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1

3,4-Dihydroxyphenyl-L-alanine (L-DOPA)-induced dyskinesia is associated with molecular and synaptic plasticity in the basal ganglia,
but the occurrence of structural remodeling through cell genesis has not been explored. In this study, rats with 6-hydroxydopamine
lesions received injections of the thymidine analog 5-bromo-2⬘-deoxyuridine (BrdU) concomitantly with L-DOPA for 2 weeks. A large
number of BrdU-positive cells were found in the striatum and its output structures (globus pallidus, entopeduncular nucleus, and
substantia nigra pars reticulata) in L-DOPA-treated rats that had developed dyskinesia. The vast majority (60 – 80%) of the newborn cells
stained positively for endothelial markers. This endothelial proliferation was associated with an upregulation of immature endothelial
markers (nestin) and a downregulation of endothelial barrier antigen on blood vessel walls. In addition, dyskinetic rats exhibited a
significant increase in total blood vessel length and a visible extravasation of serum albumin in the two structures in which endothelial
proliferation was most pronounced (substantia nigra pars reticulata and entopeduncular nucleus). The present study provides the first
evidence of angiogenesis and blood– brain barrier dysfunction in an experimental model of L-DOPA-induced dyskinesia. These microvascular changes are likely to affect the kinetics of L-DOPA entry into the brain, favoring the occurrence of motor complications.
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Introduction
Dopamine (DA) replacement using the precursor 3,4dihydroxyphenyl-L-alanine (L-DOPA) remains the most effective
treatment for Parkinson’s disease (PD) but causes potentially
disabling dyskinesias (abnormal involuntary movements) in the
majority of patients. Dyskinesia is thought to result from fluctuations in central levels of DA, causing aberrant plasticity in dopaminoceptive brain structures (for review, see Chase, 1998; Bezard et al., 2001; Cenci and Lundblad, 2006). Signs of maladaptive
neuroplasticity have been uncovered in both rodent and nonhuman primate models of L-DOPA-induced dyskinesia, including
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altered expression of genes and proteins in the striatum (Cenci et
al., 1998; Andersson et al., 1999; Calon et al., 2000; Tel et al., 2002;
Henry et al., 2003; Konradi et al., 2004), and abnormal potentiation of corticostriatal synapses (Picconi et al., 2003). CNS plasticity is not limited to physiological changes in neurons. It also
includes structural modifications of the cellular microenvironment through proliferation and differentiation of immature precursor cells. Constitutive proliferation of glial progenitor cells
occurs through adulthood in both white and gray matter and is
enhanced under a variety of pathophysiological conditions
(Chang et al., 2000; Mao and Wang, 2001; Dawson et al., 2003;
Wennstrom et al., 2003). Under similar conditions, endothelial
cells in the brain can exhibit proliferative responses (Hellsten et
al., 2004; Alonso et al., 2005; Gotts and Chesselet, 2005). Moreover, an increased proliferation and maturation of precursor cells
has been described in the two neurogenic regions of the adult
brain (i.e., the subventricular zone of the lateral ventricle and the
dentate gyrus of the hippocampus) in experimental models of
stroke (Arvidsson et al., 2002; Komitova et al., 2002, 2005), epileptic seizures (Bengzon et al., 1997), and electroconvulsive and
antidepressant therapy (Duman et al., 2001; Hellsten et al., 2002).
Mitotic activity and/or cell differentiation in these two neurogenic regions is also modulated by dopaminergic deafferentation
and stimulation (Hoglinger et al., 2004; Van Kampen et al., 2004;
Van Kampen and Robertson, 2005; Winner et al., 2006).
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It is presently unknown whether L-DOPA-induced dyskinesia
is associated with a structural reorganization of neural circuits
and their supporting glial and vascular microenvironment. Here
we explored the effects of chronic L-DOPA treatment and dyskinesia development on cellular plasticity in the basal ganglia. We
used a model of L-DOPA-induced abnormal involuntary movements (AIMs) in rats with 6-hydroxydopamine (6-OHDA) lesions (for review, see Cenci and Lundblad, 2005). In this model,
the susceptibility to dyskinesia varies markedly among individual
rats. Therefore, the model is ideal to identify plastic changes that
are specifically linked with the development of AIMs rather than
being a generic response to L-DOPA treatment. We found that
rats developing AIMs displayed high numbers of proliferating
cells in both the striatum and its output structures. In contrast,
rats receiving L-DOPA that did not develop dyskinesia only exhibited a few proliferating cells, which were comparable in numbers with those seen in drug-naive control rats with 6-OHDA
lesions. The vast majority of proliferating cells found in dyskinetic rats expressed endothelial markers, which led us to examine
microvascular changes associated with the dyskinesiogenic action of L-DOPA. We found that rats exhibiting L-DOPA-induced
AIMs had newly formed vessels with immature blood– brain barrier (BBB) properties in the basal ganglia.

Materials and Methods
Subjects. Female Sprague Dawley rats (weighing ⬃225 g at the beginning
of experiments; Harlan, Zeist, The Netherlands) were housed under a
12 h light/dark cycle with access to food and water ad libitum. All experiments were approved by the Malmö-Lund Ethical Committee on Animal Research.
Dopamine denervating lesions. All rats received unilateral DAdenervating lesions by injection of 6-OHDA-HCl (Sigma-Aldrich,
Stockholm, Sweden) into the right ascending DA fiber bundle as per our
standard procedures (Cenci et al., 1998). The rats were anesthetized with
a mixture of Hypnorm (Janssen Pharmaceutical, Berse, Belgium), and
Dormicum (F. Hoffman-La Roche, Basel, Switzerland) in sterile water
(1:1:2 solution; 2.7 mg/kg body weight, i.p.). 6-OHDA was dissolved in
0.02% ascorbic acid/saline at a concentration of 3 g/l and kept on ice
in the dark. Two and 2.5 l of the toxin solution were injected at the
following coordinates (in mm, relative to bregma and the dural surface):
anteroposterior (AP), ⫺4.0; lateral (L), ⫺0.8; dorsoventral (DV), ⫺8.0
(tooth bar, ⫹3.4); and AP, ⫺4.4; L, ⫺1.2; DV, ⫺7.8 (tooth bar, ⫺2.3),
respectively. After surgery, the animals were given analgesic treatment
(Temgesic; 0.167 mg/kg, s.c.; Apoteksbolaget, Stockholm, Sweden). Two
weeks after surgery, the extent of DA denervation was evaluated by testing the rats for amphetamine-induced rotation. Turning behavior was
recorded in an automated rotometer during a 90 min period after an
intraperitoneal injection of 2.5 mg/kg dexamphetamine (Apoteksbolaget). Only rats rotating more than five full turns per minute in the
direction ipsilateral to the lesion were selected for the study, corresponding to ⬎90% striatal dopamine depletion (Winkler et al., 2002; Carta et
al., 2006). The extent of DA denervation was verified by immunohistochemical staining for tyrosine hydroxylase (TH) (see below). All of the
rats included in the present study had ⬎90% reduction of TH immunoreactivity on the side of the striatum ipsilateral to the 6-OHDA injections.
Drug treatments. L-DOPA and the peripheral DOPA decarboxylase
inhibitor Benserazide-HCl were purchased from Sigma-Aldrich. They
were dissolved in physiological saline and administered at the volume of
1.0 ml/kg body weight by intraperitoneal injection. L-DOPA and
Benserazide were given once daily at 9:00 AM at a fixed dose/injection of
10 and 15 mg/kg, respectively. 5-Bromo-2⬘-deoxyuridine (BrdU)
(Sigma-Aldrich) was freshly dissolved in PBS to a concentration of 20
mg/ml and injected intraperitoneally twice daily (at 12 h intervals) at a
dose of 50 mg/kg.
Experimental design. The study design is summarized in Figure 1. A
total of 93 rats with unilateral 6-OHDA lesions were used in three sepa-
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Figure 1. Schematic illustration of the experimental design applied in this study. Boxes
depict treatment periods with daily injections of saline (white), L-DOPA (gray), and BrdU
(hatched). Lines illustrate length of time before and after treatment.
rate experiments. In the first experiment, 22 rats were divided in two
experimental groups, in which 14 rats received daily injections of
L-DOPA and BrdU for 14 d and eight control rats received physiological
saline plus BrdU for the same period of time. All of the rats were killed
12 h after the last injection of BrdU and 24 h after the injection of
L-DOPA or saline. Examination of early time points after L-DOPA injection was deemed unnecessary, because the cell cycle is a multistep process
that requires many hours (for review, see Rubin, 2002) and because the
amount of BrdU incorporation by the end of the L-DOPA treatment
period would reflect the cumulative effect of all of the previous drug
doses. A second experiment aimed at investigating the fate of the newborn cells and included a survival period of 4 weeks after the L-DOPA/
BrdU treatment period (n ⫽ 12 and n ⫽ 3 at each survival period from
L-DOPA- and saline-treated groups, respectively). The 24 h time point
was included to repeat and verify the findings of the first experiment. The
third experiment was designed to determine the time course of the proliferative response. Animals were treated with L-DOPA for 3 d (n ⫽ 8), 6 d
(n ⫽ 10), 10 d (n ⫽ 9), and 14 d (n ⫽ 9) and received BrdU twice daily for
the final 3 d of treatment. A control group (n ⫽ 5) received saline for 14 d
and concomitant BrdU injections twice daily for the last 3 d of treatment.
Rats were killed 12 h after their final BrdU injection (thus, 24 h after the
last L-DOPA or saline injection).
Behavioral testing. The development and manifestation of L-DOPAinduced AIMs were monitored according to our standard procedures
(Cenci et al., 1998; Lundblad et al., 2002). Briefly, each rat was observed
individually for 1 min every 20 min during the 3 h after L-DOPA/
Benserazide administration. Each rat was scored on a severity scale from
0 to 4 on each of four subtypes of dyskinetic-like movements (axial,
orolingual, forelimb, and locomotive AIMs). The theoretical maximum
sum of AIM scores that could be reached by one rat in one testing session
was thus 144 (maximum score per monitoring period, 16; number of
monitoring periods per testing session, 9). In experiments 1 and 2, all rats
underwent behavioral testing every third day during the 14 d L-DOPA
treatment period (five tests in total). In experiment 3, saline-treated rats
and animals treated with L-DOPA for 10 and 14 d were tested for dyskinesia every third day, rats in the 6 d L-DOPA group were tested every
second day, and rats in the 3 d L-DOPA group were tested every day. Rats
were classified as dyskinetic if they consistently displayed severe axial,
limb, and orolingual AIMs (severity grade 3– 4 in at least two of these
AIM subtypes) on most testing sessions. Animals classified as nondyskinetic exhibited either no AIMs at all or mild and occasional AIMs superimposed to increased motor activity and/or stereotypic gnawing [our
classification criteria for dyskinetic movements have been thoroughly
described by Cenci and Lundblad (2005)].
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Table 1. Synoptic information about the primary antibodies used in this study
Antibody

