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We combined viral vector delivery of human glial-derived 
neurotrophic factor (GDNF) with the grafting of dopa-
mine (DA) precursor cells from fetal ventral mesencepha-
lon (VM) to determine whether these strategies would 
improve the anti-Parkinson’s effects in 1-methyl-4- phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-treated monkeys, an 
animal model for Parkinson’s disease (PD). Both strategies 
have been reported as individually beneficial in animal 
models of PD, leading to clinical studies. GDNF delivery 
has also been reported to augment VM tissue implants, 
but no combined studies have been done in monkeys. 
Monkeys were treated with MPTP and placed into four 
balanced treatment groups receiving only recombinant 
adeno-associated virus serotype 5 (rAAV5)/hu-GDNF, only 
fetal DA precursor cells, both together, or a buffered saline 
solution (control). The combination of fetal precursors 
with rAAV5/hu-GDNF showed significantly higher striatal 
DA concentrations compared with the other treatments, 
but did not lead to greater functional improvement in this 
study. For the first time under identical conditions in pri-
mates, we show that all three treatments lead to improve-
ment compared with control animals.
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publication 10 September 2013. doi:10.1038/mt.2013.180

INTRODUCTION
When glial cell line-derived neurotrophic factor (GDNF) was 
first discovered, it seemed a natural candidate as a therapy for 
Parkinson’s disease (PD). Studies in animals showed that the 
recombinant protein enhanced survival of midbrain dopamine 
(DA) neurons and caused sprouting of dopaminergic fibers, 
increasing neurite outgrowth and cell body size of tyrosine 
hydroxylase (TH)-positive neurons. It also protected against DA 

cell neurotoxicity from 6-hydroxydopamine, so long as it was 
injected close to, and soon after, the 6-hydroxydopamine admin-
istration.1–5 Despite these benefits, the protein does not cross the 
blood–brain barrier and requires invasive measures for delivery.

Subcutaneous pumps6 injecting the brain or cerebrospinal 
fluid were tried to increase the time frame over which the factor 
acts. Polymer microencapsulation of GDNF-producing cell lines 
secreted GDNF continuously, acting as minipumps which allowed 
nutrients to flow in and out due to selective permeability, but pro-
tected the cell from immune rejection.7 These pumps were used 
successfully in rodent models of PD8 and in nonhuman primate 
models of both PD8 and Huntington’s disease.9 When combined 
with fetal mesencephalic grafts, the microcapsules increased 
implanted cell survival and caused outgrowth to be directed 
toward the capsules, but they also had a limited period of efficacy.

In vivo gene delivery using viral vectors offered a promising 
alternative to these techniques. GDNF injection using both len-
tiviral and recombinant adeno-associated viral vectors (rAAVs) 
has been shown to improve parkinsonism in rodent10–12 and 
primate13–17 models. These studies show that GDNF not only 
affects neurotransmission in intact adult DA neurons through 
(most commonly) increasing DA turnover and regulating TH 
 expression;10,18 it also, often independently, causes cell regen-
eration and axonal sprouting.10,19,20 That is, the pharmacological 
effects on DA turnover and TH expression seem able to occur in 
the absence of sprouting, but not vice versa.

Ventral mesencephalic (VM) fetal DA precursor cells have 
been studied as replacements for DA cells lost in the course of 
PD. The majority of studies implanted grafts into the striatal tar-
get regions of the substantia nigra (SN). The grafted cells were 
shown to survive, differentiate into DA neurons, reinnerverate 
the striatum, release DA, and integrate into the host brain21,22 with 
5–45% cell survival and behavioral evidence for functional recov-
ery; see Rosenstein23 and Redmond24 for a review of these studies 
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performed in rodents, primates, and humans. The recovery was 
often incomplete, however, and early clinical studies produced 
variable effects and some significant side effects, such as dyskine-
sia that conceivably could partially be attributed to the aberrant 
location of the grafts that were placed into the striatum instead of 
their physiological location in the SN.25

To produce more anatomic reconstruction of the DA system, we 
previously showed that the introduction of GDNF gene near grafted 
embryonic DA neurons in the striatum of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-treated monkeys significantly 
increased their survival and outgrowth.15 Another study engrafted 
fetal VM cells into the SN and delivered GDNF into the striatum with 
an rAAV2/hu-GDNF vector and showed that SN grafts could reach 
the target areas, based upon retrograde labeling of the SN grafts with 
striatal injected fluorogold.26 These initial studies examined graft 
survival, directional outgrowth, and DA production, but no studies 
to date have examined functional effects of the combination of cel-
lular injections with GDNF in nonhuman primate models. In this 
study, we examine the interactions between vector-delivered gene 
therapy with GDNF and cellular replacement therapies from both 
behavioral and biological perspectives. By injecting fetal cell grafts 
and/or viral vector-delivered GDNF into the putamen and caudate 
of subject monkeys, we compared their efficacy alone and in combi-
nation with an identical PD model and behavioral assessments.

