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In vivo gene transfer using viral vectors is an emerging therapy for neurodegenerative diseases with a clinical impact recently demonstrated in
Parkinson’s disease patients. Recombinant adeno-associated viral (rAAV) vectors, in particular, provide an excellent tool for long-term expres-
sion of therapeutic genes in the brain. Here we used the [11C]raclopride [(S)-(�)-3,5-dichloro-N-((1-ethyl-2-pyrrolidinyl)methyl)-2-hydroxy-
6-methoxybenzamide] micro-positron emission tomography (PET) technique to demonstrate that delivery of the tyrosine hydroxylase (TH)
and GTP cyclohydrolase 1 (GCH1) enzymes using an rAAV5 vector normalizes the increased [11C]raclopride binding in hemiparkinsonian rats.
Importantly, we show in vivo by microPET imaging and postmortem by classical binding assays performed in the very same animals that the
changes in [11C]raclopride after viral vector-based enzyme replacement therapy is attributable to a decrease in the affinity of the tracer binding
to the D2 receptors, providing evidence for reconstitution of a functional pool of endogenous dopamine in the striatum. Moreover, the extent of
the normalization in this non-invasive imaging measure was highly correlated with the functional recovery in motor behavior. The PET imaging
protocol used in this study is fully adaptable to humans and thus can serve as an in vivo imaging technique to follow TH � GCH1 gene therapy in PD
patientsandprovideanadditionalobjectivemeasuretoapotentialclinicaltrialusingrAAVvectorstodeliver L-3,4-dihydroxyphenylanalineinthebrain.
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Introduction
Parkinson’s disease (PD) is the second most common age-related
neurological disorder, affecting �1% of people over 65 years old
and 4 –5% of people over 85, and thus is considered as a major

social health problem with significant economic impact (Tanner and
Goldman, 1996; Lindgren et al., 2005; Dorsey et al., 2007). The dis-
ease is characterized by a progressive loss of dopamine (DA)-
producing neurons in the midbrain, which results in a decline of DA
innervation of the major forebrain terminal field, the striatum (Kish
et al., 1988; Fearnley and Lees, 1991). The typical motor features of
PD are resting tremor, rigidity, akinesia/bradykinesia, and postural
instability/gait disturbance, which usually develop over many years
as the disease progresses. Pharmacological dopamine replacement
using oral L-3,4-dihydroxyphenylalanine (L-DOPA) has been the
treatment of choice since its introduction in 1967 (Cotzias et al.,
1967). However, even if the symptomatic benefits of this medication
are remarkable in the early stages of the disease, with time the ma-
jority of PD patients develop motor complications beginning with
wearing off and then progressing to marked swings between immo-
bility and mobility (on–off motor fluctuations), involuntary move-
ments (dyskinesia), and neuropsychiatric complications (Marsden
and Parkes, 1976; Obeso et al., 2000).

Therefore, considerable efforts have been made to develop
novel treatment approaches that provide antiparkinsonian ben-
efits without side effects. Continuous systemic delivery of
L-DOPA or DA agonists have been shown to efficiently avoid
complications of oral L-DOPA medication (Quinn et al., 1984;
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Kurlan et al., 1986; Obeso et al., 1986; Mouradian et al., 1987) (for
review, see Olanow et al., 2006). In this context, direct viral
vector-mediated transfer of enzymes responsible for DA synthe-
sis in the brain is currently being explored as a novel therapeutic
strategy (Carlsson et al., 2007). One approach is based on the
coexpression of tyrosine hydroxylase (TH) and GTP cyclohydro-
lase 1 (GCH1) genes in the DA denervated striatum using recom-
binant adeno-associated viral (rAAV5) vectors. Local striatal
DOPA synthesis provided in this way results in a robust behav-
ioral recovery and reversal of dyskinetic side effects produced by
the chronic oral administration of L-DOPA (Mandel et al., 1998;
Kirik et al., 2002; Carlsson et al., 2005). The efficacy of this gene
therapy approach has been assumed to result from the de novo
synthesis of DA in the parkinsonian striatum by the residual ar-
omatic L-amino acid decarboxylase (AADC) enzyme present in
serotonin terminals, glial cells, and striatal neurons. However, the
direct demonstration that an endogenous functional DA pool can
be efficiently restored after rAAV-mediated gene therapy has not
been achieved yet.

The [ 11C]raclopride [(S)-(�)-3,5-dichloro-N-((1-ethyl-2-
pyrrolidinyl)methyl)-2-hydroxy-6-methoxybenzamide]
positron emission tomography (PET) technique has been used to
assess, in an indirect manner, the alterations in DA neurotrans-
mission in the brain. Raclopride is a mixed D2/D3 antagonist with
similar affinity as DA for this type of receptor. In the intact brain,
the endogenous ligand (i.e., DA) and [ 11C]raclopride compete to
occupy the postsynaptic receptor sites located on striatal neu-
rons, yielding a signal proportional to [ 11C]raclopride specifi-
cally bound to the receptors (Farde et al., 1985). Meanwhile,
[ 11C]raclopride signal has been shown to be increased above nor-
mal values in the PD patients (Antonini et al., 1997). Such an
increase in [ 11C]raclopride binding can be attributed to either a
loss of endogenous neurotransmitter providing an indirect mea-
sure of DA levels at the postsynaptic receptor sites or, alterna-
tively, to a denervation-induced postsynaptic change in receptor
density (Lee et al., 1978).