Dilution

Incubation time

Source

Marker of

Mouse monoclonal anti-neuron-specific nuclear protein (NeuN)
Polyclonal rabbit anti-NG2
Polyclonal rat BrdU
Monoclonal mouse anti-RECA-1
Monoclonal mouse anti-PECAM-1/CD31
Monoclonal mouse anti-EBA
Monoclonal mouse anti-nestin
Polyclonal sheep anti-albumin
Monoclonal mouse anti-Ox42 (CD11b)
Monoclonal mouse anti-GFAP
Polyclonal rabbit anti-TH

1:100
1:200
1:100
1:100
1:100
1:2000a; 1:1000b
1:25a; 1:5000b
1:60,000
1:100
1:100
1:100

36 h at 4°C
ON at 4°C
36 h at 4°C
36 h at 4°C
ON at 4°C
ON at 4°C
36 h at 4°C
36 h at 4°C
ON at 4°C
36 h at 4°C
ON at 4°C

Chemicon
Chemicon
Oxford Biotechnology
Serotec
Dr. Peter J. Newman
Sternberger Monoclonals
BD Pharmingen
Biogenesis
Serotec
DakoCytomation
Pel-Freeze

Postmitotic neurons
Glial precursors
Mitotic cells
Endothelial cells
Endothelial cells
Vessels with BBB properties
Angiogenic vessels
Blood-borne albumin
Microglia
Astrocytes
DA neurons

ON, Overnight.
a
Antibody concentration for fluorescent immunostaining.
b
Antibody concentration for bright-field immunostaining.

Tissue preparation. At the end of all experiments, the rats were deeply
anesthetized with sodium pentobarbital (240 mg/kg, i.p.; Apoteksbolaget) and transcardially perfused with 0.9% saline, followed by 4% icecold, buffered (pH 7.4) paraformaldehyde (PFA) (Merck via VWR,
Stockholm, Sweden). Brains were postfixed in PFA for 2 h, then transferred to 20% sucrose for 24 h, and thereafter sectioned coronally on a
freezing microtome at 40 m thickness. Free-floating sections were
stored in cryoprotective solution at ⫺20°C until further processed.
Immunohistochemistry. Bright-field immunohistochemistry was performed for several antigens according to a standardized protocol. Sections were rinsed in 0.02 M potassium PBS, pH 7.4, with 0.25% Triton-X
(KPBS/T) and pretreated with 3% H2O2 in 10% methanol/water to
quench endogenous peroxidase activity. Sections were then preincubated for 1 h in blocking buffer, consisting of either 5% normal horse
serum or 3% chicken egg albumin (CEA) (for albumin immunostaining)
in KPBS/T. This was followed by incubation with one of the following
primary antibodies: rabbit anti-TH (1:1000; Pel-Freeze, Rogers, AR);
mouse anti-endothelial barrier antigen (EBA) (1:1000; Sternberger
Monoclonals, Lutherville, MD); mouse anti-Ox42 (1:100; Serotec,
Hamar, Norway); mouse anti-nestin (1:5000; BD PharMingen, San Jose,
CA); mouse-anti-rat endothelial cell antigen (RECA-1) (1:100; Serotec);
or sheep anti-albumin (1:60,000; Biogenesis, Poole, Dorset, UK) (for
additional antibody information regarding abbreviations, concentrations, incubation times, and sources, see Table 1). After incubation with
the primary antibody, sections were rinsed and incubated with the biotinylated horse anti-mouse (BA2001), goat anti-rabbit (BA1000), or
rabbit-anti-sheep (BA6000) secondary antibody (1:200; Vector Laboratories, Burlingame, CA) in KPBS/T and 2.5% normal horse serum or
CEA for albumin. The secondary antibody was visualized using a standard peroxidase-based method (Vectastain Elite ABC; Vector Laboratories) and 3⬘3⬘-diaminobenzidine (DAB) (Sigma-Aldrich) as a chromogen. Sections were rinsed in KPBS/T to stop the DAB reaction, mounted
onto chromalum-coated slides, and coverslipped using DPX mounting
medium (Sigma-Aldrich). Specificity of the immunostainings was verified by examining their cellular and anatomical expression patterns,
which were in agreement with those reported in the literature for the
corresponding proteins. Moreover, omission of either the primary or the
secondary antibodies resulted in absence of cellular staining.
Dual-antigen immunofluorescence was applied to either achieve a
phenotypic characterization of newly formed (BrdU-positive) cells or
evaluate the colocalization of different endothelial antigens on blood
vessels. To determine the phenotype of the newborn cells, BrdU was
detected along with endothelial, glial, or neuronal marker by double
labeling with epifluorescent dyes conjugated to the secondary or tertiary
antibody. Sections were rinsed in KPBS and incubated in blocking serum
(5% normal horse serum in KPBS/T), followed by incubation with one of
the following antibodies: mouse anti-RECA-1 (1:100), mouse antineuronal-specific nuclear protein (NeuN) (1:100; Chemicon, Temecula,
CA), mouse anti-glial fibrillary acidic protein (GFAP) (1:100; DakoCytomation, Glostrup, Denmark), mouse anti-chondroitin sulfate proteoglycan (NG2) (1:200; Chemicon), or mouse anti-platelet/endothelial cell

