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Abstract

The type 1 cannabinoid receptor (CB1) is a crucial modulator of synaptic transmission in brain and has been proposed as a potential
therapeutic target in Parkinson’s disease (PD), especially for treatment of levodopa-induced dyskinesias (LID). Our aim was to measure CB1
levels in brains of PD patients in vivo and to investigate the relation between CB1 availability and LID. We studied 12 healthy controls and
29 PD patients (9 drug-naïve patients with early PD, 10 patients with advanced PD and LID, and 10 patients with advanced PD without
LID). PD patients were examined using the Unified Parkinson’s Disease Rating Scale (UPDRS) and the modified Abnormal Involuntary
Movement Scale (mAIMS). All subjects underwent positron emission tomography (PET) with the CB1-selective radioligand [18F] MK-9470
and magnetic resonance imaging (MRI). PD patients showed an absolute decrease in CB1 availability in the substantia nigra. By contrast,
CB1 availability was relatively increased in nigrostriatal, mesolimbic, and mesocortical dopaminergic projection areas. CB1 availability did
not differ significantly between advanced PD patients with and without LID. Within the group of PD patients with LID, there was no
significant correlation between CB1 availability and LID severity. These data demonstrate regional changes in CB1 availability in PD in
vivo, but do not support a role for dysregulation of CB1 levels in the pathogenesis of LID.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

The motor features of Parkinson’s disease (PD) result
mainly from degeneration of nigrostriatal dopaminergic
neurons. However, deficits in nondopaminergic transmitter
systems also contribute to the parkinsonian motor symp-
toms and lead to various nonmotor problems such as de-
mentia, apathy, and depression (Fox et al., 2008). One of the
nondopaminergic systems that may be involved in PD
pathogenesis is the endocannabinoid system (ECS) (Benar-
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roch, 2007; Brotchie, 2003; Katona and Freund, 2008). The
ECS in brain consists mainly of the type 1 cannabinoid
receptor (CB1) and endogenous agonists (endocannabi-
noids) (Piomelli, 2003; Wilson and Nicoll, 2002). CB1 is
abundantly expressed on presynaptic glutamatergic and
GABAergic terminals, where its activation suppresses neu-
rotransmitter release (Katona and Freund, 2008; Wilson and
Nicoll, 2002). The ECS is a key modulator of synaptic
transmission and is involved in motor behavior, cognition,
and emotion (Benarroch, 2007; Brotchie, 2003; Di Marzo
and Matias, 2005; Katona and Freund, 2008). The basal
ganglia contain among the highest concentrations of CB1
and endocannabinoids of all brain regions (Berrendero et
al., 1999; Bisogno et al., 1999; Herkenham et al., 1990).
Numerous studies have suggested a profound distur-

mailto:koen.vanlaere@uzleuven.be


s
o
P
a
t
b
r
c
i

v
a
b
d
p
c
s
s

P
S
i
a
i
i
l
i
l
l
p
u
i
f
p
O
s
B

2

n
u
a
r

620.e2 K. Van Laere et al. / Neurobiology of Aging 33 (2012) 620.e1–620.e8
bance of the ECS in PD (Benarroch, 2007; Brotchie, 2003;
van der Stelt and Di Marzo, 2003). CB1 levels are increased
in postmortem striatal tissue from 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-lesioned parkinsonian
monkeys and PD patients (Lastres-Becker et al., 2001).
Endocannabinoid levels are increased in cerebrospinal fluid
(CSF) of untreated PD patients compared with non-PD
controls (Pisani et al., 2010). An ECS-dependent form of
synaptic plasticity was found to be absent in PD animal
models (Kreitzer and Malenka, 2007). Particular attention
has focused on the possible role of the ECS in levodopa-
induced dyskinesias (LID). The CB1 agonist nabilone re-
duced LID in MPTP-lesioned monkeys and PD patients
(Fox et al., 2002; Sieradzan et al., 2001). This favorable
effect on LID suggests that the ECS might be (regionally)
hypoactive in PD patients with LID compared with those
without LID. One possible reason for ECS hypoactivity
could be downregulation of CB1. However, another clinical
trial found no effect of oral cannabis extract on LID (Carroll
et al., 2004).