We developed and used a new, single experiment, the [ 11C]ra-
clopride quantification method, to separately assess changes in
binding affinity and D2 receptor density after gene transfer in
parkinsonian animals. Here we show that increased [ 11C]raclo-
pride signal in the DA-depleted striatum is essentially attribut-
able to an increased affinity of [ 11C]raclopride binding to the D2

receptors and that the gene therapy mediated by rAAV5–TH and
rAAV5–GCH1 vectors reverses these changes, thus providing un-
equivocal evidence that a functional pool of DA is reestablished
after gene transfer. Importantly, these in vivo observations were
also confirmed in the very same animals after PET imaging after
extraction of their striata and separate measurement of D2 recep-
tor binding parameters by conventional in vitro binding assays.
The two methods show that the extent of the restoration in the
[ 11C]raclopride binding affinity is well correlated with the
amount of DA synthesized by the viral vectors as well as
the recovery in spontaneous motor behaviors.

Materials and Methods
Subjects and surgical procedures
Forty-eight male Sprague Dawley rats were purchased from Harlan and
were housed two to three per cage with ad libitum access to food and
water under a 12 h light/dark cycle. Surgery for 6-hydroxydopamine
(6-OHDA) lesion and vector injections were performed under isoflurane
anesthesia using a 5 �l Hamilton syringe fitted with a glass capillary
(outer diameter, 60 – 80 �m) attached to a stereotaxic frame (Stoelting).
Housing and all experimental procedures performed in these experi-
ments were performed according to the regulations set by the Ethical

Committee for Use of Laboratory Animals in the Lund-Malmö region,
the European Ethical Committee (86/609 EEC), and French legislation
(2001/464).

Experimental design
A total of 37 animals were injected with 6-OHDA in the right medial
forebrain bundle (MFB) to remove the ascending dopaminergic system
unilaterally. Thirty-one animals fulfilled the inclusion criteria (more
than six full body turns per minute after injection of 2.5 mg/kg
d-amphetamine, and �20% left paw use in the cylinder test) and were
allocated into three groups. The first group of animals received injection
of a 1:1 mixture of rAAV5–TH and rAAV5–GCH1 vectors (n � 9). The
second group received an rAAV5 vector encoding for the marker green
fluorescent protein (rAAV5–GFP; n � 6) and served as vector-injected
controls. The third group of animals served as lesion-only controls (n �
10). A fourth group of normal controls (n � 11) were included in the
imaging study. Finally, six additional lesioned animals were injected with
either TH � CGH1 or the GFP genes and were used for histological
analysis to demonstrate transgene expression in the brain. The cylinder
test was repeated at 12 weeks after transduction to confirm the functional
recovery in the therapeutic vector group (TH � GCH1) and the main-
tenance of stable deficits in the control animals. Four to 7 months after
transduction, rats underwent [ 11C]raclopride PET scans. At 39 weeks
after transduction, a final battery of behavioral tests were performed, and
all the animals included in the imaging study were then killed by decap-
itation, their brains were frozen in isopentane, and each of their striata
were dissected out separately for in vitro binding assay and tissue cate-
cholamine measurements using HPLC. The additional vector injected
rats (n � 6) were perfused with 4% paraformaldehyde and processed for
histological analysis.

Lesion of the ascending dopaminergic system
Animals received two injections of 8.75 and 7 �g of 6-OHDA (3.5 �g/�l)
aimed at targeting the MFB unilaterally on the right side. The injections
were made at the following coordinates as calculated relative to bregma
according to the stereotaxic atlas of Paxinos and Watson (1986): anterior,
�3.8 and �4.4 mm; lateral, �1.6 and �1.4 mm. The ventral positions
for the two injection sites were �7.8 and �8.0 mm below the dural
surface, respectively, and the tooth bar was set at �3.9 mm. The 6-OHDA
solution was infused at a rate of 1 �l/min, and the needle was left in the
tissue for an additional 3 min period before it was slowly retracted.

Production and intracerebral administration of viral vectors
The vectors used in this study were provided by the University of Florida
Vector Core. All rAAV5 vectors (rAAV5–TH, rAAV5–GCH1, and
rAAV5–GFP) were driven by a hybrid promoter consisting of an en-
hancer element from the cytomegalovirus promoter and the chicken
�-globin intron (Xu et al., 2001). Vectors were produced by a cotrans-
fection of HEK 293 cells with transfer plasmid coding for the transgene
and inverted terminal repeats from AAV2 and helper plasmids coding for
the genes necessary for production and packaging of AAV2 genome into
AAV5 capsids as described previously (Grimm et al., 2003). The cell
lysate was purified by a discontinuous iodixanol gradient and ion-
exchange chromatography using HiTrap Sepharose Q columns (GE
Healthcare), followed by concentration using Apollo protein concentra-
tors (Orbital Biosciences) after which the buffer was exchanged to lac-
tated Ringer’s solution (Apoteksbolaget). Final titers, as determined us-
ing dot-blot analysis, were 1.2 � 10 13, 1.0 � 10 13, and 3.2 � 10 13

genome copies/ml for the rAAV5–TH, rAAV5–GCH1, and rAAV5–GFP
vectors, respectively.

Animals in the rAAV5–GFP vector control group received a total of 4
�l of the vector stock. The rAAV5–TH � rAAV5–GCH1-treated group
was injected with 4 �l of a 1:1 mix of the two vector stocks. The vector
injections were distributed over two deposits at the following coordinates
with reference to bregma: anterior, �1.0 and 0.0 mm; lateral, �2.8 and
�3.4 mm. Two 1 �l deposits were delivered in each tract at �4.8 and
�3.8 mm below the dural surface. All injections were made at a rate of 1
�l/min. At the end of the second injection, the glass capillary was left in
place for an additional 3 min period before it was slowly retrieved.
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Behavioral tests
Amphetamine- and apomorphine-induced rotation. Four weeks after the
6-OHDA lesions (before viral vector injections), amphetamine-induced
rotational behavior was monitored to select animals with profound do-
paminergic lesions. After an injection of 2.5 mg/kg d-amphetamine
(Apoteksbolaget), right and left full body turns were monitored over 90
min using automated rotometer bowls. The data were expressed as net
full body turns per minute ipsilateral to the lesion. Only animals that
exhibited more than six turns per minute were included in the study. One
month after the completion of the last PET scan, apomorphine (Sigma-
Aldrich) and amphetamine-induced rotational behavior were conducted
on all animals. In these experiments, 30 min after administration of
apomorphine (0.5 mg/kg) or d-amphetamine (2.5 mg/kg), the rats were
placed in Plexiglas bowls for a 5 min period of habituation. Full body
turns were counted during the following 5 min period by examiners
blinded to the treatment.