adhesion molecule-1 (PECAM-1) (1:100; kindly provided by Dr. Peter J.
Newman, Blood Research Institute, Milwaukee, WI) in blocking solution
(for additional antibody information regarding abbreviations, concentration, incubation time, and source, see Table 1). The sections were
thereafter incubated with the secondary antibody, biotinylated horse
anti-mouse, for 2 h at room temperature (RT). To visualize the secondary antibody, sections were incubated with Alexa Fluor 488-conjugated
streptavidin (1:200; Invitrogen, Carlsbad, CA) for 2 h at RT in the dark.
After rinsing in KPBS, the sections were fixed in 4% PFA before being
treated with 1 M hydrochloric acid at 65°C for 30 min for antigen retrieval. The sections were thereafter incubated in blocking solution (5%
normal donkey serum in KPBS/T), followed by the primary antibody, rat
anti-BrdU (1:100; Oxford Biotechnology, Oxford, UK) in blocking solution in the dark. Finally, the sections were incubated with the secondary
antibody, cyanine 3 (Cy3)-conjugated donkey anti-rat (1:400; Jackson
ImmunoResearch, West Grove, PA), for 2 h at RT in the dark. All sections
were thereafter mounted onto glass slides and coverslipped with polyvinyl alcohol (PVA)/1,4-diazabicyclo(2.2.2)octane (DABCO) mounting
media (Sigma-Aldrich).
To evaluate the colocalization of endothelial antigens on blood vessels,
dual-antigen immunofluorescence for EBA/nestin or EBA/RECA-1 was
performed in a similar manner. Briefly, sections were incubated in 5%
normal goat serum, followed by mouse anti-EBA (1:2000; IgM). Incubation with the secondary antibody, Cy3-conjugated goat anti-mouse (1:
1600; IgM specific; Jackson ImmunoResearch) was followed by fixation
in 4% PFA. The sections were thereafter incubated with mouse antinestin (1:25; IgG1) or mouse anti-RECA-1 (1:100; IgG1). Incubation
with the secondary antibody, biotinylated-horse anti-mouse (1:200;
IgG1 specific; Jackson ImmunoResearch) was followed by incubation
with Alexa Fluor 488-conjugated streptavidin. All sections were thereafter mounted onto glass slides and coverslipped with PVA/DABCO
mounting media.
Fluoro-Jade staining. To assess potential neurodegeneration and neuronal cell death associated with dyskinesia, brain sections were stained
for Fluoro-Jade (Schmued et al., 1997). Briefly, sections were mounted
on glass slides, incubated in 0.06% potassium permanganate, rinsed, and
transferred to the Fluoro-Jade solution containing 0.001% Fluoro-Jade
(Histo-Chem, Jefferson, AR) in 0.1% acetic acid. Thereafter, slides were
rinsed, dried, immersed in xylene, and mounted with DPX.
Counts of BrdU-positive cells. All of the cell counting was done by a
rater blinded to the rats’ group allocation and behavioral-testing records.
The number of BrdU-positive cells in the lesioned striatum and its output structures were counted manually on a 20⫻ objective using a grid,
which provided a sampling frame of 0.5 ⫻ 0.5 mm. Schematic drawings
in Figure 2 indicate the total area sampled in the structures of interest.
Corresponding areas on the intact side of the brain were also counted
from. For the caudate–putamen (CPu), a total of 31 sampling frames
were counted in eight subregions (total area sampled, 7.75 mm 2) in each
hemisphere in all rats. Counts were done also in the striatal output structures as follows: globus pallidus (GP), six frames (1.5 mm 2) in two sections, 480 m apart; entopeduncular nucleus (EP), two frames (0.5
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neuronal (NeuN), or glial markers (NG2). A
total of 100 BrdU-labeled cells per marker per
structure per rat were examined in a confocal
laser-scanning microscope (Leica DM IRE3 microscope, Leica confocal software version 2.77).
In the EP of saline animals and nondyskinetic
cases, it was not possible to find 100 BrdUpositive cells, and then all existing cells were
examined. Cells were sampled in a semirandom
manner throughout the regions of interests,
avoiding the absolute borders of each structure
and also avoiding the subventricular zone of the
lateral ventricle, which is a known neurogenic
region. Each area was scanned using a 100⫻
objective, and all cells in a scan were counted.
Stereological assessment of blood vessel length
with global spatial sampling. The total length of
microvessels (potentially, arterioles, capillaries,
or small venules) in the basal ganglia structures
was estimated with computer-generated isotropic virtual planes (Larsen et al., 1998) using
computer-assisted stereology (CAST, version
2.3.2.0; Visiopharm, Hoersholm, Denmark).
This method circumvents the need for physically isotropic sections, thus allowing the use of
a classical stereological formula for length density, i.e., Lv ⫽ 2 ⫻ QA, in which QA is the mean
number of transects per unit area of a test probe
(Hennig, 1963). The analysis was performed using a Nikon Eclipse 80i microscope with a motorized specimen stage controlling movements
in the x- and y-axes. The region of interest was
encircled at low magnification (4⫻) in each
sampled section immunostained for RECA-1.
The blood vessels inside the region were then
analyzed with systematic, random sampling using a 40⫻ objective. A three-dimensional sampling box consisting of a counting frame (frame
area, 5502 m 2; sampling box height of 10
m 2; guard area, 3 m at the top of the section)
was focused through the section. Within this
three-dimensional box, virtual planes were generated with a fixed plane separation of 10 m.
In each animal and region analyzed, ⬃100 –150
blood vessel intersections with the virtual
Figure 2. Epifluorescence photomicrographs of BrdU-positive cells in caudate–putamen (A–C), globus pallidus (D–F ), ento- planes were counted in both the intact and the
peduncular nucleus (G–I ), and in the substantia nigra pars reticulata (J–L). Dyskinetic animals (right column) show an increased lesioned side of the brain. Every seventh section
cell proliferation in all four structures compared with nondyskinetic cases (middle column) and saline-treated animals (left was counted from the striatum and globus palcolumn). Pictures were taken from animals treated with L-DOPA or saline for 14 d (experiment 1). Scale bar, 200 m.
lidus, whereas every fourth section was analyzed in entopeduncular nucleus and substantia
nigra pars reticulata. An unbiased stereological
mm 2) in two sections, 480 m apart; and substantia nigra pars reticulata
assessment of the global length, L, is as follows:
(SNr), six frames (1.5 mm 2) in two sections, 480 m apart. In the motor
cortex, a total area of 6.75 mm 2 was counted from. All data from the cell
p(box)
Q
counting analysis are presented as number of cells per square millimeter
L⫽2⫻
⫻Vref
⫻
to facilitate regional comparisons.
a(plane)
Pref
Densiometric analysis of tyrosine hydroxylase. The density of TH immunohistochemistry in the striatum was analyzed by a blinded investigator,
where ⌺Q is the total sum of intersections between virtual planes and
using NIH Image J software (http://rsb.info.nih.gov/ij/index.html). Two
vessels, p(box) is the number of corners in one three-dimensional box
sections per animal, corresponding to the midrostrocaudal level of the
(i.e., four corners), ⌺Pref is the sum of all of the points under considerstriatum, were digitized though a video camera (Nikon DMX 1200F),
ation hitting the reference space, and a(plane) is the average of the sum of
and the staining intensity from both the intact and the denervated striata
areas of isotropic oriented planes in one box. The volume of the threewas measured. Data from the lesion side were expressed as a percentage
dimensional box divided by the distance between the planes is equal to
of the values from the intact side.
a(plane). Vref is the total volume of the reference space measured with
Quantification of double-labeled cells. In experiments 1 and 2, four
Cavalieri’s principle (Gundersen and Jensen, 1987). Blood vessel lengths
animals per experimental group were used for a phenotypic characteron the lesioned side were expressed as a percentage of the values meaization of BrdU-positive cells using dual-antigen immunofluorescence,
sured on the contralateral intact side to compensate for any possible
followed by confocal microscopy. To determine the phenotype of the
differences in staining intensity/antibody penetration between the differnewly born cells, BrdU-positive cells in each of the structures of interest
ent animals.
were systematically analyzed for colabeling with endothelial (RECA-1),
Assessment of BBB integrity and angiogenesis. The integrity of the BBB

