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1.1 Introduction

The dopamine (DA) precursor, L-DOPA, remains the most effective treatment for
Parkinson's disease (PD) but causes dyskinesia (abnormal involuntary movements) in the
vast majority of the patients (reviewed in Fabbrini et al., 2007). The pathophysiology of L-
DOPA-induced dyskinesia (LID) is multilayered, involving both pre- and postsynaptic
abnormalities in the nigrostriatal system, ultimately leading to altered activity patterns in
basal ganglionic-thalamocortical networks (Bezard et al., 2001; Cenci et al., 1998; Cenci
and Lindgren, 2007). Studies performed in both animal models and PD patients indicate that
dyskinesia is triggered by large and transient elevations in brain extracellular levels of DA
following the administration of L-DOPA (de la Fuente-Fernandez et al., 2004; Lindgren et
al., 2010; Pavese et al., 2006). These elevations reflect an abnormal handling of exogenous
L-DOPA and an altered regulation of DA release and clearance, which are in turn attributed
to the degeneration and the secondary maladaptive changes that affect DA (Lee et al., 2008)
and serotonin axonal projections (Rylander et al., 2010). Functional and structural
alterations of the brain microvasculature may however also contribute to this effect. Indeed,
L-DOPA reaches the brain from the blood through endothelial transport mechanisms
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(Pardridge and Oldendorf, 1975) and alterations of the brain endothelium or its barrier
properties could affect the kinetics of L-DOPA entry into the brain. Our studies in a rat
model of PD have shown that treatment with L-DOPA induces endothelial proliferation and
angiogenic activity in the basal ganglia nuclei (Lindgren et al., 2009; Ohlin et al., 2011,
Westin et al., 2006). Accordingly, we have recently obtained immunohistochemical
evidence of angiogenesis on post-mortem basal ganglia sections from dyskinetic PD patients
and showed that vascular endothelial growth factor (VEGF), an important inducer of
angiogenesis (Carmeliet P, 2000), is upregulated in striatal tissue from both L-DOPA-treated
dyskinetic rats and PD patients with a history of dyskinesia (Ohlin et al., 2011). In the search
for potential mechanisms that may mediate an angiogenic response to L-DOPA, it is highly
warranted to consider local alterations in blood flow and metabolism, as these phenomena
often are coupled with angiogenesis and appear to be dysregulated in PD (Hirano et al.,
2008). On a functional level, studies based on in vivo imaging techniques have evidenced
changes in regional cerebral blood flow (rCBF) in basal ganglionic-thalamocortical circuits
in PD patients, which were related both to the disease stage, to the presence of dyskinesia,
and to the performance of motor tasks (Hershey et al., 1998, 2003; Morgante et al., 2006;
Rascol et al., 1998). Using positron emission tomography (PET) imaging of cerebral blood
flow and metabolism in PD patients, Hirano and colleagues reported large increases in rCBF
in the basal ganglia following the administration of L-DOPA, which were not matched by
equivalent changes in regional metabolic patterns (Hirano et al., 2008). Increases in rCBF
“ON L-DOPA” were particularly pronounced in PD patients affected by dyskinesia (Hirano
et al., 2008). These independent lines of investigation indicate that neurovascular coupling
mechanisms may be affected by L-DOPA pharmacotherapy in the parkinsonian brain and
raise the hypothesis of a possible relationship between these functional changes and long-
lasting microvascular alterations involving angiogenesis and increases in BBB permeability
(Ohlin et al., 2011).

In the present study we have used high-resolution autoradiography in order to map changes
in rCBF and cerebral glucose utilization (rCGU) both at baseline and following L-DOPA
administration, in rats with 6-hydroxydopamine (6-OHDA\) lesions. To assess the impact of
L-DOPA treatment on rCBF, rCGU or BBB permeability, 14C-labelled tracer molecules
were injected intravenously at 60 min following peripheral administration of either L-DOPA
or saline (referred to as the “ON L-DOPA” versus “ON Saline” conditions, respectively). In
chronically L-DOPA-treated rats, the saline injection was given 24 hours after the last L-
DOPA dose, mimicking an “OFF L-DOPA” state of treated PD.

2. Materials and methods

2.1. Experimental design

2.1.1 Subjects—A total of 138 Female Sprague-Dawley rats (200-225 g; Harlan, The
Netherlands) were housed under a 12h light/dark cycle with access to food and water ad
libitum. All procedures were approved by the Malmd-Lund Ethical Committee on Animal
Research.

2.1.2 Treatment groups and experimental design—The study time line and the
experimental groups are depicted in Fig 1. In all experiments, rats with a unilateral 6-OHDA
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lesion of the medial forebrain bundle (MFB) or a sham lesion received single daily
subcutaneous (s.c.) injections of either L-DOPA or saline for 21 days. During the treatment,
animals were monitored for the development of abnormal involuntary movements (AIMs),
yielding a subdivision of chronically L-DOPA-treated rats into dyskinetic and non-
dyskinetic subgroups (defined below). On the twenty-second day, a venous catheter was
inserted in the jugular vein for injecting radiotracers to study regional cerebral blood flow
([*4C]-iodoantipyrine; IAP;), regional glucose utilization ([*4C ]-2-deoxyglucose; 2-DG), or
BBB permeability ([1#C]J-aminoisobutyric acid; AIB). In the following, the experiments will
be denoted IAP, 2-DG and AlIB, respectively. Following a short recovery period, rats in each
experimental group received a final injection of either L-DOPA or saline 60 min prior to
sacrifice, yielding the two final conditions, ON L-DOPA and ON Saline (see Fig 1A, B).

2.1.3 Drugs—L-DOPA methyl ester and the peripheral DOPA decarboxylase inhibitor,
Benserazide-HCI (purchased from Sigma-Aldrich AB, Stockholm, Sweden) were freshly
dissolved in saline and coadministered subcutaneously (s.c.) at the doses of 10/15 mg/kg for
IAP and 2-DG (Lindgren et al., 2009), and 25/15 mg/kg for the study of AIB (as in Papa et
al., 1994 and Lindgren et al., 2007), for studying BBB permeability. The injection volume
was 1.0 ml/kg body weight. The higher L-DOPA dose used for AIB was motivated by a
need to minimize within-group variations that would be expected to occur based on
differences in dyskinesia severity. Indeed, with the selected dosage all rats become severely
dyskinetic over three treatment weeks (Lindgren et al., 2007; Ohlin et al., 2011).