Cylinder test. Spontaneous forelimb use in the cylinder test was as-
sessed as described previously (Kirik et al., 2000; Schallert et al., 2000).
This test is designed to score spontaneous weight-shifting movements
initiated by the forelimb as they moved freely in a 20-cm-diameter cyl-
inder without handling by the experimenter. Contacts made by each
forepaw with the wall of the cylinder were scored from videotape by an
observer blinded to the identity of the animals. The data are presented as
left (impaired) paw use as percentage of the total number of touches, in
which an unbiased animal would receive a score of 50%. Performance in
the cylinder test was monitored once at 2 weeks before the viral vector
injections, a second time at 12 weeks after the viral vector injections, and
a third time after the PET imaging experiment was completed (i.e., 39
weeks after viral transduction).

microPET scanning and data processing
[11C]raclopride was labeled with carbon-11 on its methylether function
from the corresponding desmethyl phenolic precursor [( S)-(�)-3,5-
dichloro-N-((1-ethyl-2-pyrrolidinyl)methyl)-2,6-dihydroxy-benzamide]
and the highly efficient methylating reagent [11C]methyl triflate (Langer et
al., 1999). Typically, 2.96–5.55 GBq of [11C]raclopride (radiochemical and
chemical purity of 95%) was obtained in routine within 40–45 min of ra-
diosynthesis with specific radioactivities ranging from 18.5 to 55.5 GBq/
mmol. The total amount (mass) of [11C]raclopride injected was either ob-
tained using the natural decay of the carbon-11 (half-life of 20.4 min) or by
adjustment to the desired value (4.74 � 0.82 nmol) by addition of unlabeled
raclopride to the radiotracer syringe.

Rats were scanned on a dedicated small animal PET scanner (Neuro-
Focus 220; Concorde Microsystems). Before scanning, the left femoral
vein was cannulated for ligand injection. For scanning, the animals were
placed within the scanner using a dedicated stereotactic head holder in
prone position under isoflurane anesthesia (1.5 L/min O2 and air con-
taining 2% isoflurane). To decrease the amount of [ 11C]raclopride me-
tabolized during the study, we used a selective histamine H2 receptor
antagonist and a cytochrome P450 inhibitor, cimetidine (150 mg/kg, i.p.,
30 min before [ 11C]raclopride injection). A 10 min transmission scan
was first performed with an external 68Ge point source. Then, a bolus
injection of [ 11C]raclopride (37–100 MBq; 4.74 � 0.82 nmol) was given
intravenously via the femoral vein cannula and scanning commenced.
Dynamic emission scans were acquired in list-mode format over 60 min. The
acquired data were then sorted into 14 timeframes [0–12 min divided in 2
min frames (six frames), 12–60 min divided in 6 min frames (eight frames)].
Each sinogram was normalized, corrected, and reconstructed with a two-
dimensional Fourier rebinning and ordered-subsets expectation maximiza-
tion (FORE-OSEM) algorithm (16 subsets, 4 iterations). Regions of interests
(ROIs) were delineated using an anatomo-functional image processing soft-
ware (Anatomist; http://www.brainvisa.info). All striatal ROIs were drawn
using the same volume (20 mm3), and cerebellar volumes (69.6 � 16.0
mm3) were kept within anatomical landmarks. Kinetics were then calculated
and expressed as picomoles per milliliter.

[ 11C]Raclopride PET kinetics analysis
Based on previous multi-injection modeling studies with [ 11C]raclo-
pride in rats (Mauger et al., 2005) as well as previous in-house modeling

studies (Delforge et al., 1993, 1995), we developed and validated a new
modeling approach based on a partial saturation model, more adapted to
the microPET and allowing the determination of both Bmax and KdVr

using a single-experiment protocol (see supplemental Technical Annex,
available at www.jneurosci.org as supplemental material). Using this new
method, D2 receptor density and affinity can be estimated for each stri-
atal ROI using a nonlinear fit of the bound ligand versus free ligand
concentrations. Briefly, the mass of injected ligand was calculated such as
to occupy at least 75% of the receptors (partial saturation model), so that
a dynamic “Scatchard-like equilibrium” could occur within a validated
time range. In our previous modeling studies designed to fully character-
ize and quantify [ 11C]raclopride-specific binding in the living rat
(Mauger et al., 2005) (simulation studies shown in supplemental Tech-
nical Annex, available at www.jneurosci.org as supplemental material),
we had identified and estimated all the parameters of the underlying
nonlinear compartmental model and validated that the cerebellum could
serve as a region of reference for free and nonspecific striatal binding.
Based on these results, simulation studies allowed us to validate that,
using a range of injected mass between 4.5 and 5.0 nmol, a Scatchard
like-equilibrium state occurs between 12 and 50 min after tracer injection
(see supplemental Technical Annex, available at www.jneurosci.org as
supplemental material). At these times, D2-receptor apparent density
Bmax and affinity KdVr can be estimated for each striatal ROI using a
nonlinear fit of the bound ligand (B) versus free ligand (F) concentration:
B � (F � Bmax)/(F � KdVr).