冘
冘
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and the extent of angiogenesis were assessed in the different basal ganglia
structures using the image analysis software VIS (Visiopharm Integrator
System; Visiopharm). This software is endowed with an image segmentation routine that yields distinct optical density measures for predefined
objects within the sections (e.g., neuropil, cells, and blood vessels; objects
are defined based on their shape and/or relative levels of staining) (Güring et al., 2004). The method thus allowed us to measure the amount of
staining specifically associated with blood vessel profiles and/or with the
surrounding neuropil. The analysis was performed using bright-field
microscopy on sections stained for EBA (a marker of BBB integrity),
albumin (marker of blood protein extravasation), or nestin (marker of
angiogenesis). The regions selected for the analysis encompassed the
areas exhibiting conspicuous cell proliferation. Thus, assessment of BBB
integrity in the striatum was performed at midcaudal levels, in which
group differences in cell proliferation were most pronounced. When
examining the substantia nigra, measurements were performed only in
sections without any visible needle track to exclude possible changes in
BBB integrity that may have resulted from the 6-OHDA lesion trauma.
The sections were viewed at low magnification (10⫻ for striatum, globus
pallidus, and entopeduncular nucleus; 4⫻ for substantia nigra pars reticulata) with a Nikon Eclipse 80i microscope. Representative images
were captured with a digital camera (Nikon DM1200F) using the VIS
software. The camera settings and light level on the microscope were kept
constant for all of the images captured. To enhance linear structures in
the images (the vessels), a polynomial local linear filter was applied to the
images, and thereafter the images were segmented using pixel classification. The Bayesian pixel classifier within the VIS software was initially
“trained” to recognize different components in the section (i.e., blood
vessels and light and dark background), thus creating an algorithm that
was applicable to all sections in the analysis, despite slight variations in
staining intensity and imaging parameters. The classification of different
image components was thereafter used to assess either the percentage of
the sample area occupied by vessels (EBA and nestin) or the average
optical density in the parenchyma (albumin).
Statistical analysis. All data are presented as group means ⫾ SEM.
Counts of BrdU-positive cells were analyzed by two-factor ANOVA, in
which group (dyskinetic, nondyskinetic, and saline) and side (ipsilateral
or contralateral to the lesion) were entered as independent variables.
Relevant pairwise differences were analyzed by post hoc Tukey’s honestly
significant difference (HSD) test. Confocal data, blood vessel lengths,
and other microvascular changes were evaluated by one-factor ANOVA
and post hoc Student–Newman–Keuls test. Relationships between AIM
scores and BrdU cell counts were examined by simple regression. All
statistical analyses were performed with the software package Statview
5.0 (SAS Institute, Cary, NC). The threshold for statistical significance
was set at ␣ level 0.05. The precise p values from the ANOVA and simple
regression tests will be reported in the text, whereas post hoc comparisons
will only be reported as being significant ( p ⬍ 0.05) or nonsignificant
(precise p values of post hoc comparisons were not provided by the Statview software).