RESULTS
The monkeys were studied during a stable baseline period and 
then treated with standard doses of MPTP, assigned to four bal-
anced treatment groups, and then injected bilaterally into the cau-
date and putamen with rAAV5/GDNF, fetal VM tissue, saline, or 
a combination of these. The four groups, each consisting of four 
monkeys, were FET (fetal tissue grafts only), FET/VEC (fetal tis-
sue grafts plus vector-delivered GDNF), VEC (vector-delivered 
GDNF only), and SHAM (saline injected). The monkeys were 
observed over a period of 8 months after the cell or vector injec-
tions. Two monkeys (one from the FET group and one from the 
FET/VEC group) died of pneumonia within 2 weeks of surgery 
and therefore did not provide sufficient outcome data for behav-
ioral analysis. Both were dropped from the final analysis. All of 
the remaining animals completed the study and were killed for 
histological and biochemical analyses postmortem.

Behavioral differences in parkinsonism between 
experimental groups
We found that each of the three treatments produced functional and 
behavioral improvements in MPTP-exposed parkinsonian mon-
keys compared with saline controls, but over the time period of the 
study, the combination treatment did not appear to be more effective 
than either treatment alone. Statistical significance of differences in 
behavior pre-and post-treatment (time) and between groups were 
analyzed using a two factor repeated measures  analysis of variance, 
with post hoc tests using Student–Newman–Keuls at P < 0.05. There 
was a significant interaction between groups (the four treatments) 
and time (repeated measure, T0–T9) (F = 8.01, df = 25, 1406, P < 
0.0001). For that reason, simple main effects were determined 
between groups and over time (see Figure 1a for the progression 
over time of parkinsonism across groups).

Group differences were analyzed after MPTP and during each 
month after the experimental treatment (T0–T9). None of the 
groups’ Parkinson’s scores were different from the others after MPTP 
or at any other point after the surgical injections, except that the 
SHAM group was significantly higher than all of the other groups at 
T8, and the other groups were not different from each other (Figure 
1a). Over time, the SHAM group became significantly worse than 
it had been during the prior periods. The FET group showed sig-
nificant improvement over the MPTP and T1 period, with the final 

Figure 1 Subject healthy and parkinsonian behavior throughout 
the study. (a) Mean Parkinson’s factor score (“parkscore”) for monkeys 
before and after MPTP treatment and surgery. Higher scores are more 
parkinsonian. *Indicate no statistical significance between any of the 
groups during that month. A and B denote groups that are significantly 
different from each other based upon the analysis of variance (ANOVA) 
and post hoc Newman–Keuls test at P < 0.05. This occurred only at 8 
months posttransplant (T8). All three active treatment groups, marked 
with B, are not different from each other, but are different from the SHAM 
group (marked A). A higher “parkscore” indicates more severe parkinson-
ism. (b) Sum factor “healthy behavior” scores for subjects before and 
after MPTP treatment and surgeries. *Indicate no statistical significance 
between groups during that month. A and B denote groups that are sig-
nificantly different from each other based upon the ANOVA and post hoc 
Newman–Keuls test at P < 0.05. Groups with the same letters (A or B) are 
not different from each other, but are different from other letter. Higher 
scores represent more healthy behaviors. CONT, control group; FET, fetal 
tissue grafts only; FET+VEC, fetal tissue grafts plus vector-delivered GDNF; 
MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; SHAM, saline-
injected group; VEC, vector-delivered GDNF only.
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period (T8) not significantly different from the Baseline (F = 45.5, 
df = 9,377, P < 0.0001, and post hoc Newman–Keuls test, P < 0.05). 
The FET/VEC group also showed significant changes over time 
(F = 10.1, df = 8,242, P < 0.0001). All of the later measures were 
reduced from the peak parkinsonism seen at T1. Finally, the VEC 
alone group also showed significant changes over time (F = 62, df 
= 9,450, P < 0.0001). All the time periods were improved after the 
post-MPTP period, but did not return fully to baseline levels as the 
FET group did. Although the three treated groups were significantly 
different from the SHAM-treated group during the final 8th month 
period (T8) and were not statistically different from each other, the 
actual mean values suggest an interesting trend—SHAM = 94.15; 
VEC = 26.69; FET = 5.36; and FET/VEC = 3.47.