2.2 Surgical procedures and behavioural assessments

2.2.1 DA-denervating lesion and behavioural screening—Rats included in the
experiments received unilateral injections of 6-OHDA-HCI (Sigma-Aldrich, Stockholm,
Sweden) or a sham lesion into the right ascending DA fibre bundle (medial forebrain bundle,
MFB). Sham lesions were performed by inserting a needle at the same coordinates. Rats
were anaesthetized with an intraperitoneal (i.p.) injection of a 20:1 mixture of Fentanyl®
and Domitor® (Apoteksbolaget, Sweden AB) and subsequently placed in the stereotaxic
frame. 6-OHDA was dissolved in a 0.02% ascorbic acid/saline solution at a concentration of
3.5 pug/ul and injected at the following coordinates (in mm, relative to bregma (i)
anteroposterior (AP) = —4.4, lateral (L) = -1.2, dorsoventral (DV) = —7.8; tooth bar = -2.4
(2.5 pb); (ii) AP =-4.0, L = -0.8, DV = -8.0; tooth bar = +3.4 (2 pl). After surgery, animals
received analgesic treatment (Temgesic®, 0.167 mg/kg, s.c.; Apoteksbolaget AB, Sweden).
Two weeks post-lesion, rats were tested for amphetamine induced-rotation (2.5 mg/kg D-
amphetamine i.p.; 90 .min recordings). Only animals showing > 5 net full turns per min in
the direction ipsilateral to the lesion were selected for the experiments (Winkler et al., 2002).
The extent of the lesion was finally verified with tyrosine hydroxylase (TH)
immunohistochemistry in all animals, and rats having > 10% residual TH staining in the
DA-denervated striatum were excluded from the study.

2.2.2 Abnormal involuntary movements (AIMs) ratings—The development of
dyskinesia was monitored using the rodent abnormal involuntary movements (AlMs) scale
(Cenci et al., 1998; Lundblad et al., 2002). The scale considers the following topographic
subtypes of dyskinetic movements: (i) axial AIMs, i.e. twisting movements of the neck and
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upper trunk towards the side contralateral to the lesion; (ii) forelimb AlMs, i.e. repetitive
jerks or dystonic posturing of the contralateral forelimb; and (iii) orolingual AIMs, i.e.
empty jaw movements and contralateral tongue protrusion. Animals were observed
individually for one every 20t minute during 3 hours following the administration of L-
DOPA. Each AIM subtype was scored on the original severity scale of Cenci et al., 1998,
which is based on the proportion of the monitoring period during which dyskinesia is
present (0 = no dyskinesia; 1 = occasional signs of dyskinesia; 2 = signs of dyskinesia
present for more than 50% of the observation time; 3 = dyskinesia is present during the
entire monitoring period, but is interrupted by external stimuli; 4 = continuous dyskinesia
not interrupted by external stimuli). AlMs were rated on five occasions during the 3 weeks
of daily L-DOPA treatment. Rats were classified as “dyskinetic” if they displayed a severity
score per monitoring period of =2 on at least two AIM subtypes on most testing sessions.
Animals classified as “non-dyskinetic” exhibited either no AlMs at all, or very mild and
occasional AIMs (Lindgren et al., 2009; Westin et al., 2006). Animals that did not fall into
either category were excluded.

2.2.3 Surgery and tracer injections—Rats were anaesthetized with a mixture of
isofluorane in air (Isoba® vet., Apoteksbholaget, Sweden; 3% and 1.5-2.0% during the
induction and maintenance of anaesthesia, respectively). Following local anaesthesia
(Marcain®, 0.05 mg/kg s.c. in the wound area; Sigma Aldrich, Sweden), a fine cut was
made to expose the right jugular vein, and approximately 1.0 cm of a silicone tube (0.635
and 1.194 mm inner and outer diameter, respectively), filled with physiological saline
solution, was introduced through a small incision into the vein and secured with sterile
suture string. The distal end of the tube was tunnelled under the skin to the infrascapular
region where a long end (15 cm) was secured with surgical tape and the flow was blocked
with a small vessel clip. The animals were placed in individual clean cages to recover for
three hours prior to radiotracer injection and sacrifice. After recovery from surgery, while
rats were moving freely in their cage, the distal end of the catheter tube was coupled to a
syringe filled with physiological saline solution. After flushing the tubing with 50-75 pl of
saline, either of the three radiotracers, [14C]-iodoantipyrine ([14C]-1AP; 100 pCi/kg),
[14C]-2-deoxyglucose ([14C]-2-DG; 100 uCi/kg) or [14C]-aminoisobutyric acid ([14C]-AlB;
100 uCi/kg) (all from American Radiolabeled Chemicals Inc., St Louise, MO, USA) were
injected through the catheter (1 ml/kg). The selected radiotracer was delivered intravenously
through the catheter with a speed of 0.1 ml/sec. The tracer circulation time was optimized to
the physiological parameters being examined, consisting of 10 seconds for [1*C]-IAP, 45
minutes for [14C]2-DG, and 25 minutes for [14C]-AIB (Blasberg et al., 1983; Holschneider
and Maarek, 2004; Sakurada et al., 1978; Sokoloff et al., 1977). Following the given tracer
circulation time, animals were immediately anaesthetized by a bolus injection of sodium
pentobarbital (240 mg/kg; Apoteksbolaget AB) through the catheter and killed by
decapitation. A sample of the blood ejected from the trunk was immediately collected for a
determination of tracer concentration. Brains were extracted in less then 45 seconds (to
avoid passive diffusion of the tracer; Williams et al., 1991), flash frozen in isopentane (2-
methylbutane; Sigma-Aldrich, Sweden) and stored at —80°C. Plasma samples were
separated by 10 min centrifugation and frozen to —20°C.
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To verify whether changes in rCBF induced by L-DOPA are conditional on an increased
motor activity, [14C]-iodoantipyrine autoradiography was carried out also in the
anaesthetized condition in a smaller group of 6-OHDA-lesioned animals (n=15). Animals
were anaesthetized with isofluorane as previously described (Bentzer et al., 2001). The
femoral artery and the jugular vein were cannulated for measurement of mean arterial blood
pressure (MAP) and infusion of the tracer, respectively. Animals thereafter received an
injection of either L-DOPA (n=7; 10 mg/kg in combination with 15 mg/kg benserazide, 1
ml/kg s.c.) or physiological saline (n=8; 1 ml/kg, s.c). Sixty minutes following the L-DOPA
or saline injection, animals received an infusion of 100 uCi/kg of [14C]-iodoantipyrine at
constant speed over 45 seconds. Six timed arterial blood samples of 25 L were collected
during the tracer infusion time. The animals were decapitated simultaneously with the last
blood sample, brains were quickly extracted and frozen in 2-methylbutane (-50°C). Blood
samples were dissolved in Solvable (Packard, Groningen, Netherlands) at 60 °C for one hour
followed by bleaching by 30% hydrogen peroxide at 60 °C for one hour. Following addition
of scintillation fluid, [1#C] activity was measured in a liquid scintillation counter. Regional
blood flow was calculated according to the following equation (Sakurada et al., 1978).

Ci (T) =AKo [TC e KTV gt

where C; (T) equals the tissue concentration of a chemically inert diffusible tracer at a given
time (T) after the introduction of the tracer into the circulation, A is the tissue/blood partition
coefficient, Ca the concentration of the tracer in arterial blood, t is time and K a constant
which incorporates the rate of blood flow in the tissue. The constant K is defined as K=
(mYA)(F/W) where mis a diffusion coefficient and F/W is blood flow per unit mass. For
iodoantipyrine A= 0.8 and m=1 (Sakurada et al., 1978).

