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Abstract

We investigated the safety and neuroregenerative potential of an adeno-associated virus (AAV2) containing
human glial cell line-derived neurotrophic factor (GDNF) in an MPTP primate model of Parkinson’s disease.
Dopaminergic function was evaluated by positron emission tomography with 6-[18F]fluoro-l-m-tyrosine (FMT)
before and after AAV2-GDNF or phosphate-buffered saline infusion bilaterally into the putamen. FMT uptake
was significantly increased bilaterally in the putamen of AAV2-GDNF but not phosphate-buffered saline-treated
animals 6 months after infusion, indicating increased dopaminergic activity in the nigrostriatal pathways.
AAV2-GDNF-treated animals also showed clinical improvement without adverse effects. These findings are
consistent with our previous report in aged nonhuman primates that showed evidence of enhanced use of
striatal dopamine and dopaminergic nigrostriatal innervation. Clinical improvement and evidence of functional
recovery in the nigrostriatal pathway, and the absence of adverse effects, support the safety of this approach for
the delivery of GDNF over a 6-month period.

Introduction

Anumber of studies have demonstrated the effectiveness
of glial cell line-derived neurotrophic factor (GDNF) for

the support of neuronal function in animal models of Par-
kinson’s disease (PD) (Bohn, 1999; Hurelbrink and Barker,
2004). Both rodent and nonhuman primate studies with
striatal, nigral, and ventricular GDNF administration have
shown beneficial effects, although these methods are limited
in terms of protein distribution and the ability to deliver the
protein chronically, both of which have safety implications for
clinical use. In fact, the first randomized clinical trial of GDNF,
in which monthly infusions of the protein were delivered via
an implanted cerebroventricular catheter, failed to show a
therapeutic effect but resulted in a number of adverse events
(Nutt et al., 2003). The lack of therapeutic efficacy may have
been due to the failure of GDNF to reach target tissues. This
was supported by postmortem evidence in one patient
showing a lack of regeneration or of GDNF diffusion into
targeted brain regions (Kordower et al., 1999).

Another clinical trial that delivered GDNF by putaminal
infusion also failed to show therapeutic effects beyond that
shown in a control group (Lang et al., 2006). However, signif-
icant increases in positron emission tomography (PET) mea-
sures of striatal fluorine-labeled dihydroxyphenylalanine

(F-dopa) uptake were observed, suggesting a subtherapeutic
functional effect of GDNF. In addition to the lack of therapeutic
effects, several patients developed neutralizing anti-GDNF
antibodies, raising safety concerns perhaps related to the de-
livery method. Further concerns were raised after the obser-
vation of multifocal cerebellar Purkinje cell loss in monkeys
after continuous putaminal infusion of GDNF over a 6-month
period (Hovland et al., 2007). Although some PD patients ex-
perienced benefit after putaminal infusions of GDNF (Gill
et al., 2003; Patel et al., 2005; Slevin et al., 2005, 2006), the overall
failure of randomized trials and the safety concerns have
prompted the exploration of alternative methods for admin-
istering viral vectors in nonhuman primates.

