig. 6. Quantification of TH expression, a, Means ± S.D. of stereological cell counts of TH positive/Nissl stained neurons in SNpc in mice
treated with PDGF-BB starting 3 h after a single injection of MPTP (40 mg/kg, sc) are shown at one week post-lesion and b, at eight
weeks post-lesion. PDGF-BB (60 ng/day, approximately 2.4 �g/kg/day for seven days) significantly restored nigral neuronal loss at eight
weights, but not at one week post-lesion (ANOVA, Scheffe’s post − hoc, ∗p < 0.05, N = 3–6 in each group). Representative photomicro-
graphs of TH immunoreactivity in the dorsal striatum after a similar MPTP lesion protocol in mice receiving PDGF-BB (36 ng/day) are
shown with low magnifications inserted in the upper left corner (bar = 200 �m, *= dorsal striatal corner next to the left lateral ventricle,
**= anterior commissure, rectangle illustrates sample area for high magnification). c–f, High magnification of TH positive nerve terminal
networks are shown at one week post-lesion and g–j at eight weeks post-lesion, c, No difference is observed in the non-lesioned mice in
the mid-striatum, vehicle versus e, PDGF-BB, one week post-lesion or in the caudal striatum, g, vehicle versus i, PDGF-BB, eight weeks
post-lesion. j, In contrast, a robust increase in nerve terminal TH expression is seen after PDGF-BB (36 ng/day, approximately 1.4 �g/kg/day
for seven days) in the MPTP lesioned mouse at eight weeks post-lesion, compared to, h, the vehicle treated lesioned mouse. At one week
post-lesion no difference is seen between the two treatment groups, f, MPTP+PDGF-BB, versus d, MPTP+vehicle. Bar in high magnification =
10 �m.

and frequently stained positive for Sox2, based on co-
staining with Ki67 (Fig. 5e–h). In proximity to the
SVZ, some cells co-expressing Sox2 and PDGFR-
alpha could be seen (Fig. 7). The PDGFR-beta was
also expressed in cells of the SVZ and medial stria-
tum but more predominantly on vascular pericyte cells
although proximal RECA positive endothelial cells did
not appear to express the receptor on the examined
sections (Fig. 8).

DISCUSSION

The data in this study demonstrate that PDGF-BB is
effective in counteracting histological, behavioral and
biochemical changes in experimental rodent models of
PD. In the 6-OHDA-lesioned rat, normalization of the
rotational behavior after PDGF-BB treatment lasted
for 10 weeks. Co-administration of Ara-C abolished
the effects, demonstrating for the first time a functional
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PDGFR alphaSox2 DAPI

LV

Fig. 7. In the rat SVZ, PDGFR-alpha (green) was found to be co-expressed by a subset of Sox2-positive cells (red) as shown by confocal
microscopy. DAPI (blue) was used as nuclear stain. LV, lateral ventricle.

relevance of a PDGF-induced cell proliferation in a
model of CNS disease. The most abundant cell types
appearing in the SVZ and most medial parts of the stria-
tum as a result of PDGF-treatment, were positive for
markers of progenitor/precursor cells, i.e. NG2, Dcx,
and Sox2, the latter being a marker of early neural pro-
genitors with retained multipotency and self-renewal
capacities [40]. Our data imply that proliferating and
partially maturing cells in the stem and progenitor cell
niche of the SVZ can elicit long lasting influence on the
DAergic system. Other contributing factors, e.g. direct
neuroprotection and/or cell-genesis in SNpc, cannot
be completely ruled out, however [34, 38, 46, 47]. The
PDGF-R-beta is expressed on cells found in close prox-
imity to vessels which may be pericytes. There was
no apparent vascular proliferation seen in response

to PDGF-BB stimulation in the rat, suggesting that
the effects of PDGF-BB on the DAergic system were
unlikely to be mediated by vascular cells.

Both PDGF-alpha and beta receptor chains are
expressed on cells that express markers associated with
progenitor cell properties [21, 22]. Thus, PDGF-BB
has the ability to stimulate several progenitor-like cell
types, while this might not be the case for PDGF-
AA and PDGF-CC, which are limited to activation
of alpha-alpha and alpha-beta receptor dimers [26].
In a recent paper [41], PDGF-CC was shown to
be neuroprotective for DAergic neurons after direct
administration into the SN and also to increase the
expression of multiple neurotrophic factors both in the
brain and the retina. Given the overlap in receptor acti-
vation properties between the -BB and -CC isoforms, it
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Fig. 8. In adult rat brain, PDGFR-beta (green) was predominantly expressed by pericytes. Endothelial cells expressing RECA (red) are surrounded
by PDGFR-beta expressing pericytes (green) in the brain microvasculature (top row). A brain capillary in striatum showing a single RECA-
positive endothelial cell (red) closely attached to a PDGFRbeta-positive pericyte (green) (middle and bottom row). Nuclei was stained with
DAPI (blue).

is possible that up-regulation of trophic factor expres-
sion by dividing cells or their progeny contribute to the
PDGF-BB mediated effects.