Results
L-DOPA-induced dyskinesia is associated with increased cell

proliferation in the basal ganglia
Microscopic examination of BrdU-immunostained sections revealed a high rate of cell proliferation in the CPu and its target
structures (GP, EP, and SNr) in L-DOPA-treated dyskinetic animals compared with both nondyskinetic (L-DOPA-treated) animals and saline-treated controls (Fig. 2). In the subthalamic nucleus (which is also a component of the basal ganglia), there were
few BrdU-positive cells, and no difference could be seen between
dyskinetic and nondyskinetic cases. No other brain region
showed obvious group differences in the levels of BrdU immunoreactivity, and the distribution of labeled cells appeared to be
rather uniform outside of the basal ganglia, with the exception of
the subventricular zone and the hippocampal dentate gyrus.
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Counts of BrdU-positive cells were performed in the CPu, GP,
EP, and SNr to systematically compare the proliferative response
among groups and hemispheres (ipsilateral or contralateral side
to the lesion). On the intact side of the brain, counts of BrdUpositive cells did not differ significantly among the three experimental groups in any region (Fig. 3, compare white, gray, and
black bars in each diagram). In the DA-depleted hemisphere,
dyskinetic rats (n ⫽ 10) showed a significantly elevated number
of BrdU-labeled cells in all of the basal ganglia nuclei (Fig. 3A–L,
black hatched bars). The extent of cell proliferation associated
with dyskinesia varied within the different basal ganglia nuclei.
The highest density of BrdU-labeled cells was found in the SNr, in
which dyskinetic rats exhibited ⬃700 BrdU-positive cells/mm 2
(Fig. 3L) (two-factor ANOVA, pgroup ⬍ 0.001, pside ⬍ 0.001,
pinteraction ⬍ 0.001). A high number of proliferating cells were
found also in the EP (Fig. 3K ) (400 labeled cells/mm 2; two-factor
ANOVA, pgroup ⫽ 0.003, pside ⬍ 0.001, pinteraction ⬍ 0.001) and in
the GP (Fig. 3J ) (350 labeled cells/mm 2; two-factor ANOVA
pgroup ⫽ 0.020, pside ⫽ 0.004, pinteraction ⫽ 0.001). In the CPu, the
most clear-cut increase in cell proliferation related to dyskinesia
occurred in lateral regions at midcaudal levels (Fig. 3, areas E, F),
in which the dyskinetic rats showed 150 –180 labeled cells/mm 2,
whereas nondyskinetic cases and saline-treated control animals
showed low levels of labeling (75–100 cells/mm 2) (two-factor
ANOVA; Fig. 3E, pgroup ⫽ 0.011, pside ⫽ 0.003, pinteraction ⫽ 0.015;
Fig. 3F, pgroup ⬍ 0.001, pside ⬍ 0.001, pinteraction ⬍ 0.001). In
contrast to dyskinetic animals, nondyskinetic L-DOPA-treated
cases (n ⫽ 4) did not differ significantly from saline-injected
controls in any of the regions sampled.
Counts of BrdU-positive cells were performed also in the motor cortex, in which enhanced cell proliferation and structural
remodeling have been described after increased motor activity
(Kleim et al., 2002; Swain et al., 2003). As seen in Figure 3M, the
proliferative response in the motor cortex was relatively low in
the 6-OHDA model (⬃100 BrdU cells/mm 2) and was unaffected
by L-DOPA treatment and dyskinesia development.
The cellular proliferation associated with dyskinesia could not
be related to the extent of DA denervation, which was found not
to differ among the experimental groups (Table 2). This phenomenon did not reflect neurodegenerative changes and concomitant inflammation within the basal ganglia. Indeed, Ox42
immunohistochemistry (Kreutzberg, 1996; Sugama et al., 2003)
revealed no activation of resting microglial cells, and no dying
neurons were detected by Fluoro-Jade histochemistry in the basal
ganglia of L-DOPA-treated animals (data not shown). The proliferative response appeared to be specifically linked to the pathophysiology of L-DOPA-induced dyskinesia. Indeed, a simple regression analysis of the BrdU cell counts on the cumulative AIM
scores recorded from L-DOPA-treated rats revealed a highly significant, positive correlation between the two variables in the
striatum, the EP and the SNr (Fig. 4 A–D).
In a second experiment, we examined whether the newly born
cells could survive long after discontinuation of L-DOPA treatment. Dyskinetic rats (n ⫽ 10) were killed 4 weeks after the last
injection of L-DOPA and BrdU. The number of BrdU-positive
cells counted in the basal ganglia in this group of animals did not
differ from that measured in animals killed 24 h after the last
L-DOPA dose. Thus, at the 4 week survival period, dyskinetic rats
exhibited 167 ⫾ 34 BrdU-immunoreactive cells/mm 2 in the midlateral CPu, 348 ⫾ 68 cells in the GP, 567 ⫾ 136 in the EP, and
644 ⫾ 66 in the SNr.
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per rat in each structure. In animals killed
24 h after the last L-DOPA (or saline) injection, there was no colocalization between BrdU and the neuronal marker
NeuN, in any experimental group in any of
the structures sampled (Table 3). We also
examined the cellular coexpression of
NeuN and BrdU in animals killed 4 weeks
after discontinuation of L-DOPA treatment, because this time interval undoubtedly allows for maturation of a neuronal
phenotype in newly proliferated precursor
cells (Arvidsson et al., 2002). After this survival period, a very small fraction of BrdUpositive cells (ranging from 1.4 to 2.8%)
was colabeled with NeuN in the CPu and
the SNr, and this number did not differ
among the groups (Table 3).
As markers for glial cells, we used
GFAP, which mainly labels postmitotic astrocytes (Eng et al., 1971; Bignami et al.,
1972; Lee et al., 2000), and the chondroitin
sulfate proteoglycan NG2, which labels a
subpopulation of glial cells with proliferative properties that are part of the oligodendrocyte lineage (Dawson et al., 2000,
2003; Lin and Bergles, 2002). The actual
cellular colocalization of GFAP and BrdU
was difficult to ascertain because GFAP is
widely distributed in glial processes,
whereas BrdU is confined to the nucleus.
As exemplified in Figure 5A, it was difficult
to determine with certainty whether an apparently double-labeled object was truly a
BrdU/GFAP coexpressing cell as opposed
to a BrdU-positive nucleus within a bifurcating microvessel surrounded by GFAP
filaments. NG2 is found throughout the
cell body of the bushy oligodendrocytic
precursors, and the cellular colocalization
of NG2 and BrdU can be readily established (Fig. 5B). In the analysis of BrdU/
NG2 colabeling, only cells with a clear stellate morphology were counted as positive
Figure 3. Cell proliferation in the basal ganglia after L-DOPA treatment is higher in dyskinetic rats (n ⫽ 10) compared with to avoid the portion of NG2 positive cells
nondyskinetic cases (n ⫽ 4) and saline-treated control animals (n ⫽ 8). Drawings show coronal sections through the regions that is of vascular mural origin, such as
examined, and white boxes outline the areas counted from (A–M). Bar histograms show the number of BrdU cells/mm2 in each pericytes and smooth muscle cells (Ozerstructure and group. #p ⬍ 0.05 versus nondyskinetic animals; *p ⬍ 0.05 versus control animals; §p ⬍ 0.05 versus intact side dem et al., 2001) (below 1% of all the
within the same group; two-factor ANOVA and post hoc comparisons with Tukey’s HSD test. MCx, Motor cortex.
BrdU/NG2-positive cells sampled fell
within this exclusion category). In salineTable 2. Densiometric assessment of TH immunoreactivity
treated control animals, ⬃80% of the
Group
Saline
Nondyskinetic
Dyskinetic
newly born BrdU-labeled cells stained
positively for NG2 in all of the structures
Remaining TH fibers
2.45 ⫾ 0.62%
2.11 ⫾ 0.89%
1.79 ⫾ 0.49%
examined (Table 3). These data are in
TH fiber immunoreactivity was measured in the DA-denervated and intact striata, and values are expressed as the percentage ⫾ SEM remaining TH fibers in
agreement with a body of studies indicatthe denervated striatum (one-way ANOVA, p ⬎ 0.3; saline, n ⫽ 19; nondyskinetic, n ⫽ 21; dyskinetic, n ⫽ 53).
ing that NG2-positive glial cells are the
major cell type that proliferates constituThe majority of the newly born cells have an
tively in the brain (Chang et al., 2000; Tanaka et al., 2001; Dawson
endothelial phenotype
et al., 2003; Komitova et al., 2006; Steiner et al., 2006). L-DOPATo examine the cellular phenotype of newborn cells, we colabeled
treated animals that did not develop dyskinesia also displayed a
BrdU-positive cells with markers of mature neurons (NeuN), glia
high rate of BrdU/NG2 colocalization (58 –77%). The relative
(GFAP, NG-2), or endothelium (RECA-1). We then randomly
proportion of BrdU-positive cells colabeled with NG2 decreased
sampled BrdU-positive cells up to a total of 100 cells per marker
in the dyskinetic animals (15– 40%) in parallel with a dramatic
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increase in the percentage of BrdUpositive cells that showed colabeling with
RECA-1, an antigen expressed on the luminal side of endothelial cells (Duijvestijn
et al., 1992) (Fig. 5C). Accordingly, statistical comparisons showed significant differences among groups and structures in
the percentage of BrdU/RECA-1 and
BrdU/NG-2 colocalization (Table 3) (twoway ANOVA for percentage BrdU/
RECA-1 cells, pgroup ⬍ 0.001, pstructure ⬍
0.001, pinteraction ⫽ 0.006; for percentage
BrdU/NG2 cells, pgroup ⬍ 0.001, pstructure ⬍
0.001 pinteraction ⬎ 0.3). In the dyskinetic
rats, the highest percentage of BrdU/
RECA-1 colocalization (85%) and the
lowest percentage of BrdU/NG-2 cells
(15–21%) were found in the two structures that had exhibited the highest overall
levels of BrdU incorporation, i.e., the SNr
and the EP. A relatively high percentage of
BrdU/RECA-1 colocalization (⬃60%) was
found also in the striatum and the GP (Table 3). Even on a visual inspection of the
specimens at relatively low magnification,
it was clear that the majority of BrdUpositive cells found in the basal ganglia in Figure 4. The extent of cell proliferation is positively correlated with the severity of dyskinesia. The number of BrdU-labeled
dyskinetic rats was associated with mi- cells (average number of cells per square millimeter) counted in the caudate–putamen (A), the globus pallidus (B), the entopeduncular nucleus (C), and the substantia nigra pars reticulata (D) are plotted against the cumulative axial, limb, and orolingual
crovessels (Fig. 5D–F ). The percentage of
AIM scores (sum of all AIM scores acquired during 5 test sessions) from the L-DOPA-treated animals in experiment 1 (n ⫽ 14,
BrdU-positive cells colabeled with except for the EP, in which sections were not available in one of the dyskinetic animals). Dyskinetic rats are represented by white
RECA-1 remained very high (60 – 80%) in circles and nondyskinetic cases by black circles. The probability value of the regression ( p) and the correlation coefficient ( R) are
dyskinetic rats killed 4 weeks after treat- given in the bottom right corners of each graphs.
ment discontinuation (Table 3, Dyskinetic
4 week).
pressed by neuroepithelium-derived progenitor cells (FrederikIn animals that received L-DOPA without developing dyskisen and McKay, 1988; Gallo and Armstrong, 1995), specific care
nesia, the percentage of BrdU cells colabeled for RECA-1 was
was taken to only measure nestin staining on blood vessel prosignificantly elevated above control levels in the EP and the SNr,
files. Saline-treated controls and nondyskinetic L-DOPA-treated
although it remained several-fold lower than that measured in
rats showed some sparse vessels that were weakly immunoposidyskinetic rats ( p ⬍ 0.05 for dyskinetic vs nondyskinetic group in
tive for nestin, and their number did not differ between the leall of the structures examined with post hoc HSD test) (Table 3).
sioned and the intact hemisphere in any region (Figs. 6 B, I–IV,
The endothelial phenotype of BrdU cells associated with vas7G, H, P,Q, 8 N, Q). In contrast, dyskinetic rats showed a significular structures was confirmed using an additional marker, i.e.,
cant increase in nestin-positive vessel profiles compared with
PECAM-1, an antigen expressed by the entire endothelial cell
saline-treated controls in each of the structures examined (onesurface (for review, see Newman, 1994). An analysis of sections
factor ANOVA, pCPu ⫽ 0.007, pGP ⫽ 0.002, pEP ⫽ 0.038, pSNr ⫽
double stained for BrdU and PECAM-1 gave the same percentage
0.030) (Fig. 6 B, I–IV). A pronounced upregulation of nestin exof colocalization as obtained with RECA-1 (data not shown).
pression by 3.5- to 4-fold above controls was seen both in the EP
[in which nestin-immunoreactive vessels were evenly distributed
The endothelial proliferation is associated with
in the whole structure (Fig. 7R)] and in the SNr [in which nestinvascular growth
positive vessels were particularly abundant dorsolaterally
Total microvessel lengths in the basal ganglia were estimated us(Fig. 7I )].
ing an unbiased stereological method (Larsen et al., 1998). No
group differences in vessel lengths were found on the side conThe BBB is defective in dyskinetic animals
tralateral to the 6-OHDA lesion. On the side ipsilateral to the
An integral component of angiogenesis is microvascular hyperlesion, L-DOPA-treated dyskinetic rats showed a trend toward
permeability, which precedes and accompanies the onset of enincreased microvessel lengths in all parts of the basal ganglia, and
dothelial division (Nag, 2002). To examine for changes in vascuthe increase was significant in the EP and the SNr [⬃20% increase
lar permeability, we measured the levels of albumin
vs saline-treated controls (Fig. 6 A, III, IV); one-factor ANOVA,
immunostaining in the neuropil and the expression of EBA on
pEP ⫽ 0.020, pSNr ⫽ 0.003].
blood vessel profiles within the structures of interest.
Nestin expression on blood vessels has been associated with
Immunostaining for albumin was clearly detectable in brain
angiogenesis both during development and in the adult rat brain
areas lacking a functional BBB, such as the median eminence and
(Mokry and Nemecek, 1999; Alonso et al., 2005). The levels of
the area postrema (for review, see Ballabh et al., 2004), which thus
nestin immunostaining were therefore measured in the four basal
served as internal controls for staining specificity. No albumin
ganglia nuclei under investigation. Because nestin is also exleakage into the brain parenchyma was evident in any region of
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Table 3. Percentage colocalization of BrdU-labeled cells with phenotypic markers
Group
Structure