A lentiviral GDNF vector system evinced protective effects
of GDNF in both aged nonhuman primates (NHPs) and in
young 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
lesioned NHPs (Kordower et al., 2000). This study showed
protection of dopaminergic innervation of the striatum,
improved motor performance, and gene expression for 8
months. Although these findings were promising, lentiviral
vectors have not been as well characterized as adeno-
associated viral vectors for CNS applications. A study with an
adeno-associated serotype 2 viral (AAV2) GDNF vector in
marmosets found a protective effect against striatal delivery
of 6-hydroxydopamine (6-OHDA) (Eslamboli, 2005). It must
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be emphasized that such studies did not explore the efficacy
of GDNF in the context of a fully lesioned nigra, but only
under conditions in which toxin was administered nearly
contemporaneously with GDNF, raising the possibility that
efficacy was due to protection of existing nigral neurons ra-
ther than to regeneration of dopaminergic function (Eberling
et al., 1997). This is an important issue, particularly in the
context of the failure of a phase 2 clinical trial of neurturin
(NTN) delivered by striatal injections of an AAV2 encoding
human NTN. The preclinical rationale for this study was
based primarily on the neuroprotective effect of AAV2-NTN
against 6-OHDA in rats (Gasmi et al., 2007) and MPTP in
macaques (Kordower et al., 2006). However, Parkinsonian
subjects recruited for the phase 1 and 2 clinical trials of AAV2-
NTN (CERE-120) were enrolled at a stage of the disease (stage
3 on the Hoehn and Yahr scale) in which substantial loss of
nigral innervation of the striatum had been present for at least
5 years (Marks et al., 2008). On this basis, we regard the failure
of this phase 2 study as evidence that any neurotrophic
therapy for PD must demonstrate the ability of the agent to
stimulate regeneration in a stably lesioned animal. Accord-
ingly, we investigated the safety and neuroregenerative po-
tential of AAV2-GDNF in a stable MPTP primate model of
PD. The present report represents an initial analysis of in vivo
responses to AAV2-GDNF treatment of MPTP-lesioned NHP
over the first 12 months of a 2-year study. Because our PD
model is characterized by an extensive nigral lesion in the
ipsilateral hemisphere and mild lesioning in the contralateral
hemisphere, we were able to model early and advanced PD in
the same animal. Our findings suggest that GDNF has the
capacity to induce dopaminergic regeneration regardless of
the degree of nigral injury, and thus augurs well for broad
clinical application of AAV2-GDNF in the treatment of PD.

Materials and Methods

Experimental subjects

The protocol was approved by the Institutional Animal Care
and Use Committee at the University of California, San Fran-
cisco (San Francisco, CA) and the Animal Welfare and Research
Committee at the Lawrence Berkeley National Laboratory.
Eleven male rhesus monkeys (8–14 kg) and 1 female rhesus
monkey (7 kg) were lesioned with 1-methy-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) as previously described (Bank-
iewicz et al., 1986, 2000; Eberling et al., 1998). Briefly, MPTP
lesioning consisted of one or two right intracarotid artery in-
fusions of 2.0–4.0 mg of MPTP-HCl followed by additional
intravenous administrations of 0.2- to 0.5-mg=kg doses of
MPTP-HCl. This method of lesioning produces nearly a com-
plete dopaminergic lesion on the side of carotid artery infusion
(ipsilateral side) and a partial lesion on the other side of the
brain (contralateral side). Intravenous dosing with MPTP
continued until the animal showed bilateral parkinsonian signs
and a clinical rating scale (CRS) score between 21 and 26, as
described below. Animals were not scheduled for surgery until
they had achieved a stable behavioral disability rating in more
than 10 assessments over about a 4-month period.

Clinical rating scale

All ratings were performed by a single investigator blinded
to the experimental conditions. The modified Parkinson’s CRS

was developed by the Bankiewicz laboratory, and closely
approximates those reported in the literature (Imbert et al.,
2000). The scale evaluates 14 parkinsonian features, each of
which receives a score from 0 to 3 in order of increasing se-
verity (0, normal; 1, mild; 2, moderate; 3, severe). Individual
scores are summed to arrive at a final score. Features evaluated
include tremor (right and left sides), locomotion, ‘‘freezing,’’
fine motor skills (right and left hand), bradykinesia (right and
left sides), hypokinesia, balance, posture, startle response, and
gross motor skills (right and left hands). Normal animals score
in the range of 0 to 4, and severely parkinsonian monkeys
score over 20. CRS assessments were performed after MPTP
lesioning to determine a stable baseline before treatment.
Animals were assessed after AAV treatment both with and
without l-dihydroxyphenylalanine (l-dopa) administration.
Individual CRS ratings over 5–10 separate days were averaged
for each time point to provide unbiased CRS scores at baseline
and at 3-month intervals after treatment. Animals were treated
with an intramuscular injection of l-dopa 30 min before CRS
rating at a time when CRS (without l-dopa) was stable.