Postmortem analysis
The rats were deeply anesthetized with isoflurane (5%; flow rate O2, 2–3
L/min) and killed by decapitation after at least 2 weeks from any phar-
macological manipulation. The brains were rapidly removed and cut into
two pieces at the level of the hypothalamus. The forebrain was immedi-
ately frozen in 2-methyl-butane (�30°C) and stored at �80°C until use.
The midbrain– hindbrain was postfixed in ice-cold, 4% paraformalde-
hyde in 0.1 M phosphate buffer, pH 7.4, for 24 h at 4°C and then kept in
25% sucrose for 24 h before additional processing. At the time of analysis,
the striatal tissue was dissected from the rest of the forebrain at subzero
temperature, weighed, and stored on dry ice. Thereafter, the striatal tis-
sue was homogenized by ultrasonic disintegrator on ice in D2 assay buffer
(in mM: 50 Tris-HCl, 1 EDTA, 5 KCl, 1.5 CaCl2, 4 MgCl2, and 120 NaCl,
pH 7.4). One hundred microliters of the homogenate was then pipetted
into 133 �l of 0.8 mM perchloric acid for HPLC measurements as de-
scribed below.

The fixed brain tissue was cut into 35 �m coronal sections on a semi-
automated freezing microtome (Microm HM 450), collected into six
series, and stored in antifreeze solution (0.5 M sodium phosphate buffer,
30% glycerol, and 30% ethylene glycol) at �20°C until additional pro-
cessing. Immunohistochemistry was performed using antibodies raised
against TH (rabbit IgG, 1:10,000; Pel-Freez), GCH1 (rabbit IgG, 1:5000;
custom made for R. Mandel), and neuronal-specific nuclear protein
(NeuN) (MAB 377, 1:100 mouse monoclonal IgG; Millipore). The stain-
ing was visualized using the avidin– biotin peroxidase method (ABC
Elite; Vector Laboratories) developed by 3,3�-diaminobenzidine in
0.01% H2O2 color reaction.

In vitro D2 receptor binding assay. The in vitro D2 receptor binding
assay was conducted on each separate striata of all PET-imaged animals
based on a modified version of the in vitro D2 binding assay described
previously by Seeman et al. (1992). The tissue homogenate (prepared as
above) was diluted with 10 ml of ice-cold assay buffer (final concentra-
tion, 4 mg tissue/ml), vortexed, and divided into 48 samples of 200 �l. To
determine the nonbound raclopride and raclopride bound to nonspecific
saturable sites, 100 �l of 200 mM haloperidol was added to half of the
samples, whereas the remaining samples received the same amount of
assay buffer. The samples were incubated for 30 min, and then [ 3H]ra-
clopride was added to triplicates in increasing amounts, resulting in a
final concentration between 125 pM and 16 nM. The samples were then
incubated for 2 h at room temperature before centrifugation at 14,000
rpm for 15 min. The pellet was then washed, and the tip of the Eppendorf
tube with pellet was cut off into LSC mixture (Ultima Gold; PerkinElmer
Life and Analytical Sciences) and vortexed, and, 24 h later, the number of
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decays per minute was determined using a liquid scintillation counter
(Beckman LS 6500; Beckman Coulter), which was quantified using an
external standard calibration curve. The final data was plotted as a Scat-
chard plot, and Bmax, Kd, and binding potential (BP) were calculated.

HPLC analysis of monoamines. The tissue homogenate was centrifuged
(10 min at 10,000 rpm at 4°C), after which the supernatant was filtered

through minispin filters for an additional 3 min at 10,000 rpm. The tissue
extracts were analyzed by HPLC-electrochemical detection for DA,
5-HT, and their metabolites. Twenty-five microliters of each sample were
injected by a cooled autosampler (Spark Holland Midas) into an electro-
chemical detector (guard cell ESA 5020, glass-carbon electrode analytical
cell ESA 5011 coupled to a ESA Coulochem III). A reverse-phase C18
column was used for compound separation (3 �m ReproSil-pur, 4.6 mm
inner diameter, 150 mm length; Chrompack). The mobile phase (5 g/L
sodium acetate, 30 mg/L Na2-EDTA, 100 mg/L octane-sulfonic acid, and
9% methanol, pH 4.2) was delivered at a flow rate of 500 �l/min. Peak
identification and quantification was conducted using the Clarity Chro-
matographic software package (DataApex).

Statistical analysis
All statistics were conducted using the SPSS 15 statistical package (SPSS).
The between-groups differences of neurotransmitter concentrations in
Figures 1 and 4 were calculated using nonparametric statistics because
the data failed the criteria of equal variance and normal distribution
required in parametric statistics (floor effect in the lesion and control
vector groups). Here a Kruskal–Wallis one-way test was followed by
Mann–Whitney U post hoc test in which the significances were estimated
by Monte Carlo simulation and by use of the “Exact” module, respec-
tively. Correlations in Figures 3–5 were estimated using the Pearson’s
product-moment correlation coefficient with two-tailed significance
presented. Two-way ANOVA tests performed on data presented in Fig-
ures 3 and 4 were analyzed using the generalized linear model and the
Wald � 2 to estimate the goodness of fit with Bonferroni’s-corrected post
hoc analysis.

Results
rAAV5 vectors provide robust transgene expression and
restores DOPA synthesis in the striatum
rAAV5 vectors encoding human TH and GCH1 or the GFP genes
were injected in the rat striatum at two sites. The efficiency of the
transduction was evaluated by both histological and biochemical
assays. Immunohistochemistry showed a robust and widespread
expression of the human TH in the 6-OHDA lesioned striata that
are deprived of the intrinsic TH-positive innervation (Fig. 1a,d).
Similar distribution of viral vector-mediated expression of the
human GCH1 was observed (Fig. 1b,e). Injection of the vectors
did not have any detectable toxic effects on neurons in the stria-
tum as evidenced by normal distribution of NeuN-positive cells
in the injected area (Fig. 1c,f) and numbers of NeuN-positive
neurons in the entire striatum as determined by stereological
quantification methods (intact side, 2,953,016 � 302,630; in-
jected side, 2,985,593 � 151,698 cells). The total number of TH-
expressing striatal cells was estimated to be 352,518 � 82,279,
representing on average �12.0% of the NeuN-positive neurons
in the striatum.