2.3 Autoradiographic and immunohistochemical analyses

2.3.1 Tissue preparation and autoradiography—Brains were cut in a cryostat (-12
to —18°C) in 20-um thick coronal sections with a section interdistance of 100 um. Sections
were dried on glass slides and exposed at —20°C on autoradiography films (18 x 24 cm;
Kodak BioMax MR-1 Film) in light-tight cassettes (18 x 24 cm; Amersham, UK), along
with [14C] microscales (ARC 146C (PL); St. Luis, MO, USA). Film exposure times were
optimized for each tracer (96 hours for [14C]-IAP and 66 hours for [14C]-2-DG). Films were
developed through immersion in developing solution (Kodak Professional D19 Developer;
Kodak, USA) for 4 min followed by fixing solution (IIford rapid fixer; Harman, UK. Diluted
1:5 in distilled water) for 10 min. Films were placed on a light table at constant illumination
and autoradiographs were digitized with a Nikon Digital Camera (DXMZ1200F) coupled to a
computer equipped with Nis-Elements F 3.0 software (Nikon, Japan).

2.3.2 Region of interest analysis—Digital pictures of section autoradiographs were
converted to 8-bit and analyzed with the NIH-produced software, ImageJ (http://
www.rsh.info.nih.gov/ij/). Optical density units were calibrated on the [1*C] microscales
(see above) exposed along with the films. Values were thus converted to nCi/g tissue.
Measurements were performed by an experimentally blinded investigator. Regions of
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interest were defined in different basal ganglia nuclei (Fig. 2) spanning the following
rostrocaudal levels (numbers give anterior-posterior coordinates in mm relative to bregma
according to the rat brain atlas of Paxinos and Watson, 1998): primary motor cortex (M1;
+1.00/-0.30), mid-caudal striatum (Str: —0.30/-1.00); globus pallidus (GP; —0.80/-1.00);
entopeduncular nucleus (EP; —2.12/-3.00) and substantia nigra pars reticulata (SNr;
-5.00/-6.00; Fig. 2). In the striatum and GP, at least three sections per animal, spanning the
above rostrocaudal coordinates, were measured. In the EP and SNr, 4-5 sections per animal
were analyzed to cover the entire rostrocaudal extents of these structures.

2.3.3 Assessments of BBB permeability—The tracer [14C]-aminoisobutyric acid
(AIB) is a 104 Da inert amino acid that does not cross an intact BBB during a 25 minutes
circulation time (Blasberg et al., 1983). It therefore gives a strong signal on the surface of
the brain (pial vessels, venous sinuses) and periventricular spaces. Uptake of this tracer into
the brain parenchyma (AIB) was measured on a phosphorimager (Fujifilm FLA-7000;
Fujifilm Life Science USA) after exposing the sections to phosphorescent screens for 7 days
together with [14C] microscale standards. Autofluorescent images of the same sections were
used to outline the regions of interest, which were acquired using an Olympus MV X10
macroscope, merged with a Retiga 4000R (QImaging) monochromatic cooled CCD camera,
using a 1.2x/0.5 numerical aperture objective. Images were captured with SlideBook 5.0
software (Intelligent Imaging Innovations Inc., USA) using a green fluorescent protein
(GFP) fluorescent filter (excitation A = 470/40nm; emission A = 525/50nm; Chroma
Technology Corp.; specifically built for Olympus MVX10 XL-sized filter turret). Exported
TIFF images of the autofluorescent sections were manually aligned to the corresponding
phosphor-images using Photoshop CS4 (Adobe Systems Inc.). The relative [14C]-AIB
uptake was measured in the SNr and the lateral striatum at the same rostrocaudal levels as
described above. Measurements were not taken in the GP and motor cortex because of the
intense radioactivity halo spreading inwards from the cortical surface and the ventricular
spaces (cf. Fig. 6 A-C), which would have given artifactually high readings in these
structures. Measurements were not taken from the EP either due to difficulties in reliably
outlining the boundaries of this structure on the autofluorescent section images.

2.3.4 Determination of radioactivity levels in blood samples—Radioactivity levels
in blood samples were determined by means of liquid scintillation counting (Beckman LS
6500, Multi-purpose scintillation counter; U.S.A.). Twenty pl of plasma obtained from each
animal were mixed with 10 ml of Ultima Gold Liquid Scintillation Cocktail (Perkin-Elmer,
Boston, MA). The analysis software automatically converted the specific activity expressed
as Curie per millimole (Ci/mmol; CPM) to decay per minute (DPM). These analyses were
made to confirm that the intravenous tracer infusion had been successful in all animals
included in the study.

2.3.5 Tyrosine hydroxylase and nestin immunohistochemistry—Tyrosine
hydroxylase (TH) and nestin immunohistochemistry were performed to estimate the degree
of DA denervation (TH) and to compare the levels of angiogenic activity (microvascular
nestin expression) among the groups (Lindgren et al., 2009; Westin et al., 2006),
respectively. Fresh frozen sections were rinsed in 0.02 M potassium phosphate buffered
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saline, pH 7.4, containing 0.25% Triton-X (KPBS-T), fixed for 1 h in 10% formalin, and
rinsed. Quenching of endogenous peroxidases was done with 3% H»05 in 10% methanol/
water for 15 minutes. Sections were preincubated for 1 hour in blocking buffer (either 5%
normal goat serum; NGS, or normal horse serum; NHS, in KPBS/T). This was followed by
overnight incubation with one of the following primary antibodies: rabbit-anti-TH (1:1000;
Pel-Freeze, Rogers, AR) or mouse-anti-nestin (1:10000; BD Pharmingen, San Jose, CA).
Thereafter, sections were rinsed and incubated with the biotinylated goat-anti-rabbit
(BA1000, 1:300; Vector Laboratories, Burlingame, CA) or horse-anti-mouse (BA2001, 1:
200; Vector Laboratories) secondary antibody in 2.5% serum blocking solution.
Immunocomplexes were 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, dehydrated in
increasing concentrations of alcohol and xylene and coverslipped using DPX mounting
medium (Sigma Aldrich, Sweden). Densitometric measurements of TH immunostaining
were performed on striatal sections using ImageJ software. Optical density readings were
taken at the relevant rostrocaudal levels (see above) on both sides of the brain, and animals
having >10% residual TH staining in the striatum ipsilateral to the lesion were excluded
from the study. There were no differences in the extent of TH depletion between dyskinetic,
non-dyskinetic, and 6-OHDA control groups in any experiment. Sections immunostained for
nestin were digitized under bright-field microscopy on a Nikon Eclipse 80i microscope
equipped with a digital camera (Olympus DP72). Analysis of nestin-positive microvessels
was performed in the EP and SNr (the regions showing largest angiogenic activation in this
animal model, Westin et al., 2006) using the image segmentation software VIS (Visiopharm
Integrator System; Visiopharm, Denmark). A polynomial local linear filter with pre-trained
bayesian pixel classifier was used to separate nestin-positive vessels from background, as in
(Lindgren et al., 2009; Westin et al., 2006). Results from the DA-denervated side were
expressed as a percentage of the values from the contralateral side.