Magnetic resonance imaging

Baseline magnetic resonance imaging (MRI) was performed
to enable accurate placement of the infusion cannula in the
target structures. During the MRI procedure, NHPs were se-
dated with ketamine (Ketaset, 7 mg=kg, intramuscular) and
xylazine (Rompun, 3 mg=kg, intramuscular). Each animal was
positioned in the MRI-compatible stereotactic frame. Ear- and
eye-bar positions were recorded, and an intravenous line was
installed. Coronal images (1 mm) were collated on a GE Signa
1.5-T system. Images were T1-weighted and taken in three
planes with a repetition time of 700 msec, an echo time
of 20 msec, and a flip angle setting of 308. A scanning time of
approximately 20 min was employed, with a 15-cm field of
view, a 192 matrix, and a 2NEX (number of averages per signal
unit). Each scan lasted approximately 20 min. The coronal MRI
images were used to determine the three-dimensional structure
of the caudate nucleus and the putamen, and surgical coordi-
nates were generated from magnified coronal images (�1.5).

AAV2-GDNF vector construction

The human GDNF cDNA was cloned into an AAV2 shuttle
plasmid, and a recombinant AAV2 carrying GDNF under the
control of the cytomegalovirus promoter was generated by a
triple-transfection technique with subsequent purification by
CsCl gradient centrifugation (Matsushita et al., 1998; Wright
et al., 2003). AAV2-GDNF stock was concentrated to 1.1�1013

vector genomes per ml (vg=ml) as determined by quantitative
PCR, and then diluted immediately before use to 3.3�1012

vector genomes (VG)=ml in phosphate-buffered saline (PBS)–
0.001% (v=v) Pluronic F-68.

Stereotactic surgery and AAV2 infusion

Monkeys received bilateral infusions of AAV2-GDNF
(n¼ 6) or PBS (n¼ 6) into the putamen at anterior and pos-
terior levels by convection-enhanced delivery (CED). Infu-
sions were performed with a step-design fused silica cannula
(Krauze et al., 2005) with an outside diameter (at the tip) of
0.3 mm by a sequential, ascending infusion rate method (0.2,
0.5, 0.8, 1, 1.5, and 2 ml=min for 10 min and 2.5 ml=min for
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6 min) in which 75ml=site was delivered into two sites in each
putamen. After infusion, the cannula was left in place for
5 min before it was retracted, and the surgical site was then
closed within anatomical layers. This method of delivery has
been extensively used and refined by our group over more
than a decade (Bankiewicz et al., 2000, 2006b; Forsayeth et al.,
2006; Hadaczek et al., 2009).

Positron emission tomography methods and analysis

We have published extensively on the use of 6-[18F]fluoro-l-
m-tyrosine (FMT)-PET to measure dopaminergic function in
the human and primate brains ( Jordan et al., 1997; Eberling
et al., 1998, 2000, 2004, 2007, 2008; Oiwa et al., 2003). In our
experience, the measurement of aromatic-l-amino-acid dec-
arboxylase (AADC) activity, expressed either naturally in ni-
gral neurons (Eberling et al., 2007) or via a neurorestorative
gene therapy approach (Bankiewicz et al., 2000, 2006b; For-
sayeth et al., 2006; Eberling et al., 2008), offers good signal-to-
background and strong correlations between AADC activity
and l-dopa responsiveness in primates (Forsayeth et al., 2006;
Eberling et al., 2008). PET was performed 3 months before
(baseline) and 6 months after vector infusion. PET studies were
performed on a Siemens ECAT EXACT HR PET scanner
(Siemens, Malvern, PA) in three-dimensional acquisition
mode. FMT was synthesized by a semiremote chemical syn-
thesis apparatus (O’Neil and VanBrocklin, 1995) according to a
modification of a previously described procedure (Namavari
et al., 1993). Monkeys were anesthetized with an intramuscular
injection of ketamine (15 mg=kg), intubated, and placed on
isoflurane anesthesia. All animals were pretreated with an
intravenous injection of benserazide (2 mg=kg), a peripheral
decarboxylase inhibitor, 30 min before imaging. The animals
were placed in a stereotactic frame and positioned in the PET
scanner. Images were obtained in the coronal plane. Before the
emission scan a 10-min transmission scan was obtained for
attenuation correction. Subsequently, approximately 3–5 mCi
of FMT was injected as a bolus in an antecubital vein and a
90-min dynamic acquisition sequence was acquired.