Striatal TH enzyme activity was estimated by administering a cen-
trally acting AADC inhibitor [NSD-1015 (3-hydroxybenzylhydrazine),
100 mg/kg]. This treatment results in accumulation of newly synthe-
sized DOPA that would otherwise be converted to DA by the AADC
enzyme, and thus tissue DOPA levels can be used as measure of in
vivo activity of the TH enzyme. Under these conditions, �5 pmol of
DOPA accumulated in the normal striatum within a 30 min time
period, whereas the capacity to synthesize DOPA was severely im-
paired as a result of loss of intrinsic DA neurons in 6-OHDA lesioned
side. In the rAAV5–TH � rAAV5–GCH1-treated animals, con-
versely, the DOPA synthesis capacity was significantly improved and
restored to normal levels (Fig. 1g). This was associated with an in-
crease in striatal TH protein in the animals from 6.0 � 1.5% in the
lesion controls to 18.3 � 3.4% of the control side levels ( p � 0.05,
Mann–Whitney U test).

Figure 1. Striatal gene transfer of TH and GCH1 genes using rAAV5 vectors. The efficiency of
the rAAV5–TH vector was assessed by immunohistochemical staining of sections with antibod-
ies against TH (a, d) and GCH1 (b, e) proteins as well as the NeuN neuronal marker (c, f ). d–f are
high-power views from the same sections as illustrated in a– c, respectively. TH staining shows
a widespread expression of the transgenic human TH protein, in which numerous cell bodies
and their dendritic projections are filled in the dorsal striatum (d). GCH1 expression is visualized
using an antibody that specifically recognized the human GCH1 protein (b, e). Nonspecific
effects of transduction was assessed by NeuN staining, which indicated that there were no
apparent toxicity of striatal neurons on the injected side of the brain (c, f ). Coexpression of TH
and GCH1 proteins restored the in vivo DOPA synthesis capacity to normal levels in the lesioned
striatum (g). * indicates different from the intact side; † indicates different from the respective
lesion side from the TH � GCH1 group. Kruskal–Wallis nonparametric test, � 2

(3,19) � 12.23,
p � 0.01, followed by post hoc comparisons using Mann–Whitney U test with Bonferroni’s
correction. Scale bar: a– c, 500 �m; d–f, 25 �m.
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Striatal rAAV5–TH and rAAV5–GCH1
delivery restores synaptic dopamine to
normal levels in the parkinsonian brain
The three-dimensional images and the
quantitative measurements of apparent
Bmax and in vivo affinity (i.e., KdVr) were
generated from time–activity curves ob-
tained from [ 11C]raclopride micro-PET
scans. As expected, unilateral 6-OHDA le-
sioning resulted in an increase in the
[ 11C]raclopride binding on the lesioned
side (right hemisphere) (Fig. 2b,c, arrow-
head), whereas the contralateral side re-
mained unchanged (Fig. 2, compare b with
a). Therapeutic vector delivery resulted in
a complete reversal of the lesion-induced
increase in [ 11C]raclopride binding (Fig.
2c) and normalized binding to values
equivalent to those obtained on the intact
side. Quantitative estimations of change in
[ 11C]raclopride binding (Fig. 2d) were ob-
tained by calculating the BP as defined by
the ratio between Bmax and KdVr.

To provide evidence that rAAV5-
mediated continuous DOPA delivery re-
stores a functional pool of endogenous
DA, we used a new quantification method
based on a single PET scan to determine
the apparent affinity of binding to the D2

receptors and the apparent receptor den-
sity in the striatum using a partial satura-
tion protocol (Fig. 3a,c). This method is
based on the ability of [ 11C]raclopride to
reach a “dynamic equilibrium phase”
(during which the equilibrium equations
are still valid) between 12 and 50 min after an injection of this
radiotracer that aims at occupying a large fraction of the D2 re-
ceptors available in the region of interest (at least 75% of them).
Figure 3, a and c, illustrates that, within this timeframe after
radiotracer injection, the relationship between the bound to free
versus bound concentrations of [ 11C]raclopride becomes linear
(Scatchard-like equilibrium state), allowing direct calculation of
apparent Bmax (by extrapolation of the linear fit to the x-axis) and
1/KdVr (represented by the slope of the linear fit). Figure 3e– g
illustrates the specifically bound [ 11C]raclopride signal in the
striatum over the dynamic equilibrium (12–50 min) imaging pe-
riod expressed as either binding potential (Fig. 3e), apparent Bmax

(Fig. 3f), or apparent KdVr (Fig. 3g). The in vivo apparent KdVr

and the Bmax were calculated for each animal’s striatum sepa-
rately, as illustrated for one representative animal in each exper-
imental group (Fig. 3a,c, solid lines for lesioned animals, dashed
lines for intact controls). The average apparent Bmax value in the
intact striatum was 32.83 � 2.14 (left side of the normal control
animals), which was not modified by the lesion or the vector
treatment (two-way ANOVA, � 2