Antigen

Control

Nondyskinetic

Dyskinetic 0 weeks

Dyskinetic 4 weeks

Striatum

NeuN
NG2
RECA-1
NeuN
NG2
RECA-1
NeuN
NG2
RECA-1
NeuN
NG2
RECA-1

1.00 ⫾ 0.57
86.96 ⫾ 1.69
11.38 ⫾ 0.58
0
82.76 ⫾ 1.73
9.39 ⫾ 0.66
0
82.74 ⫾ 3.99
7.11 ⫾ 0.56
0.67 ⫾ 0.67
78.84 ⫾ 5.58
5.81 ⫾ 1.01

0
77.12 ⫾ 6.26
18.20 ⫾ 2.64
0
73.13 ⫾ 7.09
21.82 ⫾ 5.69
0
67.12 ⫾ 3.28
20.87 ⫾ 3.50*
0
58.58 ⫾ 2.29*
29.39 ⫾ 9.98*

0
41.57 ⫾ 13.42*,**
60.08 ⫾ 3.90*,**
0
41.11 ⫾ 12.18*,**
55.37 ⫾ 5.04*,**
0
21.02 ⫾ 4.17*,**
85.12 ⫾ 5.55*,**
0
15.35 ⫾ 2.54*,**
86.10 ⫾ 1.95*,**

1.40 ⫾ 0.69
39.65 ⫾ 3.01*,**
62.11 ⫾ 9.20*,**
0.80 ⫾ 0.49
33.11 ⫾ 5.38*,**
61.60 ⫾ 3.99*,**
0.60 ⫾ 0.60
21.39 ⫾ 3.75*,**
80.01 ⫾ 6.07*,**
2.80 ⫾ 0.97
19.95 ⫾ 2.43*,**
75.64 ⫾ 1.13*,**

Globus pallidus
Entopenduncular nucleus
Substantia nigra pars reticulata

One hundred randomly selected BrdU-positive cells per structure per animal were examined for colocalization with phenotypic markers of neurons (NeuN), oligodendrocytic precursors (NG2), and endothelial cells (RECA-1). The analysis was
performed on the side ipsilateral to the 6-OHDA lesion. n ⫽ 4 for all groups. *p ⬍ 0.05 versus control; **p ⬍ 0.05 versus nondyskinetic rats.