In vivo imaging of CB1 in human brain has recently
become feasible using quantitative positron-emission to-
mography (PET) with the CB1-selective radioligand [18F]
MK-9470 (Burns et al., 2007; Sanabria-Bohorquez et al.,
2010; Van Laere et al., 2009, 2010). Here, we have used
[18F] MK-9470 PET to answer 2 questions. First, are there
any regional differences in CB1 levels between PD patients
and healthy controls in vivo? Second, is there a relationship
between CB1 availability and LID?

2. Methods

2.1. Subjects

Twenty-nine patients with PD were recruited in the
Movement Disorders Clinic of University Hospitals, Leu-
ven. Inclusion criteria for PD patients were: diagnosis of
idiopathic PD according to the United Kingdom Parkinson’s
Disease Society Brain Bank criteria; ability to understand
the patient information brochure, and give written informed
consent. Patients with previous stereotactic brain surgery
were excluded. Three types of PD patients were recruited:
patients with early PD, defined as drug-naïve PD patients
with disease duration of � 5 years and Hoehn-Yahr stage �
2; patients with advanced PD and LID, defined as patients
with disease duration of � 5 years and clinically observable,
typical levodopa-induced peak-dose dyskinesias; and pa-
tients with advanced PD without LID, defined as patients
with disease duration of � 5 years who had never experi-
enced levodopa-induced peak-dose dyskinesias based on
clinical observation and careful interviews with patients and
caregivers. All advanced PD patients were levodopa-re-
sponsive and none had signs suggestive of progressive su-
pranuclear palsy, multiple system atrophy, or corticobasal
degeneration. In all early PD patients the diagnosis was

confirmed with 123I-FP-CIT (ioflupane) single-photon emis-
ion computed tomography (SPECT) imaging. Twenty-six
f the 29 patients had sporadic PD; 3 had a family history of
D (1 had an affected father, 1 an affected mother, and 1 an
ffected maternal uncle). Genetic testing for mutations in
he LRRK2 and PARK2 genes was performed in 2 patients,
ut no mutations were found. Subjects with neuropsychiat-
ic diseases other than PD, with major internal medical
onditions, with a history of alcohol abuse, or use of mar-
juana or other recreational drugs were excluded.

Healthy volunteers were prospectively recruited with ad-
ertisements in the hospital, local community newspapers,
nd departmental homepage. In total, 50 healthy subjects
etween 18 and 70 years were recruited as controls for
ifferent ongoing studies. Age- and gender-matching were
erformed in this study, and 12 age- and gender-matched
ontrols were retained (age range: 30.7–68.5 years). Inclu-
ion and exclusion criteria for healthy controls were de-
cribed previously (Van Laere et al., 2008).

All PD patients were clinically evaluated on the day of
ET using the complete Unified Parkinson’s Disease Rating
cale (UPDRS). In the advanced group, the clinical exam-

nation was performed in the “on medication” condition to
llow evaluation of LID. LID were assessed using the mod-
fied Abnormal Involuntary Movement Scale (mAIMS) dur-
ng rest and serial 7 subtraction test (Guy, 1976). The
evodopa equivalent daily dose (LEDD) was calculated us-
ng the following conversion rates: 100 mg of standard
evodopa was equivalent to 133 mg of controlled-release
evodopa, 75 mg of levodopa plus entacapone, 1 mg of
ergolide or pramipexole, or 5 mg of ropinirole. All subjects
nderwent physical examination, and blood and urine test-
ng to exclude major internal pathology. Urine toxicology
or cannabis and all major known addictive drugs was
erformed as described previously (Van Laere et al., 2008).
nly nonsmokers (for at least 6 months before the PET

tudy) were included. Handedness was evaluated with the
riggs and Nebes questionnaire (Briggs and Nebes, 1975).