(5,51) � 5.16; p � 0.40) (Fig. 3f).
In contrast, the in vivo apparent affinity (KdVr) for [ 11C]raclo-
pride was significantly increased in the denervated striatum of the
lesion control and rAAV5–GFP groups, whereas it was normal-
ized by the gene transfer intervention in the TH � GCH1 treat-
ment group (Fig. 3g). Because the in vivo Kd values may be af-
fected by changes in accessibility to the receptor sites (denoted
here as volume of reaction, Vr), the fresh frozen striatal samples
taken from the very same animals used in the imaging studies

were processed for an in vitro competitive binding assay. In this
assay system, the model is reduced to three compartments, and
thus the Kd can be determined without the potential influence of
the Vr (Fig. 3b,d). The results showed that the in vitro Kd and Bmax

measurements were highly correlated with the in vivo values, in-
dicating that the changes observed in the apparent binding affin-
ity in vivo (KdVr) is entirely attributable to the change in Kd, i.e.,
the affinity of [ 11C]raclopride to bind the D2 receptors (Fig. 3h–
j). Together, these results supported the interpretation that (1)
the partial saturation model can permit actual quantification of
D2 receptor densities and affinities separately, in both normal and
parkinsonian living rats, and (2) rAAV5-mediated continuous
DOPA delivery resulted in restoration of a functional endoge-
nous DA pool, which occupied the D2 receptor sites in the stria-
tum and competitively reduced the signal from specifically
bound [ 11C]raclopride.

In vivo [ 11C]raclopride binding affinity predicts DA synthesis
and functional recovery in motor behavior after rAAV5-
mediated DOPA delivery
The functional consequences of the continuous DOPA delivery
by the rAAV5–TH and rAAV5–GCH1 vectors were assessed by
spontaneous forelimb paw placement in the cylinder test before
and 12 and 39 weeks after the vector treatment. In this test para-
digm, normal animals are expected to use both paws with equal
frequency, whereas unilaterally DA-depleted rats display a deficit
in use of the contralateral paw. In the rAAV5–GFP-injected con-
trol group, all animals had a strong bias toward using the intact
paw (only 1–2 of 20 touches were performed with the impaired

Figure 2. [ 11C]raclopride PET experiments. The FORE-OSEM algorithm reconstructed tomographic data are illustrated as
pseudocolored images indicating radioactivity levels high to low (from red–yellow to green– blue), in an intact rat (a), in a
lesioned rAAV5–GFP-injected control rat (b), and in a lesioned rat treated with the TH � GCH1 therapeutic genes (c). Note the
large increase on the [ 11C]raclopride signal on the lesion side (right hemisphere as indicated with arrowhead) in b and the
normalization of the binding in the treated animal (arrowhead) in c. The kinetics of specific [ 11C]raclopride binding is plotted
against time to illustrate the increased signal on the lesion side of the rAAV5–GFP-injected control animals starting at 24 min and
maintained for the rest of the scanning period, whereas in the rAAV5–TH � rAAV5–GCH1-treated rats, similar levels of binding
were seen between the two sides (d).
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paw), whereas the rAAV5–TH � rAAV5–GCH1-treated rats
showed a significant and near complete recovery at 12 weeks after
vector injection, which was maintained until the end of the ex-
periment at 39 weeks after vector administration (Fig. 4a). More-
over, the recovery seen in the cylinder test was highly correlated

with the ratio of KdVr values obtained in the lesion and intact
sides in the same animals (r � 0.78; p � 0.0006) (Fig. 4b). Only a
weak correlation was seen between the Bmax values and cylinder
test results (r � 0.53; p � 0.042) (data not shown). The correla-
tion between KdVr values and apomorphine-induced rotational

Figure 3. Quantification of the [ 11C]raclopride PET data. Analysis of the raclopride striatal binding was conducted by plotting the binding data in Scatchard plots both in vivo (a, c) and in vitro (b,
d). The data points from the lesion/GFP side clearly deviated from those on the intact side (a, b), whereas the lesion/TH � GCH1 binding mimicked the binding of the intact side (c, d). Analysis of
the data from in vivo [ 11C]raclopride PET scans expressed as BP to the striatal D2 DA receptors indicated a significant increase on the lesion side of the GFP-injected hemiparkinsonian rats and
restoration of BP values to control values in the lesion side of the TH � GCH1-injected animals (e). To resolve the precise source of the change in BP, we calculated the apparent D2 DA receptor density
(Bmax; f ) and affinity of the binding to the receptors (KdVr � apparent in vivo Kd; g) by calculating the x-intercept and slope of the best-fit line from the quantitative PET dataset at the equilibrium
state (12–50 min after injection; black symbols) and found that the changes were essentially attributable to a decrease in the KdVr and not an increase of the Bmax values. The in vivo estimates of BP,
Bmax, and KdVr were tightly correlated to the corresponding in vitro values from the same animals (h–j). Statistics in e: two-way ANOVA, � 2

(5,51) � 18.88, p � 0.005; g: two-way ANOVA, � 2
(5,51)

� 18.70, p � 0.005. The two-way analysis was followed by individual contrasts with Bonferroni’s correction in both tests. Regression line fits in h–j are two-tailed significance of the Pearson’s
product-moment correlation coefficient. * indicates different from intact side; # indicates different from normal control.
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behavior (direct D1/D2 agonist) was more
prominent compared with the indirect DA
agonist amphetamine (r � �0.60, p �
0.018; and r � �0.53, p � 0.040, respec-
tively) (Fig. 4c–f).