An unfortunate consequence of the death of one of the most 
severely affected FET/VEC animals was that the remaining ani-
mals in that group then had lower mean (less severe) “parkscores” 
during the MPTP period than the other three groups. However, 
these MPTP scores were not significantly different among any of 
these groups.

Behavioral differences in healthy behavior between 
groups
As with “parkscore,” group differences were analyzed for the MPTP 
period and during each month after the experimental treatment. 
Higher scores reflected greater amounts of normal healthy behaviors 
for this “healthy behavior” score, which is a sum of the frequency of 
several individual behaviors. The FET/VEC group had consistently 
higher scores than other groups through most of the experiment, 
and these scores were statistically significantly higher at T6 and T7. 
At T6 it shared that significance with the FET group, and at T7 with 
both other experimental groups (FET and VEC). At T6 both FET/
VEC and FET were significantly different from control. And at T7 
all experimental groups were significantly different from the SHAM 
group. At T8 FET/VEC dropped, for the first time, below the other 
groups and was no longer significantly different (Figure  1b). The 
SHAM group, on the other hand, stayed low throughout the entire 
experiment; their healthy behavior never improved significantly 
after MPTP treatment. The FET group showed significant improve-
ment after T1, with the final period (T8) not significantly different 
from the baseline (F = 8.54, df = 9,376, P < 0.0001, and post hoc 
Newman–Keuls, P < 0.05). The FET/VEC group also showed signifi-
cant changes over time (F = 3.93, df = 8,241, P < 0.0002). All of the 
later measures were improved after the time of the peak “parkscores” 
(and thus lowest healthy behavior score) seen at T1. Finally, the VEC 
alone group also showed significant changes over time (F = 39.3, df = 
9,450, P < 0.0001). All the time periods were improved after the post-
MPTP period, but did not return fully to baseline levels.

Post-treatment striatal GDNF and DA levels
Punches were taken from representative areas of the striatum 
(through both the caudate and the putamen) for all subjects and 
then analyzed for DA and GDNF concentration (Figure 2a). 
To provide healthy control data, we analyzed the brains of five 
untreated monkeys (CONT group in Figure 2a). Striatal GDNF 
levels in monkeys that received rAAV5-hu-GDNF injections 
reached a concentration of 20–50 ng/mg protein in the vicinity of 
the injection site. The group that did not receive GDNF injections 

remained at normal levels of 0.2–0.3 ng/mg protein. Significant 
differences were determined by analysis of variance.

All experimental treatments resulted in elevated striatal DA 
concentrations compared with SHAM-treated MPTP monkeys; 
see Figure 2a,b for quantitative comparison. The FET–VEC group 
also exhibited significantly higher levels than either the VEC or 
FET group, but was still less than controls that were not treated 
with MPTP.

Across all groups for the subset of animals with all biochemi-
cal measurements, the mean striatal DA concentrations correlated 
significantly and negatively with both “parkscore” (Spearman’s 
correlation coefficient r = −0.68; n = 10; P < 0.0289) and tremor 
(r = −0.70; n = 10; P < 0.0251) during the final month of the study. 
This was as expected from previous studies; the lower the DA con-
centration, the more parkinsonian the subjects regardless of the 
treatment group.

Figure 2 Biological analyses of subject striata after sacrifice. 
(a) Tissue punches were removed from fresh brain slabs and assayed for 
dopamine (DA, by high-performance liquid chromatography) or GDNF 
(by ELISA); values are shown at the punch locations. Slabs were post-
fixed, and sections stained for GDNF immunoreactivity (gray to black). 
(b) Postsurgical and postmortem striatal mean DA concentrations in 
subject striata after treatment ± SEM. The striatal measures were the 
means of four individual measurements from the caudate and putamen 
and the number of animals analyzed is shown (N =). The mean values 
for each group are also shown. CONT, control group; FET, fetal tissue 
grafts only; FET+VEC, fetal tissue grafts plus vector-delivered GDNF; 
GDNF, glial-derived neurotrophic factor; SHAM, saline-injected group; 
VEC, vector-delivered GDNF only.
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Histological analysis of grafts and GDNF expression
Analysis of grafts and the effects of vector GDNF were consistent 
with our prior studies26–28 and those of other investigators.5,29 
These are illustrated best by two monkeys that were treated with 
both GDNF vector and fetal VM grafts (the FET/VEC group), 