2.4 Statistical analysis

All data are presented as group means = standard error of mean (SEM). Optical density
readings were converted to radiotracer levels in tissue (nCi/g). In order to compensate for
possible differences in absolute tracer uptake between animals and regions, data from the
side ipsilateral to the lesion (6-OHDA or sham lesion) were expressed as the percentage
change relative to the values from the contralateral side in each animal. Comparisons
between the last treatment condition (ON L-DOPA vs ON saline) and experimental groups
(sham, 6-OHDA controls, dyskinetic and non-dyskinetic cases) were carried out by two-
factor analysis of variance (ANOVA) and post hoc Tukey's honestly significant difference
(HSD) test. For the anaesthetized IAP group, paired t-test was used to compare the two sides
within each group, and unpaired t-test to compare delta-flow values and physiological
parameters between groups. In the AIB study, one-factor ANOVA with post hoc Student
Newman Keul's test was used. Statistical analyses were performed with SPSS 17.0 (SPSS,
Chicago, IL). The threshold for statistical significance was set at p < 0.05.
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3. Results

3.1. Development of abnormal involuntary movements

The development of abnormal involuntary movements (AlMs) was monitored in all
experimental groups. In dyskinetic animals, AIM scores reached a stable plateau during the
second or third treatment week (Fig 3A-B). There was no significant difference in either the
cumulative or the final AlMs scores between experiments investigating rCBF or rCGU (Fig
3A-C). Non-dyskinetic rats displayed either no or very mild signs of dyskinesia (Fig 3), and
the AIM scores in this group did not differ significantly from those of saline-treated 6-
OHDA-lesioned rats (hereafter termed “6-OHDA controls”). Sham-lesioned rats (both L-
DOPA- and saline-treated) did not display any signs of dyskinesia. The administration of L-
DOPA to sham-lesioned rats did not exert any obvious motor stimulant effect.

3.2. The effect of L-DOPA on regional cerebral blood flow (rCBF)

Rats treated chronically with either L-DOPA or physiological saline for 21 days received a
final dose of L-DOPA or saline one hour before [1#C]-IAP tracer injection and decapitation,
yielding the two conditions: ON L-DOPA and ON Saline (n=5-7 per condition per group).
In chronically L-DOPA treated animals, the latter condition corresponds to an “OFF L-
DOPA” state. In all regions examined, rCBF did not differ significantly among the groups in
the ON Saline condition, whereas strong effects occurred ON L-DOPA. In the primary
motor cortex (M1), all groups showed a modest increase in rCBF ON L-DOPA compared to
the ON Saline condition (two-factor ANOVA, F(7 48)=4.74, Pgroyp<0.272,
PL-DopPA/SALINE<0.0001, Pjnteraction=0.059; Fig 4A-B). In the post hoc comparisons, the
increase in rCBF on L-DOPA vs saline reached significance in the 6-OHDA controls and
dyskinetic groups (approx. 30% and 20% increase vs the saline condition, respectively; Fig
4A). In the striatum, clear-cut effects were seen in all the overall comparisons (two-factor
ANOVA, F(7,48)=20.45, Pyrop<0.0001; P popassaLINE <0.0001; Pinteraction<0.0001; Fig
4A-B). Following the administration of L-DOPA, the largest augmentation in rCBF
occurred in the dyskinetic group (+52%) followed by 6-OHDA controls (+29%) both p<0.05
vs all other groups/conditions). A modest but significant increase in rCBF ON L-DOPA
(+13%) was present in the non-dyskinetic group (p<0.05 vs the corresponding saline
condition). In the GP, there were strong overall effects too (Fig 4; two-factor ANOVA,
F(7,48)=20.25, Pgroyp<0.0001, P -popa/sALINE<0.0001, Pinteraction<0.0001). Both dyskinetic
rats and 6-OHDA controls showed pronounced rCBF increases in the GP ON L-DOPA vs
Saline (approximately +65%, p<0.05 vs all other groups). Strong overall effects also
occurred in the two output nuclei of the basal ganglia, the EP and SNr (two-factor ANOVA,
EP: F(7'48):19.33, Pgroup<0-0001; PL-pora/saLINE <0.0001; Pinteraction<0.0001, SNr:
F(7,48)=34.25, Pgroup<0.0001; Pon-orr<0.0001; Pinteraction<0.0001; Fig 4). The largest
changes in rCBF ON L-DOPA occurred in dyskinetic rats, amounting to an increase by 91%
in the EP (p<0.05 vs all other groups/conditions) and by 61% in the SNr (p<0.05 vs all other
groups/conditions but 6-OHDA control ON L-DOPA,; Fig 4). 6-OHDA controls also showed
large increases ON L-DOPA (+53% in the EP, p<0.05 vs all other groups/conditions and
+60% in the SNr, p<0.05 vs all groups/conditions but dyskinetic ON L-DOPA). The non-
dyskinetic group showed modest increases in rCBF (30% and 9% in the EP and SNr,
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respectively), which did not however reach statistical significance in any post hoc
comparison.

The application of [24C]-1AP autoradiography to anaesthetized rats allows for monitoring
the tracer concentrations in the arterial blood at multiple and tightly spaced time points,
which is required to calculate the actual blood flow rate in each region as ml/min/g of tissue
(Sakurada et al., 1978). We applied the [X4C]-1AP technique using this protocol to a limited
number of animals (L-DOPA-treated dyskinetic rats and saline-treated lesioned controls,
n=7 and 8, respectively). Intravenous tracer infusion was performed 60 min after the
injection of L-DOPA (dyskinetic rats) or saline (control group). The absolute rCBF values
(ml x min~1 x g71) in the regions of interest were in the range previously reported in
anaesthetized rats of this age and strain (Mies, 1997). In the saline-treated group, only the
GP showed enhanced flow rates on the DA-denervated side compared to the intact side,
while L-DOPA raised the flow values on the DA-denervated side in most structures; Table
1). A comparison between groups was performed using the difference in absolute flow
values between hemispheres (Aflow, Table 1). This comparison showed significantly
increased flow rates in the L-DOPA group in all structures examined (p<0.05 vs. saline;
Table 1). Respiratory and cardiovascular parameters (Table 2) were in the normal
physiological range (Bentzer et al., 2001). Arterial blood oxygenation levels (PaO,) were
slightly but significantly larger in L-DOPA-treated rats (independent samples t-test;
t(14)=3.02, p=0.02; Table 2) but the partial pressure of CO, and the mean arterial pressure
did not differ between the two groups.