.2. Radiotracer preparation and imaging

The [18F] MK-9470 precursor was obtained from Merck
Research Laboratories and labeled at the PET site using
18F-ethylbromide (Burns et al., 2007). The final product was
obtained after high performance liquid chromatography
(HPLC) separation and had a radiochemical purity � 95%.
Specific activity was higher than 200 GBq/�mol. PET ac-
quisitions were performed using an HR� camera (Siemens,
Ehrlangen, Germany). All subjects fasted for at least 4 hours
before the measurements and all measurements took place
between 11 AM and 6 PM. Subjects received 310 � 56 MBq
of [18F]-MK-9470 in slow intravenous (IV) injection. Dy-
amic data were acquired and images were reconstructed
sing a standard 3-dimensional filtered backprojection
lgorithm including scatter and measured attenuation cor-
ection (using a 68Ge source with 2D acquisition). The
resulting transverse and axial spatial resolution was approx-
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imately 4 mm. For quantification only the frames between
90 and 120 minutes postinjection were retained and
summed (6 � 300 seconds).

All subjects underwent high-resolution magnetic reso-
nance imaging (MRI), both T1-weighted 3D-magnetization
prepared rapid acquisition gradient echo (MPRAGE) and
T2-weighted, on a 1.5 Tesla Vision Scanner (Siemens,
Germany). Parameters for the T1 3D-MPRAGE sequence
were: relaxation time TR � 0 ms, echo time TE � 4 ms,
flip angle � 12°, inversion time � 300 ms, matrix 256 �
256, 160 contiguous sagittal slices of 1 mm.

2.3. Image processing

Correction for motion between dynamic scan frames was
performed using the realignment module in SPM2 (Statis-
tical Parametric Mapping, Wellcome Department of Imag-
ing Neuroscience, London, UK). Parametric maps of CB1
availability were constructed using modified standard up-
take value (mSUV) values (Thie et al., 2007). mSUV values
were determined by dividing the calibrated activity at this
timeframe by the amount of tracer injected and correcting
for the subject’s weight: mSUV � activity (kBq/cc)/
injected dose(MBq) � [(weight (kg) � 70)/2]. This index
was calculated from the area under the curve in the interval
between 90 and 120 minutes postinjection and was vali-
dated previously to give reliable estimates of receptor vol-
ume of distribution as determined by full kinetic modeling
(Sanabria-Bohorquez et al., 2010). Weight and injected ac-
tivity were not significantly different between PD patients
and controls. Possible group differences in peripheral me-
tabolism that could lead to bias in CB1 availability deter-
mination by this index were excluded by relating mSUV for
all healthy controls and the first 10 PD patients (5 early, 5
advanced with LID) to the corresponding fractional uptake
ratio (FUR) values (Sanabria-Bohorquez et al., 2010). FUR
values take into account the integral of the metabolite cor-
rected input curve and are strongly correlated to total dis-
tribution volume VT of [18F] MK-9470 (Sanabria-Bo-
orquez et al., 2010). There was no significant difference in
UR versus mSUV relationship between PD patients and
ontrols or between PD subgroups. A direct comparison of
he area under the metabolite corrected arterial input curve
lso did not show any significant difference.

Reconstructed data were corrected post hoc for partial
olume effects using the Alfano method in the software
ackage PVEout as published (Quarantelli et al., 2004).
egmentation of T1 MPRAGE images was performed using
PM2, while additionally the caudate, putamen, pallidum,

halamus, and hypothalamus masks were delineated manu-
lly on the transverse T1 slices (1 mm3 voxel size), after

sagittal reorientation along the anterior-posterior commis-
ural (AC-PC) line (Haznedar et al., 2006). For each subject,
parametric mSUV images were spatially normalized to the
standard Montreal Neurological Institute (MNI) space using

a previously created 2 � 2 � 2 mm CB1 template. In case
of lateralized clinical affliction, image data were flipped so
that “left” corresponded to the clinically most affected
hemicorpus.