Data were reconstructed via an ordered subset expectation
maximization (OSEM) algorithm with weighted attenuation
and scatter correction. PET data were quantified by means of a
multiple-time graphical analysis (‘‘Patlak plot’’) with the time–
activity curve for a region, the cerebellum, in which the tracer is
nonspecifically bound as the input function. The Patlak model
was fit with dynamic data from each region between 24 and
90 min. Parametric images of FMT influx (Ki) from both time
points were generated and coregistered in order to identify
functional changes after treatment. FMT influx in identical
regions within the putamen was thereby measured before and
after treatment for each monkey. Comparisons were made
between baseline and posttreatment Ki values by paired t tests.
Pearson product–moment correlation coefficients were used to
assess relationships between Ki values and CRS scores.

Results

PET scans performed both before and after treatment dis-
played a considerable imbalance in FMT signal between the
right and left putamen resulting, respectively, from the
full and partial lesioning with MPTP (Fig. 1). AAV2-GDNF-
treated monkeys generally displayed a clear bilateral increase
in the intensity and distribution of FMT signal 6 months af-

ter treatment when compared with the baseline scans,
whereas no apparent change in FMT uptake was evident in
PBS-treated control monkeys (Fig. 1). Quantification of the
PET signals showed a *4-fold difference in Ki values be-
tween the right (0.013 min–1) and left (0.003 min–1) putamen
at baseline (Fig. 2A). In comparison, a similar sized cohort
of unlesioned animals (n¼ 4) had a mean Ki of 0.023�
0.001 min–1. Six months after treatment the FMT uptake in
AAV2-GDNF-infused monkeys was significantly ( p< 0.05)
increased bilaterally over baseline levels, with both hemi-
spheres showing a similar increase in Ki of *0.002 min�1.
However, given the large baseline PET difference between
hemispheres, the percentage increase in FMT uptake after
AAV2-GDNF treatment was considerably greater in the fully
lesioned right putamen (54� 19%) than in the partially
lesioned left putamen (18� 5%; Fig. 2B). Control animals did
not show a significant change in FMT uptake for either right
or left putamen. One control animal was notable in its sharp
behavioral improvement after surgery despite the absence of
an increase in PET signal.

The extent of motor deficits was assessed at various times
throughout the study both with and without l-dopa admin-
istration. AAV2-GDNF-treated monkeys displayed consid-
erable improvements in their CRS scores over a 9-month
period after treatment, with improvements maintained at the
12-month point (two-way analysis of variance [ANOVA],
AAV2-GDNF vs. PBS treatment, p< 0.001 [Fig. 3]; note that
two monkeys from each group were killed at 6 months). With
the exception of one clear outlier, the PBS-treated controls
displayed only a slight reduction in CRS score. A small
amount of functional recovery is typical for this model;
however, we currently have no explanation for the rapid re-
covery of one control monkey after the sham PBS treatment
and have therefore included this outlier in all statistical ana-
lyses. Rarely, MPTP-lesioned animals have shown improved
CRS for no obvious reason (Bankiewicz et al., 2006b). At the
time of PET imaging (6 months after treatment), the AAV2-
GDNF-treated monkeys displayed a significant 37� 6%
(7.6� 1.0 point) improvement in CRS score over baseline,
compared with an 18� 11% (4.1� 2.3 points) reduction in
CRS score for the control animals. By 12 months, CRS scores
had improved by 60� 6% (11.8� 1.1 points) for AAV2-GDNF

FIG. 1. FMT-PET images before and after treatment. Re-
presentative parametric PET images show increased FMT
uptake bilaterally for a GDNF-treated monkey but minimal
change in FMT uptake for a control monkey.
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monkeys and only 28� 12% (6.1� 2.4 points) for controls. The
improvements in CRS scores 6 months after surgery, relative
to baseline CRS, were independently compared with FMT-
PET signal changes in the putamen. A positive linear corre-
lation was found between the percentage improvement in
CRS and the percentage increase in FMT uptake for both the
left (r¼ 0.85, p< 0.05) and right (r¼ 0.97, p< 0.01) putamen
of AAV2-GDNF-treated monkeys (Fig. 4A and B). No signif-
icant correlations were found for the PBS-treated control
monkeys (Fig. 4C and D).