The 6-OHDA injection into the MFB re-
sulted in a complete DA denervation with a
	99.8% reduction of striatal DA levels
(0.14 � 0.04 pmol/mg compared with
76.3 � 2.5 pmol/mg) (Fig. 5a), 99.3% reduc-
tion in striatal 3,4-dihydroxyphenylacetic
acid (DOPAC) levels (0.08 � 0.01 pmol/mg
compared with 10.69 � 0.71 pmol/mg) (Fig.
5b), and 96.7% reduction in striatal ho-
movanillic acid (HVA) levels (0.11 � 0.04
pmol/mg compared with 3.43 � 0.25 pmol/
mg) (Fig. 5c) as measured in the rAAV5–
GFP group. Possibly, because of the lack of
storage for the newly synthesized DA in the
transduced striatum, the levels of DOPAC
and HVA (Fig. 5b,c) were restored closer to
normal values than striatal DA levels (Fig.
5a). Nevertheless, the DA content in the
rAAV5–TH � rAAV5–GCH1-transduced
striatum (9.4 � 3.9 pmol/mg) reached
�12% of intact side values and correlated
strongly to the normalization of KdVr in vivo
and Kd in vitro (r � 0.80, p � 0.001; and r �
0.87, p � 0001, respectively) (Fig. 5d,e). In-
terestingly, although the binding affinity is a
component of the BP, the BP measurement
itself did not correlate with the DA synthesis
(r � 0.41, p � 0.12, in vivo; and r � 0.30, p �
0.28, in vitro; data not shown).

Discussion
The present study was designed to provide
evidence that a functional endogenous DA
pool can be reinstituted by viral-mediated
continuous DOPA delivery in the rat par-
kinsonian model. For this purpose, rAAV5
vectors encoding the TH and GCH1 genes
were coexpressed in the striatum of rats
with a unilateral 6-OHDA lesion of the ni-
grostriatal projection neurons providing
DA input to the striatum. We showed that
TH � GCH1 gene transfer reconstitutes
the DOPA synthesis capacity in the dener-
vated striatum, and this leads to recovery
of motor functions in the treated animals.
The demonstration of the presence of DA
at the striatal D2 receptor sites was
achieved with the [ 11C]raclopride tracer
and microPET imaging in vivo.

Our data showed an increased BP in
both the lesion control group and rAAV5–
GFP-injected animals. However, the
changes in the BP values cannot be unequivocally interpreted.
This is attributable to the fact that the BP values are determined
by two specific properties of D2 receptors: the apparent binding
affinity of [ 11C]raclopride to the receptor and the total receptor
density in the striatum. Here we have used a partial saturation
single PET experiment to determine separately both the apparent

affinity of the specific binding and the apparent total density of
D2 receptors in the striatum. We found that lesioning the DA
system resulted in an increase in the binding affinity without
changing the density of D2 receptors accessible for [ 11C]raclo-
pride binding. From a pharmacological point of view, anticipat-
ing that lesioning the presynaptic element of the striatal dopami-

Figure 4. Correlation between the in vivo PET data and the motor behavioral performance. The animals were tested on
spontaneous motor behaviors using the cylinder test (a), amphetamine (c), and apomorphine (e) induced rotations. The use of the
affected paw (left side) in the cylinder test was severely impaired after lesion. This impairment was maintained in rAAV5–GFP-
injected animals, whereas the treatment group showed a significant recovery of function (a). The improvement in the cylinder
test, expressed as difference between the pre-vector and post-vector injection time points, was highly correlated with the KdVr

values derived from the striatal PET data (b). The correlations between drug-induced rotation and KdVr values were weaker (d, f ).
Statistics in a: two-way ANOVA, � 2

(5,44) � 31.68, p � 0.001; c, two-way ANOVA, � 2
(3,29) � 23.65, p � 0.001; e, two-way

ANOVA, � 2
(3,29) � 35.60, p � 0.001. All two-way analysis was followed by individual contrasts with Bonferroni’s correction.

Regression line fits in b, d, and f are two-tailed significance of the Pearson’s product-moment correlation coefficient. * indicates
different from pre-transduction score; † indicates different from lesion/GFP.
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nergic synapse could affect more severely the apparent affinity
than the apparent density of striatal D2 receptors can be expected
as a direct consequence of a loss of dopamine (removal of a com-
petitive inhibitor). Whether the profound removal of dopamine
observed in our parkinsonian rats (average striatal dopamine
concentrations in the GFP-treated lesioned animals below 1% of
normal control) could also produce a concomitant upregulation
of D2 postsynaptic receptors, primarily described in the literature
acutely after DA lesion, was still an open question and the reason
why we not only needed to quantify separately D2 receptor den-
sity and affinity in vivo but also confirm this in vitro. Indeed, we
have now found in vivo by PET and also confirmed in vitro in the
very same animals that the changes in [ 11C]raclopride observed
in our experimental conditions are explained by a change in the
apparent affinity and not by a change in D2 receptor density.
The discrepancy between these findings and some previously
published data reporting alterations of the receptor density with
no change in affinity after long-term dopaminergic striatal de-
afferentation in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
treated monkeys (Doudet et al., 2002) are unclear but are likely
attributable to combination of differences in lesioning condi-
tions, time after lesion, severity of striatal dopamine loss, and
possibly animal model.

Our in vivo and in vitro results unequivocally support the
argument that the increase in [ 11C]raclopride binding in the
chronically DA-depleted rat is attributed primarily to a reduced

competition with endogenous extracellu-
lar DA for binding to the D2 receptors
rather than a change in total number of
receptors. As a corollary to this, normal-
ization of [ 11C]raclopride binding in the
treated rats could be most readily ex-
plained by availability of DA generated
from ectopic DOPA synthesis via the hu-
man transgenic TH and GCH1 enzymes.
Indeed, we found that the Kd is the best
predictor of the DA levels after rAAV-
mediated enzyme replacement in the par-
kinsonian brain. These data add signifi-
cant value over the commonly used
measurement of BP that did not correlate
with the efficacy of the treatment in this
model. Most importantly, the ratio of the
binding affinity in the lesion and intact
sides were highly correlated with the spon-
taneous behavioral test results providing
an excellent readout for the functional im-
pact of this gene therapy approach.

