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Neurobiology of Disease
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Loss of dopaminergic neurons is primarily responsible for the onset and progression of Parkinson’s disease (PD); thus, neuroprotective
and/or neuroregenerative strategies remain critical to the treatment of this increasingly prevalent disease. Here we explore a novel
approach to neurotrophic factor-based therapy by engineering zinc finger protein transcription factors (ZFP TFs) that activate the
expression of the endogenous glial cell line-derived neurotrophic factor (GDNF) gene. We show that GDNF activation can be achieved
with exquisite genome-wide specificity. Furthermore, in a rat model of PD, striatal delivery of an adeno-associated viral vector serotype
2 encoding the GDNF activator resulted in improvements in forelimb akinesia, sensorimotor neglect, and amphetamine-induced rotations caused by 6-hydroxydopamine (6-OHDA) lesion. Our results suggest that an engineered ZFP TF can drive sufficient GDNF expression in the brain to provide functional neuroprotection against 6-OHDA; therefore, targeted activation of the endogenous gene may
provide a method for delivering appropriate levels of GDNF to PD patients.

Introduction
Parkinson’s disease (PD) is a chronic, progressive neurological
disorder with increasing incidence in the aging population. Currently, the standard of care for PD patients is levodopa, which
brings only symptomatic relief early in the treatment course, and
its long-term use is limited by side effects. Because motor impairment, as well as psychiatric symptoms, seen in PD patients derive
primarily from dopaminergic neuron death, methods that aim to
protect and/or regenerate dopaminergic neurons hold tremendous promise for halting or even reversing PD progression. The
most studied neurotrophins in this respect are members of the
basic fibroblast growth factor superfamily (Airaksinen et al.,
1999), of which the prime therapeutic candidate is glial cellderived neurotrophic factor (GDNF), first isolated from the B49
cell line based on its ability to promote the survival of embryonic
dopaminergic neurons in vitro (Engele and Bohn, 1991; Lin et al.,
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1993). GDNF and its family members act through a receptor
composed of a GFR GPI-linked receptor that binds the neurotrophic factor, which in turn activates the transmembrane
c-ret tyrosine kinase (Airaksinen et al., 1999) and perhaps other
signaling molecules (Sariola and Saarma, 2003). A multitude of
preclinical studies with GDNF protein in an array of rat, mouse,
and monkey models of PD have demonstrated potent effects of
this factor in protecting dopaminergic neurons from neurotoxininduced cell death and in ameliorating indices of dopaminedependent behaviors (Grondin et al., 2003). Therapies based on
direct administration of neurotrophic factors have, therefore,
been under intense investigation. However, despite extensive
positive data from preclinical animal studies (Peterson and Nutt,
2008) and encouraging results from phase I clinical trials of recombinant GDNF and adeno-associated viral vector (AAV)Neurturin (NTN), results from phase II studies have been
disappointing (Gill et al., 2003; Slevin et al., 2005; Lang et al.,
2006). It has been postulated that lack of clinical efficacy, as well
as some side effects, resulted in part from the high focal levels of
the therapeutic factor delivered and/or suboptimal delivery
methods. GDNF is a potent neurotrophic factor, and small
changes in its expression levels can have profound effects on neuronal survival. In adult mice for example, an ⬃60% decrease in
the endogenous GDNF level is sufficient to cause progressive
hypokinesia and significant neuronal cell death (Pascual et al.,
2008). On the other hand, toxicity (including reduced food consumption and body weight, as well as multifocal cerebellar Pur-
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kinje cell loss) has been observed in rhesus monkeys that received
intraputamenal infusion of high concentrations of GDNF (Hovland et al., 2007), suggesting the importance of physiologically
relevant doses of GDNF to achieve both safety and efficacy.
To explore new strategies exploiting the neurotrophic activity
of GDNF within this therapeutic window, we set out to activate
GDNF expression from its endogenous gene. Transcription factors, based on Cys2-His2 zinc finger proteins (ZFPs), can be engineered to specifically target virtually any gene (Jamieson et al.,
2003). By targeting the endogenous gene and exploiting the native promoter, which imposes a physiological upper limit on the
level of gene expression from each allele, a ZFP can produce
sufficient, but not supraphysiological, levels of the therapeutic
protein needed to achieve both long-term efficacy and safety.
Here we sought to determine whether the endogenous GDNF
gene could be specifically regulated by engineered ZFP activators,
and whether such activation would confer functional neuroprotection in vivo.

Materials and Methods
Generation of ZFP activators of the GDNF gene. Six-finger ZFPs designed
to target the rat, human, and rhesus GDNF promoters were assembled by
PCR linking three two-finger modules (Moore et al., 2001a,b); the resultant ZFP coding sequence was cloned into the pcDNA3.1 vector (Invitrogen) as a fusion with the activation domain of the NF-B p65 subunit
(Yokoi et al., 2007). The targeting sequence of rGDNF-ZFP is
tgGGGGGCGCGGAACCGGGAgg (chr2:57,398,742-57,398,763, the
Nov. 2004 assembly of the rat genome), and that of hGDNF-ZFP is ttACATGGCAGGCAATGAAGaa (chr5:37,840,891–37,840,908, the GRCh37
assembly of the human genome, and chr6:37,682,748 –37,682,765, the Jan.