monkey W538 (Figures 3 and 4) and monkey X604 (Figures 5 
and 6). All of the monkeys receiving fetal VM grafts were con-
firmed to have surviving grafts, and consistent with prior stud-
ies showing GDNF expression for 2 years, GDNF expression 
was confirmed in these animals after 8 months. Overstaining of 
TH from aberrant sprouting is apparent in Figure 6c,d.

DISCUSSION
Behavioral differences across experimental groups
A large number of studies4,10–15,21,30 have shown improvement in 
parkinsonian model animals after GDNF overexpression or cell 
transplantation in MPTP parkinsonian monkeys. To our knowl-
edge, this is the first study in nonhuman primates to study the 
combination of the two interventions and to compare all three 
treatments with a SHAM-injected control within the same study. 
Both surgical transplantation of fetal DA cells and overexpression 
of GDNF via fetal graft or viral vector alone improved behav-
ior in the MPTP model of Parkinson’s in monkeys as compared 
with a SHAM-injected group, but neither group restored DA 

Figure 3 Visualization of TH in subject striata via DAB staining. This 
scanning view depicts the pattern of tyrosine hydroxylase (TH) fiber stain 
seen throughout the neostriatum and adjacent structures from (a,b) ros-
tral to (f) caudal levels through subject W538. The numerous oval holes 
in the tissue represent regions of micropunch dissections for biochemical 
determinations. (c) A prominent fetal cell graft (arrows). At this level, the 
neostriatum is divided by the anterior limb of the internal capsule (IC) 
into the caudate nucleus (Cd) and the putamen (Pt). A portion of the 
septum (S) is also visible. (d,e) TH fiber stain is densest in the caudal cau-
date nucleus as well as portions of the globus pallidus (GP) and thalamus 
(Th). Also noteworthy is the dense pattern of TH in the medial forebrain 
bundle (MFB) and adjacent portions of the temporal lobe (*) at the dien-
cephalic level shown in f. These atypical patterns of TH fiber stain likely 
reflect a massive response from the residual dopamine neurons of the 
substantia nigra as opposed to a growth of fibers from the graft toward 
the mesencephalon.
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Figure 4 TH grafts and outgrowths in caudal part of striatum. (a) 
A level immediately caudal to that shown in Figure 3c reveals a large 
fetal cell graft (arrows) with heterogeneous patterns of tyrosine hydrox-
ylase (TH)-positive neurons in the middle and ventral regions of the 
graft. Numerous TH-positive neurons (arrows) are seen to advantage in 
(b) and (c) while fiber outgrowth (arrows) from the graft is evident in 
(d). The size, shape, and presumptive dopamine neuron configuration 
of this graft is consistent with our earlier studies. What is different is 
the apparent gradient of TH stain in the caudate nucleus and putamen 
where it appears lighter in dorsomedial regions.
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concentrations to normal baseline (Figure 2b). The combina-
tion of both therapies (FET/VEC group) showed DA levels over 
twice as high as the individual treatment FET and VEC groups. 
However, these do not represent before and after measures of 
the same animal, and based upon the lower “parkscores” of the 
FET/VEC in the earliest time periods, it appears possible that 
these levels represent less severe parkinsonism in these monkeys 
from the beginning and not necessarily related to the injected 
treatments. With some exceptions due to related diseases (such 
as the two deaths from pneumonia), the monkeys remained 

healthy during the time period of the study. Body weight did not 
change in the groups treated with GDNF, contrary to a previous 
report of GDNF vector injections in aged but not MPTP-exposed 
monkeys.29

Increase of DA levels in the striatum
Higher DA concentrations in the striatum with GDNF plus 
cell transplantation are consistent with the current litera-
ture. GDNF has been shown to repair damaged DA neurons 
by inducing cellular regeneration and sprouting,10,11,19 and it 
seems to play an equally large part in neuroprotection, allow-
ing developing  neurons to grow without interference from toxic 
compounds  such as MPTP. GDNF is preferentially expressed 
in high-growth rate areas of the infant brain, suggesting that 
it plays a role in  protecting as well as stimulating growth.21,30 
In addition, several studies have tested GDNF’s neuroprotec-
tion after lesion or neurotoxin injection as their endpoint. They 
found that the factor is most effective when injected in repeated 
low doses rather than one large dose,31 suggesting that GDNF 
guides cell development continuously in addition to simply pro-
viding a boost to growth.