The pattern of receptor expression and proliferative
response in combination with the lack of therapeu-
tic effect in Ara-C treated rats in our study, support
a hypothesis whereby PDGF responsive proliferating
cells mediate the effect on the DAergic system. The
molecular basis of this effect warrants further inves-
tigation in models in which specific cell types can be
selectively manipulated.

Other trophic factors, i.e. epidermal growth fac-
tor (EGF), fibroblast growth factor-2 (FGF-2), brain
derived neurotrophic factor (BDNF) and transform-
ing growth factor alpha (TGF�) administered into the
ventricles of experimental animals can promote an
increase in the mitotic activity of progenitor cells,
migration of progenitor cells into nearby areas (includ-

ing the striatum) and differentiation into cells of both
neuronal and glial lineage [14, 29, 37]. BDNF has been
proven effective in models of PD [1, 42]. A depen-
dency on cell proliferation for the therapeutic effect
elicited in animals has not been described for BDNF.
In the rat the BDNF receptor, TrkB, is not expressed
on dividing cells, supporting a protective mechanism
of action on more differentiated cells [37]. EGF and
FGF-2 have been tested in models of PD, and were
found to have positive effects on various aspects of the
DAergic system when given shortly (up to 4 hours)
after toxic injury [7, 19]. Conflicting results have been
presented regarding effects of TGFa in models of PD
[9, 14].

Glial Derived Growth Factor (GDNF) and Nerve
Growth Factor (NGF) have previously been deliv-
ered via the i.c.v. route with limited success. Repeated
bolus doses of GDNF to PD patients was clinically



O. Zachrisson et al. / Restorative Effects of PDGF-BB in Rodent Models of Parkinson’s Disease 61

unsuccessful, possibly due to poor tissue penetration to
dopaminergic target cells and fibers [32]. NGF caused
aberrant pain sensations in patients with Alzheimer’s
disease, attributable to effects on sensory afferent fibers
in dorsal root ganglia [11]. PDGF as a potential thera-
peutic might not suffer from poor tissue penetration
since, as observed in this study, it targets cells in
the peri-ventricular areas. Furthermore, potential side-
effects induced by PDGF will most likely be dependent
on PDGF-receptor distribution in the human brain,
spinal and cord and meninges.

In general, mobilization of adult progenitor cells,
whether induced by injury itself or through pharma-
cological intervention, does not appear to generate a
significant number of mature differentiated DAergic
neurons [9, 30]. Thus, if one assumes that neurorestora-
tion and a clinically relevant effect in PD only can be
achieved through a replacement of damaged DAergic
neurons, the experimental evidence so far has not been
strongly encouraging. Many different cell types seems
to be produced following the infusion of PDGF-BB,
raising the possibility that both neural and non-
neuronal progeny may indirectly provide meaningful
restorative or protective effects [30]. Interestingly, cell
transplantation experiments using non-differentiated
adult SVZ derived neural stem/progenitor cells trans-
planted to striatum caused a significant behavioral
improvement in a rat model of PD [39]. Undifferen-
tiated neural cell lines have also been shown to release
factors that benefit regeneration processes in the CNS
[27]. The specific cell type/s and the molecular mech-
anisms mediating the positive influence on the DA
system following PDGF-BB treatment, remain to be
elucidated.

The lack of behavioral and histological effects seen
in fully lesioned animals (>90% lesion), with little or
no DA fibers in close physical proximity to prolifer-
ating cells in SVZ is of both scientific and potential
therapeutic relevance. It points to the issue of carefully
assessing the degree of DAergic lesion when study-
ing regenerative mechanisms. Interestingly, in patients,
the loss of DAT-binding in the striatum does not reach
90%, even in later stage PD (Hoehn & Yahr III–IV)
[44]. The loss of pigmented neurons in SNpc after 10
years duration of PD was reported to be 66% [35]. DA
fiber innervation of the SVZ as well as neural precur-
sor cells are still present upon post mortem analysis
[20], suggesting that the response elicited by PDGF-
BB treatment could be maintained in PD and be of
therapeutic relevance.

In conclusion, our findings suggest a new approach
for repairing a dysfunctional DAergic system and point

to PDGF-BB as a promising new drug that, by stimu-
lating progenitor cells, could have a significant impact
on the treatment of PD.
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