3.3. The effect of L-DOPA on regional cerebral glucose utilization (rCGU)

Studies regarding the effects of chronic L-DOPA treatment on rCGU were carried out only
in awake rats according to the same experimental design as for [14C]-1AP autoradiography
(Fig 1B; n=4-9 per group and condition). Unlike the rCBF patterns, significant group
differences in rCGU could be observed in the ON saline condition in a number of structures,
reflecting the impact of the DA-denervating lesion on brain metabolic activities, as
previously reported (Wooten and Collins 1981). In the motor cortex, rCGU tended to be
reduced by the 6-OHDA lesion in all groups, but this effect only reached significance in
chronically L-DOPA-treated rats (-8-12%); Fig 5; two-factor ANOVA F 7 55)=4.85,
Pgroup=0.0001, P__popassaLINE =0.76, Pinteraction=0-30, p<0.05 for dyskinetic and non-
dyskinetic groups vs the sham group ON L-DOPA). In the striatum, the 6-OHDA lesion per
se did not have any significant effect on rCGU, but overall differences were seen between
the ON L-DOPA and the ON Saline conditions (two-factor ANOVA F 7 52)=3.28,
Pgroup:0-179, PL-popa/sALINE=0.001, Pinteraction=0.193). Indeed, L-DOPA tended to
enhance striatal rCGU in all groups, although the increase reached significance only in the
6-OHDA control group (+8%, p<0.05 vs ON Saline). In the GP, there was a strong overall
group effect but no overall effect of treatment (Fig. 5; two-factor ANOVA F 7 52)=3.96,
P(group)<0-0001, p; _popa/sALINE=0-348, Pinteraction=0.612) and only the 6-OHDA control
group differed significantly from sham-lesioned animals ON L-DOPA. In the EP, no clear
lesion-induced effects were present ON Saline, but there was an overall effect of L-DOPA
treatment (Fig 5; two-factor ANOVA; EP: F(7 52)=5.24, Pgroyp=0.245,
PL-DoPA/Saline<0.0001, Pjnteraction=0.053). The strongest increase in rCGU following L-
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DOPA administration was seen in the dyskinetic group (34%). In the SNr, there were
significant overall differences between groups and conditions (two-factor ANOVA,;
F(7,52=11.49, Pgroup <0.0001, P .popassaLINE <0.0001, Pinteraction=0.003). Group
differences did not reach significance ON Saline. However, following the administration of
L-DOPA, the 6-OHDA control group showed a significant increase in rCGU (+30%, p <
0.05 vs 6-OHDA controls ON saline, non-dyskinetic and sham groups ON L-DOPA), while
the dyskinetic group only showed a relative increase of 13% (p <0.05 vs its ON saline
condition).

3.4 Microvessels expressed nestin following chronic but not acute L-DOPA treatment

Endothelial expression of nestin occurs under conditions of active angiogenesis (Alonso et
al., 2005; Mokry and Nemecek, 1999). In the present study, nestin expression was quantified
in the EP and SNr, regions that exhibit the highest angiogenic activity in L-DOPA-treated
animals (Lindgren et al., 2009; Westin et al., 2006). Results are shown in Fig 6A-B, while
Fig 6C shows low magnification photomicrographs of nestin immunoreactivity in the SNr
from all the main experimental groups in this study. In the IAP and 2-DG studies, dyskinetic
rats showed significantly higher levels of nestin-immunopositive vessels that non-treated
rats in both the EP (>2-fold on DA-denervated side; Fig 6A; IAP: F(7 34)=19.0; p<0.0001; 2-
DG: F(7,35=9.2; p<0.0001) and the SNr (Fig 6B-C; IAP: F(7 33)=14.0; p<0.0001; 2-DG:
F(7,39)=17.0; p<0.0001). Small elevations in EP microvessel nestin expression were
observed also in non-dyskinetic animals, reaching significance in IAP (awake; p<0.05 vs
sham group, Fig 6A). No significant upregulation of nestin was detected in acutely L-DOPA
treated animals (cf. 6-OHDA, ON L-DOPA, Fig 6).

3.5 Permeability of the BBB

We have previously reported that dyskinetic rats show histological evidence of increased
BBB permeability in the basal ganglia (Westin et al., 2006; Lindgren et al., 2009; Ohlin et
al, 2011). To address the question, whether a larger BBB leakage may occur under
conditions of increased rCBF, we prepared a group of dyskinetic rats with similarly high
AlMs scores and used these for autoradiographic analysis of BBB permeability. To this end,
the regional permeability of the BBB was studied in the striatum and the SNr by measuring
the local uptake of [4C]-aminoisobutyric acid ([14C]-AlIB), an inert amino acid that is not
efficiently transported across the brain endothelium (Blasberg et al, 1983). Chronically L-
DOPA-treated rats received their last L-DOPA dose either one hour or 24 hours prior to
tracer injection, thus mimicking an ON versus OFF L-DOPA state, and both groups were
compared to saline-injected 6-OHDA controls (n=6-8 per group). In both the striatum and
the SNr, region of interest analysis revealed increases in tracer accumulation in the
chronically L-DOPA-treated rats (one-factor ANOVA, striatum; F(; 2)=4.77 p=0.016; SNr:
F(2,21)=5.67, p=0.010; Fig 7D and H respectively). In the post hoc comparisons, a significant
increase in tracer uptake in the striatum only occurred during the ON L-DOPA condition
(p<0.05 vs saline controls; Fig 7D). In the SNr, significant increases in tracer uptake above
controls (saline) occurred in both the ON and the OFF L-DOPA group (+45% and +27%,
p<0.05 vs saline controls, respectively), but were more prominent in the former (p < 0.05 for
ON vs OFF L-DOPA; Fig 7H). Visual inspection of the autoradiographs showed regional
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heterogeneity in tracer uptake within the striatum, with “hot spots” of radioactivity that were
mostly seen in the lateral region flanking the external capsule (see Fig 7A-C, E-G).

4. Discussion

The present study is the first to systematically compare changes in rCBF and rCGU in an
animal model of PD at baseline and following L-DOPA treatment. Our results show that L-
DOPA administration increases blood flow and metabolism in the DA-denervated basal
ganglia nuclei but that the magnitude of the effect is largely dependent on the motor
response evoked by the treatment. Chronically L-DOPA-treated animals that had remained
free from dyskinesia had small, if any, relative changes in either rCBF or rCGU. By
contrast, chronically treated dyskinetic rats exhibited significant changes in CBF and CGU
in regions previously reported to show angiogenic activity in this animal model (Westin et
al., 2006).

Changes in rCGU induced by a nigrostriatal DA lesion and L-DOPA treatment have been
previously reported in 6-OHDA-lesioned rats (Engber et al., 1990; Trugman et al., 1996;
Trugman and Wooten, 1986; Wooten and Collins, 1981) and non-human primate models of
PD (Bezard et al., 2001, Mitchell et al 1986; 1992, Palombo et al., 1990). This is, however,
the first study to examine differences between chronically and acutely L-DOPA-treated rats
(cf. group comparisons “ON L-DOPA”), and to discriminate dyskinetic from non-dyskinetic
cases among the chronically L-DOPA treated animals. In agreement with previous findings
(Wooten and Collins, 1981), slight depressions in metabolic activity following the 6-OHDA
lesion were found in all regions examined but for the GP, where rCGU was instead
increased. An increased metabolic rate in this region at baseline can be explained by an
overactivity of the indirect striatopallidal pathway caused by DA-denervation (Albin et al.,
1989).

Likewise, L-DOPA injections caused rCGU responses similar to those previously reported
(Trugman and Wooten, 1986), consisting in large elevations in 2-DG uptake in the basal
ganglia output nuclei (EP and SNr), and more subtle effects in the striatum and GP.
Interestingly, non-dyskinetic rats showed a blunted rCGU response to L-DOPA. The blunted
metabolic response in non-dyskinetic rats parallels a lack of significant plastic adaptations in
these brain regions in this category of animals (Westin et al., 2006, 2007).