Given this role of GDNF in neuroprotection of develop-
ing cells, it is a reasonable hypothesis that combining it with 
cell transplantation might produce the largest effect on DA 

Figure 5 TH fiber outgrowth in neostriatum and surrounding areas. 
This scanning view depicts the pattern of tyrosine hydroxylase (TH) fiber 
stain seen throughout the neostriatum and adjacent structures from (a) 
rostral to (f) caudal levels through animal X604. The density is greater 
than that of animal W538 and extends prominently and atypically into 
the (e) globus pallidus interna (GPi) and the thalamus (Th). (f) There 
is also an unusual pattern (arrows) external to the thalamus. Fetal cell 
grafts (arrows) are seen in the (b) caudate nucleus and (c) putamen. 
Noteworthy is (d) the prominent gradient of TH stain (dashed line) 
separating the dorsomedial from ventrolateral neostriatum. An unusual 
pattern of TH fibers (arrowheads) is also seen in the transition of the 
posterior limb of the internal capsule to the cerebral peduncle at a meso-
diencephalic level in f.
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Figure 6 Aberrant sprouting in sections of subject striatum. More 
detail is seen for (a) three regions; (b) the putamen, (c)  globus pal-
lidus interna, and (d) thalamus of subject X604 (FET/VEC group). 
The globus pallidus and thalamus of X604 show clear signs of over-
staining from aberrant sprouting. Compare this to Figure 3, which 
shows a relatively consistent stain from subject W538; this monkey 
showed few signs of aberrant tyrosine hydroxylase fiber sprouting.  
FET/VEC, fetal tissue grafts plus vector-delivered GDNF.
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concentrations; it presumably acted as it would in the devel-
oping brain, allowing the newly implanted cells to grow in a 
protected environment as well as having direct effects on 
endogenous DA neurons.

Discrepancy between behavioral and biological 
improvements
Although the FET/VEC group showed a trend toward greater 
behavioral improvement than the FET and VEC groups alone, 
there was a somewhat surprising dissociation between biological 
and behavioral results with combined tissue/vector treatment. 
While the subjects’ “parkscores” decreased fairly similarly, only 
sometimes showing a difference between the combined treat-
ment (FET/VEC) group and the individual treatment (FET, 
VEC) groups, the difference in striatal DA concentrations was 
more apparent. This has been seen before, though; Georgievska 
et al. showed similar results in the SN of rats.10,11 The rats in that 
study were injected intrastriatally with GDNF via recombinant 
lentiviral vector, and then 4 weeks later with 6-hydroxydopa-
mine. Analysis showed that both nigral DA neurons and their 
striatal fiber terminals were preserved in the rats, but they were 
not significantly different from controls in a number of motor 
tasks. Two possible causes were identified for this discrepancy: 
either (i) downregulation of TH in preserved DA terminals, or 
(ii) aberrant sprouting of TH-positive fibers in output nuclei of 
the basal ganglia.

The mechanisms of TH downregulation following GDNF 
treatments are not completely understood, but are fairly common 
after sustained treatment with the factor.32,33 It seems to be the 
brain’s natural response to GDNF’s stimulation of DA cell growth, 
as it is both time- and dose-dependent. It develops only after 6 
weeks of continuous GDNF delivery and is most pronounced in 
animals where GDNF levels exceed 0.7 ng/mg tissue in the stria-
tum. As shorter periods of GDNF delivery (up to 4 weeks) are 
associated with increased DA turnover and an upregulation—not 
downregulation—of DA synthesis,32,33 this trend is consistent with 
a time-dependent compensatory mechanism—continuous activa-
tion of DA neurons by GDNF is followed by a downregulation of 
the TH protein, thus restoring DA neuron activity to within the 
normal range.10