Comprehensive biochemical and histological analyses of
the brains will be undertaken when the 24-month end-point
monkeys are killed and the results will be published sepa-
rately. Preliminary data at the 6- and 12-month end points
showed bilateral expression of GDNF protein within the
AAV2-GDNF-infused putaminal regions and an enhance-
ment of tyrosine hydroxylase (TH) expression in both the
partially lesioned (left) and fully lesioned (right) caudate–

putamen when compared with the control PBS-infused
monkeys (Fig. 5). No evidence of MPTP lesioning could be
detected by TH immunostaining on the partially lesioned
hemisphere of AAV2-GDNF-treated monkeys. Enhanced TH-
positive staining in the fully lesioned hemisphere was most
evident in the medial–ventral region of the putamen with
the MPTP-induced lesioning of the nigrostriatal projection
still clearly evident over most of the caudate–putamen. Fur-
ther analysis of these brains, including histological assessment
of the substantia nigra, may provide further insight into
the basis of the enhancement and=or regeneration of TH-
expressing neurons.

Discussion

We used an overlesioned hemiparkinsonian MPTP primate
model to evaluate the safety and efficacy of AAV2-GDNF for
PD. In this model, the nigrostriatal pathway is modestly le-
sioned in one hemisphere and severely lesioned in the other,
resembling both early- and late-stage PD, respectively (Eber-
ling et al., 1998). We chose this model to evaluate the effec-
tiveness of GDNF at different stages of the degenerative
process. FMT uptake was significantly increased by compa-
rable magnitudes in the putamen in both hemispheres of
AAV2-GDNF-treated monkeys, indicating increased dopa-
minergic activity in the nigrostriatal pathways. In addition,
AAV2-GDNF-treated monkeys showed clinical improvement
without the development of adverse effects, such as dyski-
nesia. The control monkeys did not show significant changes
in FMT uptake with only slight recovery of clinical measures,
as is often seen with the MPTP lesion model.

We reported the results of a parallel study in aged non-
human primates treated with AAV2-GDNF and showed that
this vector directed broadly distributed GDNF expression in
the striatum, improved several clinically relevant measures of
nigrostriatal function, and displayed no apparent adverse
effects ( Johnston et al., 2009). The use of aged and MPTP-

FIG. 2. FMT-PET uptake (Ki) in the putamen. (A) Mean
FMT uptake in fully lesioned (right) and partially lesioned
(left) putamen at baseline and post-treatment for GDNF-
treated (solid columns) and PBS control monkeys (shaded
columns). GDNF-treated monkeys showed significant bilat-
eral increases in Ki values at 6 months compared with
baseline (paired t test, *p< 0.05), whereas control monkeys
did not show a significant change. FMT-PET uptake in both
hemispheres was also significantly greater at 6 months in the
AAV2-GDNF monkeys compared with the controls (un-
paired t test, **p< 0.01). (B) Percentage increase in FMT-PET
uptake 6 months after treatment compared with the baseline
PET scans was greater in the partially lesioned right puta-
men. Error bars indicate the SEM.

FIG. 3. Clinical rating scale (CRS) scores. AAV2-GDNF-
treated monkeys (triangles) showed rapid improvement in
CRS score after treatment relative to controls (circles). A
significant reduction in CRS score was observed to occur
during the 9 months after treatment and was maintained at
the longest time point of 12 months (two-way ANOVA,
AAV2-GDNF vs. controls, p< 0.001). Error bars indicate the
SEM.
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treated NHP for the clinical development of novel therapeu-
tics for PD addresses different critical issues for potential
clinical application. The use of aged primates (>20 years)
addresses issues related to the neuroregenerative potential of
the aged brain. This is clearly significant because the mean age
of onset for PD is about 60. Aged NHP undergo many of the
changes seen in aged humans, including the loss of the do-
paminergic phenotype in the substantia nigra, and improve-
ments in dopaminergic function have been reported after
treatment with growth factors (Kordower et al., 2000; Mas-
wood et al., 2002; Grondin et al., 2003). The MPTP model is
important because the clinical syndrome produced closely
mimicks that seen in humans with PD, and therefore ad-
dresses questions regarding clinical efficacy (Fiandaca et al.,
2008). In this respect, our studies resemble similar studies in
aged and MPTP-treated, monkeys conducted before the phase
1 trial of CERE-120 (AAV2-NTN) (Kordower et al., 2006;
Herzog et al., 2007; Marks et al., 2008; Palfi, 2008).