The present study also provides the first demonstration that alterations in rCBF caused by
peripheral L-DOPA injections have a similar, but not identical, anatomical pattern as the
corresponding metabolic changes and that they are linked to the motor response elicited by
the treatment. A comparison between acutely and chronically L-DOPA treated animals
indicates that, on their first exposure to L-DOPA, all 6-OHDA lesioned rats respond with
increases in rCBF in the regions examined (including the motor cortex), the highest response
magnitude occurring in the EP and the SNr. Following chronic L-DOPA treatment, the
pattern of rCBF differs dramatically between dyskinetic and non-dyskinetic rats. While the
latter exhibit modest rCBF increases, dyskinetic rats show rCBF responses that are equally
high, or even higher, than those measured in acutely L-DOPA-treated 6-OHDA controls (see
rCBF data ON L-DOPA from the striatum and EP). This pattern of changes parallels
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previously reported differences in the expression levels of neuroplasticity markers between
these group categories (reviewed in Cenci and Konradi, 2010). In agreement with our
results, a recent pharmacological magnetic resonance imaging (phMRI) study performed in
unilaterally 6-OHDA-lesioned rats has showed that D1 receptor agonist-induced dyskinesia
is associated with a sensitization in blood-oxygenation level-dependent (BOLD) signal
(corresponding to functional hyperaemia) in the striatum and motor cortex after repeated
drug exposure (Delfino et al., 2007). The deep basal ganglia structures were not examined in
this study, probably due to the limited anatomical resolution offered by the phMRI
technique.

Measurements of rCBF in the present study were also performed in a group of rats that were
kept anaesthetized before and during the tracer infusion. Even though the response
magnitude was overall lower than that seen in awake rats, significant changes in rCBF were
present in the lesioned hemisphere ON L-DOPA also in anaesthetized rats. These data
indicate that a direct pharmacological effect of L-DOPA can raise rCBF in most parts of the
basal ganglia independent of ongoing motor activity/expression of dyskinesia. It is also
interesting to observe that the 6-OHDA lesion had resulted in a hyperperfusion of the GP,
which paralleled the lesion-induced hypermetabolism.

Despite overall similarities in the L-DOPA-induced patterns of rCBF and rCGU, some
important differences deserve particular attention. First, rCBF in the motor cortex was
significantly enhanced ON L-DOPA in 6-OHDA-lesioned animals, while the rCGU in this
region was reduced under the same conditions. Second, striatal rCBF ON L-DOPA was
larger in dyskinetic rats than in acutely L-DOPA-treated animals, while a clear trend could
be observed for rCGU to be reduced in the former compared to the latter group. Similar
trends emerge from a comparison between changes in rCBF and rCGU in the SNr. In
addition, L-DOPA treatment tended to reduce rCGU in the GP, while rCBF was further
enhanced by L-DOPA also in this region. These findings point to some degree of
dissociation between changes in flow and metabolism following treatment with L-DOPA.

Our results raise questions on the possible mechanisms by which L-DOPA elevates rCBF in
the basal ganglia. In the absence of specific pharmacological stimuli or disease conditions,
rCBF increases as a direct response to neuronal activity, a process known as functional
hyperaemia (Girouard and ladecola, 2006). Cerebral blood flow and glucose metabolism are
normally tightly coupled and linearly correlated in the healthy brain (Girouard and ladecola,
2006; Klein et al., 1986; Fox et al., 1988), while oxygen consumption increases to a lower
rate than rCBF (Fox et al., 1988), providing the basis of BOLD-signal magnetic resonance
imaging (MRI; Attwell and ladecola, 2002). However, flow-metabolism responses may be
uncoupled under a range of physiological conditions (reviewed in Ekstrom, 2011; Paulson et
al., 2010), in neurological disease (Zlokovic, 2008), and in response to certain
pharmacotherapies (Hirano et al., 2008). Interestingly, a few independent studies have
evidenced changes in both rCGU (Borghammer et al., 2011) and rCBF (Hershey 1998,
2003; Morgante et al., 2006; Rascol et al., 1998) or both (HIrano et al., 2008) in the human
parkinsonian brain. A PET imaging study mapping both rCGU and rCBF responses in PD
patients provided evidence of flow-metabolism dissociation in the “ON L-DOPA” condition
(Hirano et al., 2008). While rCBF was abnormally increased in striatal, pallidal, and brain
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stem regions, rCGU responses were either unchanged or depressed following the
administration of L-DOPA. Interestingly, these effects were very prominent in PD patients
suffering from LID (Hirano et al., 2008). It is possible that a similar flow-metabolism
dissociation occurs in our animal model, although a comparison with the human study
would require the use of similar techniques and analytical methods.

The increase in rCBF induced by L-DOPA in the DA-denervated brain is likely dependent
on a stimulation of D1-class receptors. This hypothesis is supported by the realization that
L-DOPA-induced changes in rCBF (and rCGU) are largest in the basal ganglia output
nuclei, the EP and SNr, where the D1 receptor class clearly predominates over the D2 one
(18:1 and 36:1 expression ratio of D1 vs D2 receptors, respectively, Boyson et al., 1986).
Moreover, the effect of DA on rCBF has been closely linked to the D1 receptor by previous
studies, as pharmacological D1 receptor stimulation enhances imaging parameters related to
rCBF in the striatum both in DA-denervated animals (Delfino et al., 2007) and in the non-
denervated brain (Choi et al., 2006; Nguyen et al., 2000). In addition, D1 agonists exert
direct effects on the vascular diameter in isolated brain arterioles (either dilatation or
constriction; Edvinsson et al., 1978, 1985). Indeed, D1 receptors are expressed not only in
neurons, but also in brain endothelial cells and astrocytes, particularly in the striatum and the
midbrain (Choi et al., 2006; Hansson et al., 1984; Miyazaki et al., 2004; Zanassi et al.,
1999). Interestingly, a recent study has shown that the astrocytic expression of D1 receptors
and their downstream signalling proteins is dynamically regulated in the brain in vivo
(Ruscher et al. 2011). Future studies should therefore explore whether the supersensitivity of
D1 receptors that occurs following DA denervation (reviewed in Cenci and Konradi, 2010;
Gerfen et al., 2002) also can affect non-neuronal cells of the neurovascular unit, in addition
to neurons.

A particularly important implication of changes in rCBF in our animal model is their
possible association with angiogenesis. Indeed, the regions of increased rCGU and rCBF
“ON L-DOPA” in this study also show angiogenic activity (Lindgren et al., 2009; Westin et
al., 2006). Taken together, the results of the present study suggest that a combination of
large changes in rCBF and a high metabolic rate ON L-DOPA concur with an angiogenic
response to the treatment. For example, there is no angiogenic response to L-DOPA in the
motor cortex (Westin et al., 2006), where rCBF is enhanced but rCGU reduced. An
important, novel contribution of this study is the demonstration that BBB permeability is
transiently increased following the administration of L-DOPA to dyskinetic rats. While the
BBB changes that are seen in this animal model appear to be subtle compared to those in
brain tumours (Lockman et al., 2010) or temporal lobe epilepsy (Van Vliet et al., 2007),
their potential impact should not be underestimated. Indeed, a leaky BBB has deleterious
effects on perivascular astrocytes and neurons, which may contribute to slow
neurodegenerative changes (Zlokovic, 2008). In this animal model of PD and LID,
hyperpermeability of the BBB was previously established using albumin immunoreactivity
as a measure of cumulative BBB leakage (Ohlin et al., 2011; Westin et al., 2006). In the
present study, the use of [#C]-AIB has allowed us to determine when exactly the leakage
occurs, pointing to its association with an increased rCBF ON L-DOPA. Indeed, a
fluctuating perfusion pressure causes significant shear stress on the endothelium and may
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enhance tight junction opening between endothelial cells (Sandoval and Witt, 2008).
Accordingly, studies in rats have shown that hypercapnia-induced vasodilatation is
associated with an increased permeability of the BBB and ensuing extravasation of blood-
borne proteins (Johansson and Nilsson, 1977). Although the haemodynamic responses to L-
DOPA are unlikely to be as extreme as those measured during experimental hypercapnia,
the angiogenic activity associated with chronic L-DOPA exposure and dyskinesia may
render specific subsets of microvessels particularly leaky upon even modest increases in
rCBF. This suggestion is in keeping with the striatal pattern of 14C-AIB uptake in the
present study, showing hot spots of tracer uptake in areas that consistently express high
indices of angiogenesis in this animal model of LID (Westin et al., 2006; Ohlin et al., 2011).