2.4. Analysis design

Data were analyzed using SPM2 on a voxel-by-voxel
basis. For analysis of absolute receptor availability, no pro-
portional scaling was used and a relative (gray matter)
analysis threshold of 80% was used to exclude extracere-
bral, white matter, and ventricular activity. For regional
analysis, proportional scaling was used. We explored group
differences using pheight � 0.05 corrected for multiple com-
arisons, and exploratory correlations at pheight � 0.001
uncorrected), with an extent threshold kext � 50 voxels
�0.4 cm3) In addition to an analysis of group differences,

correlation analysis with dyskinesia parameters (total
core on dyskinesia items 32, 33, and 34 of UPDRS-IV, and
AIMS score) was performed in a “single subject, covari-

tes only” design in SPM. The analyses were done with and
ithout age, gender, disease duration, levodopa dose, and
opamine agonist dose as nuisance variables.

Conventional statistics were performed using Statistica v
.0 (Statsoft Inc, Tulsa, OK, USA).

. Results

.1. Patient characteristics

We studied 12 healthy controls and 3 groups of PD
atients (9 drug-naïve patients with early PD and unilateral
otor signs; 10 patients with advanced PD and LID; 10

atients with advanced PD without LID). Mean disease
uration in the early PD group was approximately 6 times
horter than in the advanced PD patients (Table 1). There
as no significant difference in disease duration, Hoehn-
ahr scores, dose of levodopa, dopamine agonists, entaca-
one, amantadine, or total LEDD between the advanced PD
atients with and without LID. The mean dose of selegiline
as significantly higher in the advanced group with LID

han in those without LID (Table 1). Despite their similar
isease duration, patients with advanced PD without LID
ere significantly older than those with LID, consistent
ith the known higher susceptibility of younger PD patients

o development of LID (Fabbrini et al., 2007). Therefore,
ubsequent analyses were performed with and without age,
ender, levodopa dose, and dose of dopamine agonists as
uisance variables, to exclude a confounding influence of
hese variables.

.2. Comparison of cerebral CB1 distribution between
D patients and controls

PD patients showed a single significant cluster of abso-
ute decrease of CB1 availability in a bilateral ventral mes-
ncephalic region (pheight � 0.05 corrected for multiple

comparisons) comprising the substantia nigra (Fig. 1A and

B; peak cluster locations in Supplementary Table 1A).
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When the 3 PD groups were considered separately, this
cluster remained significant at the same p-level for each of
the 3 groups compared with controls (Fig. 1C). This reduc-
tion of CB1 availability was not correlated with disease
duration (SPM correlation analysis with disease duration as
covariate), even at a liberal threshold of pheight � 0.01
uncorrected]).

No region displayed greater absolute CB1 availability in
D than in controls.

We then performed an analysis where regional [18F]
K-9470 availability was scaled relatively to the global
ean per subject. In this relative analysis, PD patients again

howed only 1 highly significant cluster of decrease of CB1
vailability in the ventral midbrain (pheight � 0.05 corrected

for multiple comparisons; Supplementary Table 1B). When
early PD patients were compared with controls, clusters of
significantly increased CB1 availability in PD were ob-
served in the putamen, anterior insula, prefrontal cortex,
hippocampal area, and midcingulate (pheight � 0.001; Fig.
2A, Supplementary Table 1C). Interestingly, the putaminal
changes were only significant on the side contralateral to the
clinically affected body side. Similar clusters were found
when comparing the advanced PD group with controls, with
additional clusters in the lower prefrontal and midcingulate
cortex. Putaminal changes were now bilateral, although still
most pronounced contralaterally to the clinically most af-
fected body side (Fig. 2B, Supplementary Table 1D).