Aberrant sprouting is an unfortunate side effect of GDNF’s 
encouragement of cell growth. Its induction of sprouting in dam-
aged cells can heal the brain where it has been lesioned or suf-
fered a toxic insult, but can also cause growth of projections in 
areas with little or no intrinsic DA innervation. While strategi-
cally placed GDNF injections in combination with embryonic cell 
grafts have been shown to cause beneficial axonal growth project-
ing from the graft location toward the GDNF injection site,26 some 
animals with GDNF injected into the SN directly have shown 
overt negative behavioral effects linked with extensive sprouting 
in and around the SN.5,12

It is interesting to note that Kirik et al. (2000), delivering 
GDNF via an rAAV vector, found functional recovery when 
GDNF was injected only into the striatum, but not when it was 
injected into either SN alone or both SN and striatum.12 Thus, 
it appears that overexpression of GDNF in the SN blocked the 
recovery that would have occurred from striatal injection. Along 

with these effects, there was extensive sprouting of TH-positive 
fibers in SN and surrounding areas—the entopeduncular nucleus 
and the ventral thalamus.

Unfortunately, since the biochemistry was measured post-
mortem, it is not possible to distinguish the effects of the treat-
ments from possible variation in the extent of MPTP lesion in 
these groups. Although the groups were initially balanced by their 
degree of parkinsonism and were not statistically different from 
each other, the mean levels of parkinsonism appeared lower and 
hence the DA concentrations might have been higher in the FET/
VEC group than the other groups initially. Another obvious rea-
son for the failure to show a significant difference might be that 
the variability between animals was too great or sample size too 
small to achieve significance for a small effect.

The lack of significant association between biochemical 
effects of GDNF and behavioral recovery in our study may have 
been caused by the negative effects of GDNF overexpression 
in spite of the overall correlation between “parkscore” and DA 
concentrations. The previous results on aberrant sprouting12 
were precisely reflected in the histology of the FET/VEC group. 
Subject X604 (FET/VEC) showed very little staining in the 
putamen but abnormally high amounts in the globus pallidus 
and thalamus (Figures 5 and 6; see particularly Figure 6 for a 
high-magnification view of these areas of interest). In contrast, 
W538 (also FET/VEC) showed a normal putamen and no aber-
rantly stained regions elsewhere in the striatum. This sprouting, 
combined with the sometimes delayed onset of MPTP-induced 
symptoms, could have halted the behavioral recovery of X604. 
While W538 showed its peak “parkscore” of 85.5 at T1 and 
decreased to 2.8 by T8, X604 showed its peak “parkscore” of 
43.0 directly after MPTP treatment (time point MPTP) and 
decreased to 7.3 by T8. These are very large individual recov-
eries. The general effect of sprouting may explain the lack of 
significantly greater behavioral recovery in the FET/VEC group 
as a whole compared with the FET and VEC groups.

It is also possible that the site of placement of the GDNF or 
distribution of its effects was not uniform or in the right places 
to produce the most beneficial effects. Specifically, placement 
of the GDNF vector in this study was not in the target region 
aimed to elicit outgrowth as shown in our prior study,26 but may 
have prevented more widespread innervation from the grafted 
cells. Finally, it may be that the dissociation between having 
the highest DA levels but less impressive functional recovery is 
due to the fact that perhaps only 5–10% of normal striatal DA 
levels are sufficient for overtly normal motor performance in 
nonhuman primates.34 Compensatory mechanisms that oper-
ate following a lesion of the nigrostriatal DA pathway include 
increased release from residual neurons, reduced reuptake of 
released DA and upregulation of postsynaptic DA receptors.35 
Exceeding 5–10% of the normal levels may not confer addi-
tional functional benefits. Similarly, both the FET group and 
the FET/VEC group’s “parkscores” were so low that they could 
not easily go lower in the final month of the study and both 
appear much lower than the VEC and SHAM group. Even with-
out statistical significance, it appears that receiving fetal grafts, 
with or without GDNF, was better than receiving GDNF vector 
alone or SHAM treatment.
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Conclusions
This study addresses the potential benefits of combining gene and 
cellular therapy in a well known replacement model of PD in pri-
mates. The results of this study provide further evidence that both 
viral vector-delivered GDNF and intrastriatally injected fetal VM 
grafts reduce signs of PD behaviorally and biologically in mon-
keys. They also show, just as importantly, that there is much to 
understand about the interactions of these with the brain’s natural 
systems. GDNF can cause very different effects depending on the 
dose used and the timeframe over which it is administered—it 
can restore damaged DA neurons dramatically, but can also cause 
uncontrolled sprouting of DA fibers into brain areas not intended 
for this cell type. And while it can clearly help cell transplants 
grow successfully, little is known about the precise dosage needed, 
the type of delivery to be used, and the injection site that provides 
the most benefit.