In addition to the findings in animal models, there are reports of deficient BBB function also
in PD patients (Bartels et al., 2008; Kortekaas et al., 2005), and angiogenic activity has been
detected in the post-mortem PD basal ganglia in several independent studies (Faucheux et
al., 1999; Desai et al., 2011; Ohlin et al, 2011). The results of this study suggest that the
permeability of an already compromised BBB in PD may increase following the
administration of L-DOPA, at least in patients that experience dyskinesia.

5. Conclusion

The present study provides new pathophysiological clues to LID from a non-neuronal
perspective (Fig 8). We suggest that large intermittent elevations in brain DA levels during
L-DOPA treatment (Pavese et al., 2006; Lindgren et al, 2010) induce transient and large
increases in rCBF in the DA-denervated basal ganglia. These intermittent elevations in rCBF
concur with an increased local metabolic activity and with an upregulation of angiogenic
cytokines (Ohlin et al., 2011) to stimulate angiogenesis in the most affected brain regions.
The resulting microvascular plasticity has a maladaptive character, contributing to the
development of LID (Ohlin et al., 2011) and possibly also to slow neurodegenerative
changes in these regions (Naydenov et al., 2010; Zlokovic, 2008).

Based on results from animal models, therapeutic development efforts for LID are currently
focused on normalizing signalling responses in neurons. Our results indicate that
maladaptive responses of the neurovascular unit may be an additional important target for
future treatments, particularly from the point of view of preventing the chronic,
dysfunctional brain plasticity that renders dyskinesia poorly responsive to palliative
pharmacological intervention (reviewed in Cenci et al., 2011).
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AlIMs abnormal involuntary movements
BBB blood-brain barrier

DA dopamine

2-DG [14C]-2-deoxyglucose

IAP [14C]-iodoantipyrine

Neuroimage. Author manuscript; available in PMC 2015 June 04.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ohlin et al.

KPBS-T
LID
MFB
6-OHDA
PD

PET
phMRI
rCBF
rCGuU
TH

Page 19

potassium phosphate buffered saline containing 0.25% Triton-X
L-DOPA-induced dyskinesia

medial forebrain bundle

6-hydroxydopamine

Parkinson's disease

positron emission tomography

Pharmacological magnetic resonance imaging

regional cerebral blood flow

regional cerebral glucose utilization

tyrosine hydroxylase
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Figure 1. Experimental design of studies of regional cerebral blood flow, metabolism and blood-
brain barrier permeability

(A) Rats received 6-hydroxydopamine (6-OHDA) or sham lesions into the right medial
forebrain bundle (MFB) and were chronically treated for 21 days with L-DOPA (10 mg/kg)
or saline (1 ml/kg, subcutaneous injections). Rats were monitored on the abnormal
involuntary movements (AIMs) test every fifth day. On day 22, animals received a final
injection of either L-DOPA or saline one hour prior to sacrifice (in the sham-lesion groups,
cases chronically treated with L-DOPA or saline received the same treatment condition on
the final day). An intravenous injection of the selected [14C]-tracer (iodo-antipyrine/2-
deoxyglucose) was delivered to freely moving rats. Brains were coronally sectioned and
exposed for autoradiography. The extent of dopaminergic denervation and blood vessel
nestin upregulation were assessed by immunohistochemistry. (B) Experimental groups for
[*4C]iodoanti-pyrine/[14C]2-deoxyglucose tracers: 6-OHDA dyskinetic (n=12/14), non-
dyskinetic (n=14/13), saline controls (n=10/17), and sham lesioned (n=12/9) rats were
randomly split and assigned to either the “On Saline” or “ON L-DOPA” condition on the
day of tracer injection.

Neuroimage. Author manuscript; available in PMC 2015 June 04.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ohlin et al. Page 21

Figure 2. Regions of interest used for optical density analysis
The sampled areas are outlined on representative drawings of coronal sections through the

rat brain (A-D). The sections are defined by their anterior-posterior coordinates relative to
bregma (in millimetre) according to the rat stereotaxic atlas by Paxinos and Watson, 1998.
(A) Primary motor cortex (M1; +1.00/-0.80) and mid striatum (- 0.30/-1.00); (B) Globus
pallidus (GP; —0.80/-1.30) and caudal striatum (C) Entopeduncular nucleus (EP;
-2.12/-3.00); (D) Substantia nigra pars reticulata (SNr; =5.00/-6.00). Main structure for
which the coronal level was chosen is shaded in grey.
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Figure 3. Development of abnormal involuntary movements (AlMs) following chronic L-DOPA
treatment
Rats with unilateral 6-OHDA lesions receiving chronic treatment with L-DOPA and

benserazide (10/15 mg/kg) for the study of either IAP (awake and anaesthetized) or 2-DG
showed similar levels of dyskinesia during the treatment period. (A-B) Development of
AlMs during tests performed on days 1, 5, 10, 15, and 20 of L-DOPA treatment. Values
above the dashed lines represent dyskinetic groups below are the non-dyskinetic cases. In
the experiments, IAP awake (A) and 2-DG (B), animals were randomly assorted into two
sub-groups receiving a last injection of either L-DOPA or saline, which are here represented
by black and grey symbols, respectively (cf. ON and OFF groups in A and B). (A) Awake
dyskinetic ON/OFF n=7/5; non-dyskinetic ON/OFF n=7/7, anaesthetized (ON) n=7. (B)
Dyskinetic ON/OFF n=8/6; non-dyskinetic ON/OFF n=7/6. (C) Distribution of individual
AlIMs scores on the last dyskinesia test in the dyskinetic groups.
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Figure 4. Relative changes in regional cerebral blood flow (rCBF) associated with unilateral DA
lesion, chronic L-DOPA treatment and expression of dyskinesia