Table 1
Demographic and clinical characteristics of subjects

Controls PD, early

12 9
ender 6 F/6 M 4 F/5 M
ge (years) 57.5 � 10.8 56.8 � 14.
isease duration (years) — 2.1 � 1.4
andedness (L/AMB/R) 2/1/9 1/1/7
oehn-Yahr — 1 [1–1.5] (
redominant clinical side
(L/BIL/R)a

— 3/0/6

EDD — —
evodopa — —
opamine agonists — —
ntacapone — —
mantadine — —
elegiline — —
PDRS-III — 10.3 � 4.7
PDRS-IV (32, 33, 34) — 0 � 0
AIMS (rest) — 0 � 0
AIMS (7 seconds) — 0 � 0

alues are given as mean � SD or as median [interquartile range]. Medic
ose of pergolide, pramipexole, and ropinirole, converted to a single dose
patient (with LID) took trihexyphenidyl (8 mg/day), 1 patient (without L
ey: AMB, ambidextrous; BIL, bilateral; F, female; L, left; LEDD, levodo
odified Abnormal Involuntary Movement Scale score at rest and during
nified Parkinson’s Disease Rating Scale; UPDRS-III, motor subscale of
a As based on UPDRS-III scores.
3.3. Relation between cerebral CB1 availability and LID

We found no significant differences in regional CB1
availability between the advanced PD patients with and
without LID. We also searched for correlations between CB1
availability and severity of LID within the group of advanced
PD patients with LID. However, there was no significant cor-
relation between CB1 availability and mAIMS scores or scores
on the dyskinesia items of the UPDRS-IV subscale (items
32–34).

None of the above results were different when performed
with age, gender, levodopa dose, and dose of dopamine
agonists as nuisance variables.

4. Discussion

In this study we have imaged CB1 in PD brains in vivo.
Previous studies of CB1 expression levels in PD have relied
either on PD animal models, which only imperfectly reca-
pitulate features of human PD, or on postmortem human PD
brain tissue, which can be affected by postmortem protein
degradation or tissue handling artifacts. An additional prob-
lem with postmortem studies of CB1 levels in PD is that it
is difficult to determine whether the observed changes are
due to the disease itself or to chronic dopaminergic treat-
ment.

We have found significant in vivo changes in CB1 avail-
ability in PD patients compared with healthy controls. The
CB1 changes showed remarkable regional heterogeneity.

PD, advanced with LID PD, advanced without LID

10 10
4 F/6 M 1 F/9 M
61.9 � 7.6 71.2 � 5.1
12.2 � 4.3 11.2 � 3.4
2/0/8 1/0/9
2 [2–3] (on) 2 [2–3] (on)
7/1/2 4/1/4

670 � 270 620 � 260
360 � 165 401 � 186
198 � 75 212 � 97
360 � 398 180 � 290
70 � 95 25 � 54
6 � 5 1.5 � 3

17.7 � 6.7 (on) 27.8 � 19.4 (on)
3.0 � 1.7 0 � 0
7.6 � 10.6 0 � 0

10.6 � 7.5 0 � 0

se is expressed as mg/day. The dose of dopamine agonists represents the
ng to the LEDD formula. In addition to the medication listed in the table,
agiline (1 mg/day), and 1 patient (without LID) tolcapone (300 mg/day).

ivalent daily dose; LID, levodopa-induced dyskinesias; M, male; mAIMS,
subtraction task (7 seconds); PD, Parkinson’s disease; R, right; UPDRS,

DRS; UPDRS-IV, score on UPDRS dyskinesia items 32–34.
0

off)

(off)

ation do
accordi
ID) ras
pa equ
serial 7
the UP
This contrasts with Huntington’s disease, where we recently
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demonstrated a rather uniform reduction of CB1 availability
throughout the entire gray matter (Van Laere et al., 2010).