The state of striatal D2 receptors after
lesions of the ascending dopamine system
is still conflicting; some studies reported
an increase above normal, whereas others
suggested no change. Discrepancies be-
tween studies are likely to be attributable
to the duration of the lesion, because in-
creases in the D2 receptor levels seem to be
prominent mainly acutely (2– 4 weeks) af-
ter DA denervation (Savasta et al., 1987;
Verhoeff et al., 2002; Xu et al., 2005) but
not in chronically lesioned animals (De-
camp et al., 1999). Second, when changes
were detected, they were most obvious in
the dorsolateral sector of the striatum,

whereas medial and ventral sectors were either modified to a
lesser extent or remained unchanged (Graham et al., 1990;
Chritin et al., 1992). In the present experiment, analysis in chron-
ically DA-depleted rats (6 –9 months after lesion), both the in vivo
and the in vitro measurements suggested no change in the total
receptors accessible to raclopride when the whole striatum was
assayed. Although the DA receptors are known to alternate be-
tween high- and low-affinity states based on the availability of the
endogenous ligand, such changes are unlikely to affect the mea-
surements obtained here as the binding affinity of raclopride is
not modulated by the state changes in the D2 receptors (Seeman
et al., 2005; Seneca et al., 2006).

Our results are in agreement with previous reports conducted
in reserpine-treated animals repeatedly administered with co-
caine, in which alterations of the in vivo binding for both D1 and
D2 receptors were attributable to apparent modifications of the
affinity and not the number of binding sites (Tsukada et al., 1996;
Ginovart et al., 1997). An acute challenge with amphetamine,
conversely, appears to result in a different type of response that
might be mediated by changes in receptors available for ligand
binding (Sun et al., 2003; Chefer et al., 2008). In the current
experiments, we describe a 50% change in KdVr after full striatal
dopaminergic deafferentation. Such a drastic modification of D2

receptor affinity (42–53%) has already been described by others
using various D2 receptor radiotracers, including [ 11C]raclo-
pride and FLB457 [(S)-N-[(1-ethyl-2-pyrrolidinyl)methyl]-5-

Figure 5. Tissue DA, DOPAC, and HVA levels were determined by HPLC (a– c). There was a significant restoration of all three
metabolites in the rAAV5–TH� rAAV5–GCH1-treated rats. The tissue DA levels were well correlated with both in vivo KdVr (d) and
in vitro Kd (e) values. Kruskal–Wallis nonparametric test, � 2

(3,29) � 24.52 (DA), � 2
(3,29) � 23.19 (DOPAC), and � 2

(3,29) � 17.56
(HVA), p � 0.001 for all comparisons, followed by post hoc comparisons using Mann–Whitney U test with Bonferroni’s correction.
* indicates different from intact side; † indicates different from lesion/GFP.
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bromo-2,3-dimethoxtbenzamide], after experimentally induced
dopamine depletion (acute reserpine treatment). Fisher et al.
(1995) suggested that the average DA concentration in the syn-
aptic cleft could be �0.5 �M. This means that a 50% change in D2

receptor affinity observed in the dopamine-depleted rats would
imply that �80% of the D2 receptors would be occupied in the
intact rat striatum.

Today, oral L-DOPA medication is the most effective and
widely used pharmacotherapy for patients suffering from PD.
Although the initial response to this medication may be excellent,
with advancing disease, most patients develop unwanted side ef-
fects of the treatment (Marsden and Parkes, 1976; Mouradian et
al., 1988; Obeso et al., 2000). These side effects are thought to be
attributable to the pulsatile nature of the administration, and, in
fact, several studies have reported improvements in clinical re-
sponses when patients with motor complications are treated with
continuous infusion of L-DOPA or DA receptor agonists (Nutt et
al., 2000; Olanow et al., 2006). However, continuous systemic
pharmacotherapy is associated with an increase in frequency of
other adverse effects such as hallucinations and psychosis and is
often complicated because of the use of external pumps to deliver
the drugs either subcutaneously or via a gastric or duodenal
route. Therefore, development of a DOPA delivery restricted to
areas of the brain in which the DA system is most severely affected
offers a possibility to overcome these limitations and provide a
more effective treatment for PD patients. This requirement can
easily be met by in vivo viral gene transfer techniques, and, be-
cause of their safety profile, rAAV vectors are very suitable for
such clinical applications of gene therapy in the CNS (Kaplitt et
al., 2007; Stoessl, 2007; Eberling et al., 2008; Marks et al., 2008).

We showed previously that rAAV-mediated expression of the
TH and GCH1 genes in the striatum can provide a continuous
and long-term DOPA production (Mandel et al., 1998). When
DOPA synthesis levels exceed a minimum threshold, this treat-
ment yields long-lasting functional benefits in parkinsonian rats
(Kirik et al., 2002). Moreover, stabilization of the striatal DOPA
levels leads to alleviation of dyskinetic side effects induced by oral
L-DOPA pharmacotherapy (Carlsson et al., 2005). Together,
these data suggest that rAAV-mediated targeted DOPA delivery is
not only a powerful tool for experimental studies but also a viable
strategy for clinical application, which may overcome unresolved
medication-induced complications in PD patients and provide
them a better life quality.

In addition to the demonstration that normal striatal D2 re-
ceptor function is restored by rAAV-mediated DOPA delivery,
the present [ 11C]raclopride PET imaging protocol can serve as a
non-invasive method to follow TH � GCH gene expression in
humans. It could provide an additional objective measure to a
potential clinical trial using rAAV vectors to deliver DOPA to PD
patients because the [ 11C]raclopride PET imaging technique is
already applicable in humans and has been demonstrated to be
useful in the assessment of PD patients (Antonini et al., 1997;
Piccini et al., 2003; de la Fuente-Fernandez et al., 2004).
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