(A) Bar charts show the results from region of interest analysis of AP optical density. Data
from the DA-denervated side are expressed as the percentage change relative to the
contralateral side. Two-factor ANOVA followed by Tukey's HSD post hoc test, p<0.05 vs.
(a) all other groups; (b) all groups ON Saline; (c) sham ON L-DOPA; (d) non-dyskinetic ON
L-DOPA; (e) sham ON Saline; (f) non-dyskinetic ON Saline; (g) 6-OHDA control ON
Saline; (h) dyskinetic ON Saline. For the two groups treated chronically with L-DOPA
(dyskinetic and non-dyskinetic), the ON saline condition corresponds to an “OFF L-DOPA”
state (i.e. 24 hours after the last dose of L-DOPA in the chronic treatment). (B)
Representative autoradiographs of sections used in the analysis. Left column: 6-OHDA
lesion control rats not given L-DOPA (ON Saline); Middle column: Non-dyskinetic rats
given a last injection of L-DOPA,; Right column: Dyskinetic rats given a last injection of L-
DOPA. The represented sections contain the following regions of interest (cf. Fig. 2): Top
row, Caudal striatum (STR), globus pallidus (GP), and primary motor cortex (M1); Middle
row, entopeduncular nucleus (EP); Bottom row, substantia nigra pars reticulata (SNr). The
lesioned side is shown to the right. Scale bar: 2 mm.
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Figure 5. Relative changes in regional cerebral glucose utilization (rCGU) associated with
unilateral DA lesion, chronic L-DOPA treatment and expression of dyskinesia

(A) Bar charts show the results from region of interest analysis of 2-DG optical density.
Data from the DA-denervated side are expressed as the percentage change relative to the
contralateral side. Two-factor ANOVA followed by Tukey's HSD post hoc test, p<0.05 vs.
(a) all other groups; (b) all groups ON Saline; (c) sham ON L-DOPA; (d) non-dyskinetic ON
L-DOPA; (e) sham ON Saline; (f) non-dyskinetic ON Saline; (g) 6-OHDA control ON
Saline; (h) dyskinetic ON Saline. For the two groups treated chronically with L-DOPA
(dyskinetic and non-dyskinetic), the ON saline condition corresponds to an “OFF L-DOPA”
state (i.e. 24 hours after the last dose of L-DOPA in the chronic treatment). (B)
Representative autoradiographs of sections used in the analysis. Left column: 6-OHDA
lesion control rats not given L-DOPA (ON Saline); Middle column: Non-dyskinetic rats
given a last injection of L-DOPA,; Right column: Dyskinetic rats given a last injection of L-
DOPA. The represented sections contain the following regions of interest (cf. Fig. 2): Top
row, Caudal striatum (STR), globus pallidus (GP), and primary motor cortex (M1); Middle
row, entopeduncular nucleus (EP); Bottom row, substantia nigra pars reticulata (SNr). The
lesioned side is shown to the right. Scale bar: 2 mm.
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Figure 6. Nestin immunoreactivity measured on blood vessels within the basal ganglia output
structures

Semi-quantitative analysis of microvessel nestin immunoreactivity in the entopeduncular
nucleus (EP; A) and substantia nigra pars reticulata (SNr; B) in sham-lesioned controls, 6-
OHDA controls (6-OHDA), non-dyskinetic (Non-dys) and dyskinetic (Dys) animals in the
ON L-DOPA and ON saline conditions from the experiments AP awake and rCGU.
Measurements from the DA-denervated side are expressed as a percentage of the values on
the contralateral side. One-factor ANOVA followed by Student Newman-Keul's post hoc
test, p<0.05 (a) vs all other groups (sham, 6-OHDA controls, non-dyskinetic); (b) vs 6-
OHDA controls (ON L-DOPA) groups; (c) sham ON L-DOPA. (C) Low-magnification
photomicrographs of the SNr from each treatment arm. Scale bar: 250 pum.

Neuroimage. Author manuscript; available in PMC 2015 June 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ohlin et al.

Striatum

SNr

Page 26

SALINE L-DOPA OFF L-DOPA ON

D

e
o
]
£
*

o
(=]

251

sid
o
(=)

*

B125

U\"H-I_-
3a 8

% of contralate

v )
(4]

D 4
] sALINE [l L-DOPA OFF ] L-DOPA ON

Figure 7. Regional permeability of the BBB ON and OFF L-DOPA
Digitized autoradiographs representing [14C]-aminoisobutyric acid (AIB) uptake in the

striatum (A, B and C) and SNr (E, F and G). Left column (A and E): saline treated animals;
Mid column (B and F): dyskinetic animals OFF L-DOPA; Right column (C and G):
dyskinetic animals ON L-DOPA. The calibration bar to the right shows the Ci/g equivalents
of the pseudocolor scale. (D and H) Quantitative analysis of [1*C]-AIB uptake in the
striatum and SN, respectively. Data from the DA-denervated side are expressed as a
percentage of the values measured on the contralateral side. High concentrations of the
tracer on the brain surface and periventricular regions are an expected feature of this
method. In C, a white arrow points to an area of focal accumulation of the radiotracer in the
dorsolateral striatum. One-factor ANOVA followed by post hoc Student-Newman Keul's
test, p<0.05, * vs saline; # vs L-DOPA OFF group. Scale bar 500 fm.

Neuroimage. Author manuscript; available in PMC 2015 June 04.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ohlin et al.

Page 27
o $0A o 0 o0 rcBF A
Vasoactive ‘
) . 4 diat Imbalances in the
:, ® ¢ mediators endothelial extracellular milieu
® oy © o0 %0 @— shearstress
- Increased
astrocyte ¢ f inflammation?
™
v g c ';( ° Neuronal stress
—— Cytokines . .
,M?d A . ° —p  Angiogenesis —»  LID aggravation
blood vessel ® e BBB permeability
Glu °
W D1R
mGIuR5

Figure 8. Hypothetical model of how an increased rCBF ON L-DOPA may be causally linked
with long-lasting microvascular plasticity in LID

High extracellular levels of dopamine (DA) and glutamate (Glu) during the expression of
LID (Lindgren et al., 2010; Mela et al., 2011) stimulate cells of the neurovascular unit (here
represented by an astrocyte and its associated microvessel) to produce angiogenic growth
factors (e.g. vascular endothelial growth factor; Ohlin et al., 2011) and vasoactive
substances in the DA-denervated basal ganglia. Elevations of rCBF, angiogenesis, and an
increased BBB permeability are proposed to be interdependent processes that may have
deleterious effects on perivascular astrocytes (Seifert and Steinhauser 2011) and neurons
(Zlokovic 2010), contributing to an aggravation of LID during the course of PD.
Abbreviations: D1R, D1 type DA receptor; mGIuR5, metabotropic glutamate receptor type
5; LID, L-DOPA-induced dyskinesia.
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Ohlin et al.
Table 2
Physiological data for anaesthetized animals (2*C-iodo-antipyrine)
Variable L-DOPA (n=7) | SALINE (n=8) | Unpaired T-test p-value
Het % 41.0£08 39.8+04 p=0.19
PaO, 11.910.3* 10.7+£0.3 p=0.02
PaCo;, 4701 49+0.1 p=0.58
pH 7.5£0.0 7.540.1 p=0.86
MAP (mmHg) 105.746.5 114.445.8 p=0.13

Hct=hematocrit, MAP (mean arterial blood pressure), + (standard error of mean) Pa (partial pressure).

*
p<0.05, unpaired t-test.
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