Compared with healthy controls, PD patients had a pro-
found reduction of CB1 availability in a ventral mesen-
cephalic region comprising the bilateral substantia nigra.

Fig. 1. Decrease in type 1 cannabinoid receptor (CB1) availability in the
ventral midbrain in Parkinson’s disease (PD). (A) Statistical parametric
mapping (SPM) analysis of the absolute decrease in CB1 availability in PD
patients (pheight � 0.05, corrected) superimposed on an average patient
magnetic resonance image (MRI). Image data were flipped so that “left”
corresponds to the clinically most affected hemicorpus. (B) Mean trans-
verse images at the level of the ventral mesencephalon for controls (left),
early PD (middle) and advanced PD (right), scaled to the same cortical
intensity. (C) CB1 availability (relative difference to the mean value for all
groups) at the cluster’s maximum voxel ([x, y, z] � [4, �18, �20]).
The spatial resolution of PET does not allow to determine
the precise anatomical structure or cellular elements respon-
sible for this change. One could speculate that this reduction
might result from pruning of target-deprived CB1-express-
ing presynaptic terminals in the pars compacta of the sub-
stantia nigra as a consequence of the death of neuronal
targets in this nucleus. However, previous studies have
indicated that CB1 expression in the pars compacta is nor-
mally very low, whereas most CB1 in the substantia nigra is
typically found in the pars reticulata (Herkenham et al.,
1990, 1991b; Matyas et al., 2006). Therefore, the observed
ventral mesencephalic CB1 deficiency probably originates
in the pars reticulata rather than the pars compacta. This
reduction of CB1 availability occurs early in PD and does
not correlate with disease duration.

CB1 receptors in the pars reticulata have been shown to
be present on presynaptic terminals of striatal medium spiny
neurons projecting to the pars reticulata (Herkenham et al.,
1991a; Mailleux and Vanderhaeghen, 1992; Matyas et al.,
2006). Interestingly, several studies have reported reduced
CB1 messenger ribonucleic acid (mRNA) expression in the
striatum of PD animal models and postmortem striatum
from PD patients (Hurley et al., 2003; Silverdale et al.,
2001). Reduced CB1 mRNA expression in striatal medium

Fig. 2. Increase in type 1 cannabinoid receptor (CB1) availability in
dopaminergic projection areas in Parkinson’s disease (PD). Image data
were flipped so that “left” corresponds to the clinically most affected
hemicorpus. (A) Relative increases in CB1 availability in early PD (early
PD � controls, at pheight � 0.001 uncorrected). Significant clusters are
observed in the putamen, anterior insula, and hippocampal area. In the
putamen, changes were only significant contralaterally to the clinically
affected hemicorpus. (B) Relative increases in CB1 availability in ad-
vanced PD (late PD � controls, at pheight � 0.001 uncorrected). Significant
clusters are seen bilaterally in the putamen, anterior insula, prefrontal

cortex, hippocampal area, and midcingulate.



l
b
b
b
B
p
P
s
t
B
b
[

r
C

s
p
s
(
w
e
u
m
e
n
p
t
g
D
t
t
c

t
p
c
a
t
l
i
t
s
n
t
a

a
p
t
m
i
m
l
1
a
m
d
t
m
o
p
t
D
a
t
a
a
r
G
a
i
c
C
i
l
t

t
s
e
b
p
L
d
t
fi
f

620.e6 K. Van Laere et al. / Neurobiology of Aging 33 (2012) 620.e1–620.e8
spiny neurons would be expected to lead to reduced expres-
sion of CB1 receptors on the axon terminals projecting from
these neurons to the pars reticulata and could thus underlie
our finding of reduced CB1 availability in the PD substantia
nigra.