BBB properties (Sternberger et al., 1989;
Cassella et al., 1996). In control animals,
EBA-positive vessels were evenly distributed in all parts of the brain but for the
areas without a functional BBB (e.g., median eminence and area postrema).
Within the basal ganglia, there were only a
few EBA-negative microvessels in nondyskinetic rats and saline-treated controls
(Fig. 8 D–I ), which is in agreement with
previous findings of sparse EBA-negative
vessels in normal animals (Nishigaya et al.,
2000; Zhu et al., 2001). In contrast, dyskinetic animals displayed a visible reduction
of EBA expression in several areas. In the
lateral CPu, dyskinetic animals exhibited a
slight but significant reduction in the percentage of vessels immunopositive for
EBA compared with both nondyskinetic
rats and controls (Fig. 6 D, I) ( pCPu ⫽
0.012, one-factor ANOVA). The reduction
of EBA staining associated with dyskinesia
was most distinct in the EP and the SNr
Figure 5. Confocal three-dimensional reconstructions of BrdU-immunoreactive cells (red) colabeled with GFAP (green; A), NG2 ( pEP ⫽ 0.007, pSNr ⫽ 0.001). In these struc(green; B), or RECA-1 (green; C). Reconstructed orthogonal images are presented as viewed in the x–z and y–z directions (bottom tures, EBA-positive blood vessel profiles
and right panels, respectively). Bottom row (D–F ) shows epifluorescence photomicrographs of dual-antigen immunostaining for were reduced by ⬃13% in dyskinetic aniBrdU (D) and RECA-1 (E; the merged picture is shown in F ). Photos were taken in the substantia nigra pars reticulata from a
mals compared with nondyskinetic cases
dyskinetic rat. Scale bars: A–C, 20 m; D–F, 100 m.
and saline-treated controls (Figs. 6D, III, IV,
7A–C,J–L). To verify that the reduction in
EBA staining was not attributable to an uneven microvessel distribution within the
the basal ganglia in saline-treated controls. Dyskinetic animals
structures
sampled,
sections from the SNr were doubleshowed a trend toward increased albumin staining in all basal
immunostained with EBA and either RECA-1 or nestin. These specganglia regions, and the increase reached significance in the EP
imens showed that the downregulation of EBA found in dyskinetic
and the SNr (one-factor ANOVA, pEP ⫽ 0.036, pSNr ⫽ 0.002)
rats (Fig. 6D) was not attributable to a loss of microvessels, because
(Fig. 6C, III, IV). In the EP, the levels of albumin staining were
RECA-1-positive vessels were evenly distributed within the SNr even
30% higher in dyskinetic compared with nondyskinetic animals
in areas that lacked EBA staining (Fig. 8A–C). Nondyskinetic aniand saline-treated controls, and the extravasation of albumin was
mals and saline-treated controls showed an even distribution of both
promptly visible throughout the cross-sectional area of this strucEBA and RECA-1 staining in the SNr, and the majority of vessel
ture (Fig. 7O). In the SNr, dyskinetic rats showed an ⬃40% inprofiles coexpressed the two antigens (Fig. 8D–F,G–I, respectively).
crease in albumin staining compared with the other two experiA comparison between EBA and nestin labeling revealed a loss of
mental groups. The extravasation of albumin was visible in the
EBA staining in areas rich of nestin-immunoreactive vessels in dyswhole extent of the SNr but was particularly pronounced in areas
kinetic animals (Fig. 8J–L). Some vessels stained positively for both
with increased numbers of nestin-positive vessels (Fig. 7 F, I,
antigens, as reported previously by Alonso et al. (2005), suggesting
respectively).
the presence of newborn vessels at different stages of functional matEBA is only expressed in blood vessels with fully developed
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uration. No loss of EBA staining or increased
nestin expression could be seen in the nondyskinetic animals and saline-treated controls (Fig. 8M–O,P–R, respectively).
Time course of cell proliferation,
angiogenesis, and BBB deficiency in
L-DOPA-treated animals
To study the time course of the cellular and
vascular plasticity associated with dyskinesia, animals were treated with L-DOPA for
different periods of time. Well matched
groups of rats received L-DOPA or saline
vehicle for 3, 6, 10, or 14 d, respectively,
and pulses of BrdU injections were given
during the last 3 d of L-DOPA (or saline)
treatment in each experimental group
(compare with study design in Fig. 1, Exp
III). Animals that did not exhibit any sign
of dyskinetic response to L-DOPA were excluded from subsequent analyses.
L-DOPA rapidly induced cell proliferation in animals exhibiting abnormal
movements. In rats treated with L-DOPA
for 3 d (the first time point analyzed), the
number of BrdU-labeled cells was significantly increased above control levels in the
CPu, GP, and SNr (Fig. 9A, I, II, IV) (onefactor ANOVA, pCPu ⫽ 0.006, pGP ⫽
0.041, pSNr ⬍ 0.001). In the CPu and the
GP, the rate of proliferation was maintained at constant levels between 3 and
14 d of L-DOPA treatment (⬃30 –55 cells/
mm 2 for 3 d in CPu and GP, respectively)
(Fig. 9A, I, II). The time course of cell proliferation was somewhat different in the
SNr, in which the highest rate of BrdU incorporation was observed during the first
6 d of L-DOPA treatment (⬃80 –90 cells/
mm 2 for 3 d). After 10 and 14 d of L-DOPA
treatment, the proliferation rate was lower
(⬃45 cells/mm 2 for 3 d), but it still remained elevated above control levels (Fig.
9A, IV). The time profile of cell prolifera- Figure 6. Microvascular changes associated with L-DOPA treatment. A, Blood vessel lengths were increased in the basal
tion in the EP was similar to that seen in ganglia in dyskinetic animals (n ⫽ 8), and the increase reached significance in the EP and SNr. B, In addition, dyskinetic animals
showed an increased percentage of blood vessel profiles immunoreactive for the immature endothelial marker nestin in all basal
the SNr but was not significant (presum- ganglia structures. C, Levels of albumin immunostaining in the neuropil were increased in the EP and SNr in dyskinetic rats. D, The
ably attributable to high background la- percentage of blood vessel profiles immunoreactive for EBA was reduced in dyskinetic animals in all of the basal ganglia regions
beling in the saline group).
examined. In each dataset, measurements taken on the side ipsilateral to the lesion are expressed as percentage of the values from
The time course of L-DOPA-induced the contralateral intact side (in which no group differences were found). #p ⬍ 0.05 versus nondyskinetic animals (n ⫽ 6); *p ⬍
angiogenesis was evaluated by measuring 0.05 versus control animals (n ⫽ 8). One-factor ANOVA and post hoc comparisons with Student–Newman–Keuls test. The p value
nestin-immunoreactive vessel profiles in from the one-factor ANOVA is shown in C, panel III, because the ANOVA revealed a significant group effect, but the post hoc test
the structures of interest. In the DA- failed to detect significant pairwise differences between specific groups.
denervated CPu, the percentage of sample
area occupied by nestin-positive vessels increased gradually during the course of
The expression of EBA on blood vessel walls was used to assess
L-DOPA treatment, being elevated fourfold above control levels
the
time course of BBB disruption. In the DA-denervated CPu, a
by 14 d (Fig. 9B, I) ( pCPu ⫽ 0.003, one-factor ANOVA). Likewise,
small
but significant (one-factor ANOVA, pCPu ⫽ 0.004) loss of
nestin immunoreactivity in the GP showed the largest increase
EBA immunoreactivity was detectable already after 3 d of
after 14 d of L-DOPA treatment (Fig. 9B, II) ( pGP ⫽ 0.031). Also
L-DOPA treatment and persisted at approximately the same levin the EP and the SNr, the induction of nestin immunostaining by
els throughout the treatment period (Fig. 9C, I). Furthermore, in
L-DOPA was gradual, reaching maximal levels after 14 d of treatthe EP and the SNr, a significant loss of EBA staining on the
ment, corresponding to a more than fourfold increase above conlesioned side could be seen after 3 d of L-DOPA treatment, and
trol levels (Fig. 9B, III, IV) ( pEP ⫽ 0.018, pSNr ⫽ 0.004).
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downregulation of EBA on blood vessel
walls, features indicative of angiogenesis
(Rosenstein et al., 1992; Mokry and Nemecek, 1999; Alonso et al., 2005). In the EP
and the SNr (in which cell proliferation
was particularly intense), dyskinetic animals showed a significant increase in total
blood vessel length, accompanied by a visible extravasation of albumin in the neuropil. Together, these data indicate that
dyskinesia is associated with angiogenesis
in the brain nuclei that mediate the motor
effects of L-DOPA (Robertson and Robertson, 1989) and that some of the newborn
vessels have a deficient BBB. Because the
newly born endothelial cells survived for
several weeks after discontinuation of
L-DOPA treatment, they appeared to participate in a permanent remodeling of the cellular and vascular microenvironment in the
basal ganglia. Although increased vessel
length and loss of BBB integrity were seen
only in rats exhibiting dyskinesia, treatment with L-DOPA appeared to have some
stimulatory effect on endothelial proliferation also in nondyskinetic rats compared
with control animals in two of the structures examined (i.e., the SNr and the EP),
as suggested by an increased percentage of
cellular colabeling between BrdU and the
endothelial marker RECA-1 (Table 3).
There is accumulating evidence of microvascular changes and BBB dysfunction
in PD patients and animal models of PD,
with increased numbers of endothelial
cells (Faucheux et al., 1999), and vascular
growth in the substantia nigra pars compacta (Barcia et al., 2005; Carvey et al.,
2005; Desai et al., 2005), possibly accompanied by increased BBB permeability
(Carvey et al., 2005; Desai et al., 2005). In
line with these findings, a recent positron
emission tomography study has revealed a
dysfunction of BBB efflux pumps in the
Figure 7. Bright-field photomicrograph sections through the SNr and the EP stained for markers of BBB disruption (EBA and midbrain of some PD patients with short
albumin) and angiogenesis (nestin). In both the SNr (A–I ) and the EP (J–R), dyskinetic animals (right column) show a loss of EBA disease duration (Kortekaas et al., 2005).
expression on blood vessel profiles (C, L), increased albumin staining in the brain parenchyma (F, O), and increased numbers of The microvascular changes and/or BBB
nestin-positive blood vessels (I, R) compared with both nondyskinetic cases (middle column) and saline-treated control animals dysfunction observed in these studies have
(left column). Scale bar, 250 m.
been regarded as a correlate of the neurodegenerative process in PD, and additional
changes caused by PD pharmacotherapy
the percentage of EBA-positive vessels remained decreased
have not been addressed. Our findings uncover some unheralded
throughout the 14 d of L-DOPA treatment (Fig. 9C, III, IV) (oneeffects of L-DOPA treatment on the microvasculature of the basal
factor ANOVA, pEP ⫽ 0.003, pSNr ⫽ 0.003).
ganglia, consisting of pronounced endothelial proliferation, paralleled by a loss of BBB integrity and by an upregulation of imDiscussion
mature endothelial markers on blood vessel profiles. A study of
This study shows that, when L-DOPA pharmacotherapy causes
the temporal profile of these changes (experiment 3) revealed a
abnormal involuntary movements, it also gives rise to microvasprompt proliferative response to L-DOPA already on the first 3 d
cular changes in the basal ganglia nuclei. Specifically, we observed
of treatment, which continued at a steady rate during the entire
that dyskinetic animals had an increased endothelial proliferaperiod examined (14 d). The time course of EBA downregulation
tion in the striatum and its output structures, i.e., the GP, the EP,
was similar to that of cell proliferation. EBA is a triplet of proteins
and the SNr. In all of these structures, the endothelial proliferalocated on the luminal membrane of endothelial cells in cerebral
tion was accompanied by an upregulation of nestin and by a
vessels (Sternberger and Sternberger, 1987), and it is only ex-