For future applications of GDNF delivery, especially as com-
bined with stem cell-derived therapies, it will be important to 
determine how the GDNF behaves in different areas of the brain. 
We need to determine exactly where GDNF will provide the most 
beneficial effect on both endogenous neurons and injected tis-
sue—so that it will provide the most substantial restoration of 
function without causing TH downregulation or disruptive DA 
fiber sprouting. Given the complex interactions seen just between 
striatum and SN, this may require testing a number of possibly 
unexpected sites. A great deal of progress has been made on these 
therapies so far, but the global picture of their effects is still far 
from complete.

MATERIALS AND METHODS
Selection and care of monkeys for study. The monkeys were Chlorocebus 
sabaeus from the island of St Kitts, West Indies. The monkeys were fed 
recommended amounts of Harlan Teklad NIB Primate Diet (no. 8773, 
20% protein; Harlan Teklad, Madison, WI) supplemented with locally 
grown fruits, given unrestricted access to water, and maintained in semi-
outdoor enclosures that allowed ambient natural daylight at 17’ 19” North 
latitude. All monkeys selected for the study were male and approximately 
age matched; while they were wild caught, and so exact age is impossible 
to tell, they were estimated to be in 5–15 years old, based upon weight and 
the absence of signs of old age. The protocol was approved by the Animal 
Care and Use Committees of Yale University and of St. Kitts Biomedical 
Research Foundation (Bourryeau Estate, St. Kitts-Nevis) where the animal 
studies were carried out.

MPTP treatment. Adult male monkeys were injected intramuscularly with 
five doses of MPTP HCl (RBI, Natick, MA) given over a 5-day period (total 
dose 2.25 mg/kg) and were each observed twice a day, three times a week, 
for a month before surgery, and during the follow-up period. Details of 
administration can be found in ref. 36.

Observation of subjects. Trained blinded observers scored and rated the 
behavior and motor movements of each monkey individually during two 
daily observation periods performed 5 days a week. From these quantita-
tive time-sampled and rated assessments of 29 behaviors, a parkinsonian 
summary score was derived based on a previous principle component 
factor analysis of 55,000 observations of 80 monkeys with varying signs 
of parkinsonism or normal daily behaviors. The parkinsonian summary 
score (“parkscore”)37 contains both time-based quantitation of Parkinson-
related behaviors and qualitative behaviors scored from 0 to 5, with 0 being 
“normal” and 5 being severely parkinsonian. The quintiles of a large group 
of monkeys exposed to MPTP are 0–7.3 = asymptomatic; 7.3–14.3 = mild; 

14.3–26.4 = moderate; 27–60.6 = severe; and 60.6–98.3 = very severe. 
Inter-rater reliability was assessed once a week, and the observers achieved 
a coefficient of concordance (Kendall’s) >0.95 on all behaviors. The proto-
col for observing the monkeys and the details of the measurements have 
been thoroughly tested and described in detail previously.38,39 Additional 
quantitatively scored normal behaviors are combined to assess healthy 
behaviors (labeled “healthy behavior”) that are very similar to the Unified 
Parkinson’s Disease Rating Subscale (UPDRS) “activities of daily living,” 
which is used to assess function in human Parkinson’s patients.40

Synthesis of rAAV5-hu-GDNF. AAV virus production was previously 
described using three-plasmid co-transfection in 293 cells. The virus titer 
was determined by Southern dot blot or quantitative PCR.41–43

Determination of optimal viral vector serotype. In order to distinguish 
between six serotypes (rAAV-hu serotypes 1–6) available for viral vector 
work at that time, each of the vectors was used to deliver green fluorescent 
protein to the caudate and the SN of the monkey brain, and it was deter-
mined through a variety of measures, including intensity of fluorescence 
and infected volume, that the rAAV5-hu viral vector would be the most 
effective for delivery of GDNF to the monkey brain.27

Evaluating the effectiveness of three gene delivery systems for GDNF. The 
viral vectors AAV2 and AAV5 were compared with the lentivirus EIAV, 
which possessed the advantage of having a larger carrying capacity than 
the AAV vectors. Results were obtained by measuring the number of cells 
transfected and the volume of tissue with induced GDNF expression. 
rAAV5 showed the largest volume of transfection in the primate brain 
with duration of expression up to 2 years, compared with rAAV2 and 
EIAV.