Previous studies on CB1 protein levels in the substantia
nigra of PD animal models and postmortem substantia nigra
from PD patients have provided mixed findings. Walsh et al.
(2010) found that intrastriatal injection of 6-hydroxydopa-
mine in rats led to a profound reduction of immunohisto-
chemical CB1 staining in the pars reticulata of the substan-
tia nigra, consistent with our results in PD patients in vivo;
however, 6-hydroxydopamine injection into nigrostriatal
axons at the level of the medial forebrain bundle had no
effect on CB1 levels in the pars reticulata (Walsh et al.,
2010). Garcia-Arencibia et al. (2009) measured CB1 protein
evels in genetic mouse models of PD and observed a
iphasic response in the substantia nigra: CB1 receptor
inding was reduced in mice under 1 year of age, followed
y an upregulation of CB1 in older mice. Finally, Lastres-
ecker et al. (2001) found no significant change in CB1
rotein levels in postmortem substantia nigra tissue from
D patients, although a trend toward reduction was ob-
erved. Importantly, CB1 receptor levels in the last men-
ioned studies by Garcia-Arencibia et al. (2009) and Lastres-
ecker et al. (2001) were measured using an assay based on
inding of the CB1 agonist [3H]CP-55,940. However,
3H]CP-55,940 is not selective for CB1, but binds with

similar affinity to CB2 receptors. CB2 in brain is mainly
expressed on activated microglia (Stella, 2010). Because
loss of substantia nigra neurons in PD is associated with
microglial activation (Ouchi et al., 2005), CB2 levels may
become upregulated in the substantia nigra in PD, which
would confound measurements of CB1 levels based on
[3H]CP-55,940 binding. By contrast, [18F] MK-9470, the
adioligand used in our present study, is highly selective for
B1 (Burns et al., 2007).

In contrast to the reduction in CB1 availability in the
ubstantia nigra, we found a relative increase of CB1 in the
utamen in PD, which is in line with previous postmortem
tudies of MPTP-treated monkeys and human PD patients
Lastres-Becker et al., 2001). Interestingly, this increase
as observed only contralaterally to the motor symptoms in

arly PD patients with unilateral clinical signs and contin-
ed to be most pronounced contralaterally to the clinically
ost affected hemicorpus in advanced patients with bilat-

ral signs. In the normal striatum CB1 is not expressed on
igrostriatal dopaminergic terminals, but is mainly found on
resynaptic glutamatergic terminals originating in the cor-
ex (Benarroch, 2007; Brotchie, 2003; Piomelli, 2003; Uchi-
ashima et al., 2007). These presynaptic CB1 receptors, like

2 dopamine receptors, reduce glutamate release from cor-
icostriatal synapses (Yin and Lovinger, 2006). Upregula-
ion of this CB1 population in PD could thus represent a

ompensatory response, dampening the excessive corticos- t
riatal glutamatergic drive that results from dopamine de-
letion (Benarroch, 2007; Brotchie, 2003). Interestingly,
erebrospinal fluid (CSF) levels of the endocannabinoid
nandamide were recently found to be increased in un-
reated PD patients, consistent with a compensatory upregu-
ation of the ECS in PD (Pisani et al., 2010). In addition to
ts presence on presynaptic corticostriatal terminals, CB1 in
he striatum is also expressed on synapses between medium
piny neurons and between interneurons and medium spiny
eurons (Uchigashima et al., 2007), and these CB1 popula-
ions could also contribute to the observed changes in stri-
tal CB1 availability.