9458 • J. Neurosci., September 13, 2006 • 26(37):9448 –9461

Westin et al. • Endothelial Proliferation in L-DOPA-Induced Dyskinesia

pressed where the BBB is healthy and
fully developed (Sternberger et al.,
1989; Cassella et al., 1996). Weak or absent EBA staining is considered as a
marker of BBB disruption (Sternberger
et al., 1989; Nishigaya et al., 2000; Zhu
et al., 2001). Studies addressing the
time course of EBA expression after
brain injury have shown that its downregulation precedes neovessel formation and that reexpression of the EBA
antigen occurs within a narrow time
window (Rosenstein et al., 1992; Nishigaya et al., 2000). These findings are in
line with our results, which show that
the downregulation of EBA is an early
event during L-DOPA treatment and
that it precedes any notable increase in
nestin expression on the microvessels
of the basal ganglia. The fact that EBA
levels do not show an additional reduction between 3 and 14 d of L-DOPA
administration suggests that EBA
downregulation and recovery proceed
at similar rates during the course of
L-DOPA treatment.
The increased endothelial proliferation associated with dyskinesia coincided with an upregulation of the intermediate filament protein nestin, in
endothelial cells lining blood vessel
walls. Nestin has mostly been used as a
marker of neural stem cells (Frederiksen and McKay, 1988; Palmer et al.,
2000; Cooper and Isacson, 2004), but it
is also strongly expressed on endothelial cells during prenatal and early
postnatal development (Mokry and
Nemecek, 1998, 1999). Endothelial expression of nestin in the adult brain is
reactivated by events that trigger neovascularization (Mokry and Nemecek,
1999; Alonso et al., 2005). Dyskinetic
animals showed a high amount of
nestin-immunopositive vessels in all of
the basal ganglia nuclei. The increase in
vascular nestin staining occurred gradually during the course of L-DOPA
treatment, reaching maximal levels at Figure 8. Dual-antigen immunostaining of microvessels confirmed the occurrence of BBB dysfunction and angiogenesis in dyskithe longest time period examined (i.e., netic animals. Double immunohistochemistry for EBA and RECA-1 (A–I ) or EBA and nestin (J–R) was performed on sections from the
14 d). Interestingly, an elevated vascu- SNr. A reduced expression of EBA in dyskinetic animals (A) compared with nondyskinetic (D) and saline-treated control (G) animals was
not attributable to a loss of vessels, which were evenly distributed throughout the sections, as shown by RECA-1 staining (B). C, F, and
lar expression of nestin was seen also in I show merged photomicrographs. Photomicrographs in the three bottom rows show staining for EBA (J, M, P), and nestin (K, N, Q),
structures in which total blood vessel and the corresponding merged pictures (L, O, R) in the three experimental groups. Dyskinetic animals (K ) show an increased number
lengths were not significantly increased of nestin-positive microvessels compared with nondyskinetic animals (N ) and controls (Q). A subset of the nestin-immunoreactive
by the end of the treatment, such as the vessels was located in regions with distinct loss of EBA staining (J, K, L). Scale bars, 100 m.
striatum and the GP. Along with the
measurements of BrdU-positive cells
neovascularization after 14 d of L-DOPA treatment. Immunohistoand EBA expression, these data suggest that an active remodeling of
chemical detection of serum albumin in the brain parenchyma is an
microvessels occurs in all of the basal ganglia nuclei for as long as
established method to evaluate the cumulative effect of BBB disrupL-DOPA treatment continues. Newborn vessels may remain immation during a certain period of time (Nag, 1996a,b). A reduced EBA
ture for some time, accounting for the steady downregulation of
expression on blood vessel walls has been associated with a mild
EBA immunoreactivity, the gradual increase in vascular nestin stainopening of the BBB to albumin (Zhu et al., 2001).
ing, and the finding of albumin extravasation in areas of intense
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expression (Cenci et al., 1998; Andersson
et al., 1999; Westin et al., 2001; Konradi et
al., 2004) and energy consumption (Konradi et al., 2004) (B. Valastro and M. A.
Cenci, unpublished observations) have
been documented in this rat model of
L-DOPA-induced dyskinesia. Moreover,
the occurrence of pronounced vascular remodeling in the EP and the SNr is compatible with the anatomical pattern of
2-deoxyglucose (2-DG) uptake in
6-OHDA-lesioned rats treated with
L-DOPA, showing a marked increase in
2-DG utilization in the EP and SNr on the
side ipsilateral to the lesion (Trugman and
Wooten, 1986; Trugman et al., 1996). In
concordance with our hypothesis, angiogenesis has been found to occur in specific
brain regions after physiological stimuli
implicating increased metabolic demands
(Black et al., 1990, 1991; Swain et al., 2003;
Ding et al., 2004). Moreover, the marked
regional differences in capillary density in
the brain are thought to reflect the metabolic activity of different structures (Cavaglia et al., 2001). Although temporary
changes in oxygen demands are met by an
adjustment of capillary diameter (Malonek et al., 1997), it is well established that
a chronic increase in brain tissue metaboFigure 9. Time course of L-DOPA-induced cell proliferation, angiogenesis, and BBB disruption. Rats were treated with L-DOPA
for 3 d (n ⫽ 4), 6 d (n ⫽ 6), 10 d (n ⫽ 7), and 14 d (n ⫽ 6), and BrdU injections were given during the last 3 d of L-DOPA treatment. lism can trigger angiogenesis and permaOnly animals that showed a dyskinetic-like response to L-DOPA were included in the analysis. A, Number of BrdU-positive cells per nently alter the local microvasculature
square millimeter in the different structures examined. B, C, EBA (B) and nestin (C) expression on blood vessel profiles expressed (Black et al., 1990, 1991; Swain et al., 2003;
as percentage of immunoreactive vessels within the sample area on the side ipsilateral to the lesion. *p ⬍ 0.05 versus control Ding et al., 2004).
Although being a homeostatic response
animals (n ⫽ 6); p ⬍ 0.05 versus 3 d; Ep ⬍ 0.05 versus 6 d; ⽧p ⬍ 0.05 versus 10 d. One-factor ANOVA and post
hoc comparisons with Student–Newman–Keuls test. The p value from the one-factor ANOVA is shown in B, panel II, to increased metabolic demands, the vasbecause the ANOVA revealed a significant group effect, but the post hoc test failed to detect significant pairwise cular remodeling induced by L-DOPA may
differences between specific groups.
also have detrimental consequences. In
particular, newly born and leaky miAs to the possible mechanisms of L-DOPA-induced microvascrovessels may alter the kinetics of L-DOPA entry into the brain,
cular remodeling, it seems quite unlikely that this reflects a genwhich is critically regulated at the level of the brain endothelium
eralized metabolic or toxic action of the drug on the brain endo(Wade and Katzman, 1975; Oldendorf and Szabo, 1976; Hawkins
thelium. Indeed, the changes that we observed were specific to the
et al., 2005) and is greatly limited by the BBB (Hardman et al.,
basal ganglia nuclei on the side of the brain ipsilateral to the
2001). The presence of immature microvessels may thus increase
6-OHDA lesion. In these nuclei, we did not observe signs of neuthe passage of L-DOPA from blood to brain in a nonregulated
rodegeneration, immune activation, or astrogliosis, thus arguing
manner precisely in those brain regions that directly mediate the
against the hypothesis that the angiogenesis associated with dysmotor effects of the treatment. In keeping with this hypothesis,
kinesia was triggered by a local inflammatory processes or tissue
we found that a peripheral injection of L-DOPA raises the levels of
damage. It is also quite unlikely that a stimulation of DA recepthis amino acid in the striatal extracellular fluid to a larger extent
tors present on endothelial cells contributed to the proliferative
in dyskinetic rats compared with nondyskinetic animals, alresponse observed in L-DOPA-treated animals. Indeed, DA has
though plasma levels of the drug do not differ between the two
been found to strongly inhibit vascular endothelial growth factor
groups (Carta et al., 2006).
(VEGF)-dependent angiogenesis through D2 receptor-mediated
Large and rapid fluctuations in central L-DOPA levels are at
endocytosis of VEGF receptor 2 (Basu et al., 2001).
the heart of the motor complications associated with L-DOPA pharThe occurrence of vascular remodeling in dyskinetic animals
macotherapy in PD (Chase, 1998). We propose that L-DOPA may
is most likely to represent an adaptation to increased energy deitself exacerbate these fluctuations through a process of vascular remands in brain nuclei that sustain pronounced changes in firing
modeling and ensuing discrete BBB defects within the basal ganglia
patterns (Boraud et al., 2005; Tang et al., 2005), synaptic activity
nuclei. The present findings call for investigations on the microvasand ion balance (Picconi et al., 2003), and macromolecular syncular effects of L-DOPA pharmacotherapy in PD patients.
theses (Carta et al., 2003; Konradi et al., 2004). This hypothesis is
supported by several observations. For example, the region showReferences
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