Treatment groups. Monkeys were selected for further study after MPTP 
treatment based upon a moderate-to-severe level of parkinsonism deter-
mined from the behavioral scores (monkeys with lower levels do not have 
room for improvement or are known to improve spontaneously). These 
monkeys were then assigned to four balanced treatment groups each hav-
ing moderate-to-severe “parkscores”.

All monkeys were treated 1 month after MPTP administration 
and were injected in the same stereotaxic coordinates in the posterior 
caudate and putamen bilaterally. The measurements used for the target 
regions of the brain were as follows (in mm): caudate: anteroposterior: 
19.1, 21.1, 23.1, lateral: 4, vertical relative to ear bar zero: 19; putamen: 
anteroposterior: 19.1, 21.1, 22.1, lateral: 10 (anterior), 10.5 (posterior), 
vertical relative to ear bar zero: 18.5.

The four treatment groups were as follows:

•   FET group: five monkeys had phosphate-buffered saline and small 
pieces of solid fetal VM tissue injected;

•   FET/VEC group: four monkeys had rAAV5-hu-GDNF vector and 
solid small pieces of fetal tissue injected;

•  VEC group: four monkeys had rAAV5-hu-GDNF vector injected;
•   SHAM group: four monkeys had 15 μl phosphate-buffered saline 

injected at each site.

Surgical procedures. Details of the fetal tissue dissection and implantation44 
and the vector injections (AAV5-mediated GDNF insertion)45 have been 
previously described. In brief, the animals were anesthetized with ketamine 
(10 mg/kg intramuscularly) and sodium pentobarbital (15–25 mg/kg intra-
venously), and mounted into a stereotactic frame using sterile technique. 
Monkeys in the FET/VEC group received 20 μl of rAAV5-hu-GDNF (Lot 
no. AV2959; University of North Carolina, Chapel Hill, NC) vector at a 
concentration of 1 × 1012 virus genomes/ml injected bilaterally into the pos-
terior caudate, and solid small pieces of fresh fetal tissue injected bilater-
ally into the anterior caudate and posterior putamen. Monkeys in the FET 
group received bilateral small solid grafts of VM tissue into the same loca-
tions in the anterior caudate and posterior putamen. Twenty microliters of 
rAAV5-hu-GDNF vector at a concentration of 1 × 1012 virus genomes/ml 
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were injected bilaterally into the posterior caudate of monkeys in the VEC 
group via a 22-gauge needle attached to a Hamilton syringe (Hamilton, 
Reno, NV) driven by a microprofusion pump (Stoelting Instruments, Wood 
Dale, IL) at a rate of 1 μl/minute.

After the day of transplanting (TDAY = T0), observations were 
averaged into 1-month periods (T1, T2…T9) until the animals were killed 
for neurochemical and histological analyses at the end of post-transplant 
month nine (T9).

Histological analyses. A free-floating set of tissue from each brain was 
immunostained for TH-ir using methods that have been published.46 
Briefly, TH-ir was identified using a primary antibody (1:1,000 overnight 
at room temperature, MAB-318; Chemicon, Temecula, CA) with the ABC 
technique using a Vectastain Elite kit (Vector Labs, Burlingame, CA) and 
visualized with a diaminobenzidine reaction (0.05% diaminobenzidine 
and 0.002% hydrogen peroxide).47 Sections were mounted onto glass slides 
and coverslipped. The anatomical interpretations were done without the 
knowledge of the behavioral outcomes. Illustrations were provided from 
the group which had both fetal grafts and GDNF injections, since these 
were the most complex.

Biochemical analyses. Concentration of DA was measured in tissue 
punches removed from the dorsal and ventral caudate nucleus and from 
the dorsal and ventral putamen, using the method described previously.48 
Briefly, this involved purification of tissue extracts on an alumina column 
and separation of eluted catechols by reverse-phase isocratic high-perfor-
mance liquid chromatography with electrochemical detection. DA was 
quantified with respect to internal and external standards, and the mean 
concentration in the four punches expressed as ng per mg protein.

Additional tissue punches taken from the same regions of caudate 
and putamen were devoted to measurement of GDNF concentration. 
Tissue was sonicated in lysis buffer, and GDNF levels in the supernatant 
quantified using a sensitive and selective ELISA (catalog no. G7621; 
Promega, Madison, WI).
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