Unexpectedly, we also observed increased CB1 avail-
bility in the anterior insula, prefrontal cortex, hippocam-
us, and midcingulate in PD patients compared with con-
rols. A common feature of these mesolimbic and
esocortical brain regions is that they receive dopaminergic

nnervation from the ventral tegmental area (VTA). Dopa-
inergic neurons in the VTA degenerate in PD, although

ess so than those in the substantia nigra (Hirsch et al.,
988). Thus, our findings suggest upregulation of CB1
vailability in most of the brain regions affected by dopa-
ine depletion in PD. As CB1 is not expressed by VTA

opaminergic neurons (van der Stelt and Di Marzo, 2003),
he observed increase of CB1 availability in mesolimbic and
esocortical regions likely reflects an upregulation of CB1

n presynaptic glutamatergic or GABAergic terminals. CB1
lays an important role in the long-loop feedback connec-
ions of the mesocorticolimbic pathway (van der Stelt and
i Marzo, 2003). CB1 activation in mesolimbic projection

reas disinhibits the VTA dopaminergic cells, increasing
heir firing rate and triggering dopamine release (Robbe et
l., 2001). Therefore, the observed upregulation of CB1
vailability in mesolimbic and mesocortical areas could
epresent a compensatory response to dopamine depletion.
iven the involvement of mesocortical and mesolimbic

reas in cognition and emotion, the observed CB1 changes
n these regions could be related to the cognitive and psy-
hiatric symptoms of PD. Further investigation of regional
B1 availability in PD patients more extensively character-

zed in terms of cognitive performance, anxiety, mood prob-
ems, apathy, psychosis, and impulse control disorders is
herefore warranted.

Our second aim was to investigate the relation be-
ween CB1 availability and LID, given the previously
uggested role for the ECS in the generation of LID (Fox
t al., 2002; Sieradzan et al., 2001). A randomized, dou-
le-blind, placebo-controlled, crossover trial in 7 PD
atients showed that the CB1 agonist nabilone reduced
ID (Sieradzan et al., 2001), although a subsequent ran-
omized, double-blind, placebo-controlled, crossover
rial of oral cannabis extract in 19 PD patients failed to
nd an antidyskinetic effect (Carroll et al., 2004). We
ound no differences in regional CB1 availability be-

ween advanced PD patients with and without LID. The
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average age difference between the advanced PD groups
with and without LID was 9 years, which might have
confounded the results. However, this potentially con-
founding effect should be minimal, because age-depen-
dence of [18F] MK-9470 availability is negligible after
he age of 50 (Van Laere et al., 2008). Furthermore we
ave formally included age as nuisance variable in the
nalysis, to exclude such potential confound, but found
o differences with and without nuisance variable inclu-
ion. We also found no significant correlations between
egional CB1 availability and LID severity within the
roup of subjects with LID. A caveat is that LID severity
n PD is difficult to quantify, as the mAIMS, UPDRS-IV,
nd other dyskinesia scales have intrinsic limitations as
ating instruments for LID (Fabbrini et al., 2007). Despite
hese limitations, our data do not support a role for
ysregulation of CB1 availability in the development of
ID.

The changes in [18F] MK-9470 binding in the ventral
idbrain and the dopaminergic projection areas are not

aused by the use of dopaminergic drugs, because they were
lso observed in drug-naïve patients. Also, inclusion of
quivalent levodopa dosage and dopamine agonist dosage
id not alter the observed results. Furthermore, studies in
ealthy rats have shown that chronic dopaminergic treat-
ent does not affect binding of [18F] MK-9470 to CB1

(Casteels et al., 2010). Preclinical data indicate that aug-
mentation of endocannabinoid tone also does not alter [18F]

K-9470 binding (Van Laere, unpublished observations),
imilar to other CB1 tracers with same affinity range and
inding site such as 11C-MPePP (Terry et al., 2008). This is
ikely due to the very high affinity of CB1 for these ligands
ompared with endocannabinoids. Therefore, changes in
18F] MK-9470 binding primarily reflect changes in CB1

levels, rather than changes in synaptic concentration of
endocannabinoids.

In conclusion, we have found significant regional alter-
ations in CB1 availability in PD brains in vivo but no
relation to LID. Given the observed upregulation of CB1
availability in mesolimbic and mesocortical regions in PD,
further exploration of the role of CB1 in the neuropsychi-
atric problems of PD is warranted.
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