The present study differs from previous reports by dem-
onstrating the neuroregenerative potential of AAV2-GDNF in
a stable primate model of PD. We previously showed tem-
poral changes in nigrostriatal degeneration by evaluating
monkeys at various time points after MPTP administration
(Eberling et al., 1997). These findings guided subsequent work

aimed at neuroprotection by administering growth factors
and neurotoxins closely in time in order to prevent the de-
generation that occurs several days after a neurotoxic insult to
the dopaminergic system (Kordower et al., 2000; Eslamboli
et al., 2005). This neuroprotective strategy is problematic be-
cause it assumes that the cause of idiopathic PD is a neuro-
toxic insult. The use of the overlesioned primate model, in
which the dopaminergic deficit was well established (>5
months before the administration of AAV2-GDNF), enabled
the simultaneous evaluation of the neuroregenerative capac-
ity of severely and mildly injured nigrostriatal pathways. The
increased FMT uptake in both hemispheres suggests that
AAV2-GDNF may be effective in addressing early and later
stages of the disease process when applied to clinical popu-
lations. It is important to note in this context that the placebo-
controlled phase 2 efficacy study of CERE-120 was reported
to have failed to meet its end points (see http:==www.
ceregene.com=press_112608.asp), confirming early findings
of modest clinical improvements that were not accompanied
by changes in F-dopa uptake (Marks et al., 2008). The failure of
this clinical trial to meet its primary objectives raises an
important issue in addition to that raised previously. An often
underappreciated factor is the key role of the vector infu-
sion method used. In Kordower et al. (2006), distribution of

FIG. 4. Bilateral increases in FMT uptake correlate with reductions in clinical rating scale (CRS) scores. Shown are inde-
pendent correlations between the percentage change in CRS score 6 months after treatment and the percentage increase in
FMT-PET signal for the left and right putamen of AAV2-GDNF (A and B) and control (C and D) monkeys. AAV2-GDNF
monkeys displayed a significant linear correlation (solid lines) between changes in CRS score and PET signal for both the
partially lesioned left putamen (A) and fully lesioned right putamen (B). Correlations for the control monkeys (dotted lines)
were not statistically significant for either the partial (C) or the fully (D) lesioned hemisphere.
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neurturin immunoreactivity was restricted to a 3- to 4-mm
radius, consistent with acute injection protocols. In contrast,
the CED method produces complete coverage of the putamen
by GDNF immunoreactivity (8- to 10-mm radius). This broad
distribution of transgene within the putamen was also seen
with AAV2-hAADC (Bankiewicz et al., 2006b; Cunningham
et al., 2008), and correlated with efficacy in NHPs (Forsayeth
et al., 2006) and in humans (Eberling et al., 2008). In contrast,
highly focal delivery of AAV2-hAADC was associated with
the appearance of l-dopa-induced dyskinesias in MPTP-
lesioned NHPs (Bankiewicz et al., 2006a).

In summary, interim in vivo findings in stably lesioned
NHPs presented here demonstrate that AAV2-GDNF deliv-
ered by CED into the putamen exhibits significant neuro-
regenerative capacity in both mildly and severely lesioned
nigrostriatal pathways. This model more closely recapitulates
the situation encountered in PD patients in whom more than
60% of the nigra is lost before symptoms appear. This initial
report will be followed by detailed postmortem analyses that,
together with our study in aged NHPs ( Johnston et al., 2009),
will form the basis of an Investigational New Drug applica-
tion for AAV2-GDNF.
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