2006 draft assembly of the rhesus macaque genome). The uppercase letters in
the binding sites denote bases directly contacted by the ZFP, and lowercase
letters denote 2 bp of flanking sequence.
Cell culture and transfection. Rin-m5F, C6, LLC-MK2, RF6A, HEK293,
HEK293T, and U87MG cells were purchased from ATCC and cultured as
suggested. LLC-MK2 cells were transfected with Nucleofector (Lonza)
program A-23. Rin-m5F and RF6A cells were transfected with the
Nucleofector 96-well shuttle (Lonza) in SF solution using program EH100, and C6 cells were transfected in SF solution using the FF-137 program. HEK293, HEK293T, and U87MG cells were transfected using
Fugene6 (Roche). Rat striatal cells (Sprague/Dawley, E18) were purchased from Genlantis and seeded in Neurobasal media (Invitrogen)
supplemented with B27 (Invitrogen) and 0.5 mM glutamine. After 3 d,
half of the medium was replenished and the culture was maintained for
3– 4 additional days before infection with lentiviral vectors.
Lentivirus preparation and infection. Lentiviral vectors were prepared
by transient transfection of 293T cells as described previously (Tiscornia
et al., 2006). Infection with lentivirus expressing the ZFP or GFP was
performed at multiplicity of infection of 5. Gene expression and ELISA
assays were performed 48 h after infection.
Gene expression analyses. Total RNA was isolated with High Pure RNA
Isolation Kit (Roche) 48 h after transfection. Real-time RT-PCR analyses
were performed as previously described (Liu et al., 2001). The primer/
probe sets for rat GDNF (Rn00569510_m1), rat ACTB (␤-actin)
(4352931E), human GDNF (Hs01055329_m1), and human ACTB
(4352935E) were purchased from Applied Biosystems. Primer and probe
sequences for 18S and rhesus GDNF are available upon request.
Microarray analysis. HEK293 cells were transfected with hGDNF-ZFP
or the pcDNA control in triplicate, and the Affymetrix GeneChip Human
Genome U133 Plus 2.0 chips were used for whole-genome expression
profiling. Messenger RNA was amplified with Affymetrix one-cycle labeling and amplification kit. Chips were washed, stained, and scanned
with Affymetrix fluidic station and scanner. Data mining was performed
with the RMA method for primary signal processing with the GeneSpring10 program from Agilent.
In vivo adeno-associated virus serotype 2 experiments. Adenoassociated virus serotype 2 (AAV2) vectors were produced by means of
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Figure 1. Activation of human and rhesus macaque GDNF in cultured cells. A, HEK293T and
U87MG cells were transiently transfected with plasmids encoding hGDNF-ZFP or GFP and harvested 48 h later for mRNA analysis by quantitative RT-PCR. The ratio of GDNF/␤-actin mRNA
levels, normalized to that of untransfected U87MG cells, is shown. B, LLC-MK2 and RF6A cells
were transfected with the same plasmids as above and GDNF mRNA levels analyzed as described
in A, except that 18S RNA was used as an internal control.
the triple transfection method (Matsushita et al., 1998). Vectors were
infused bilaterally into the striatum (10 l of a 1 ⫻ 10 13 vector genome
per milliliter of solution per striatum) of adult rats (n ⫽ 6 per group) by
convection-enhanced delivery (CED) as described previously (Oiwa et
al., 2003). Four weeks after vector delivery, 10 g of 6-hydroxydopamine
(6-OHDA) suspended in 20 l of sterile saline with 0.2% w/v ascorbate
was infused into the right striatum by CED. Rats were killed 7 weeks after
AAV2-rGDNF-ZFP delivery. The right striata were dissected and frozen
rapidly for GDNF ELISA, the left striata were dissected and frozen rapidly
for mRNA quantification, and the posterior halves of the brains were
postfixed in 4% paraformaldehyde for tyrosine hydroxylase (TH)
immunostaining.
Rat behavior testing. Forelimb akinesia was assessed with the cylinder
test (Schallert et al., 2000). Briefly, rats were individually placed in a
vertical cylinder, and placement of their left and right forepaws on the
walls of the cylinder was counted as they explored the novel environment. The first 20 forepaw placements were assessed 14 d after 6-OHDA.
Sensorimotor neglect was assessed in the corridor task (Fitzsimmons
et al., 2006), in which retrieval of food from left or right side of a
corridor was monitored. The first 20 food retrievals were recorded 9 d
after 6-OHDA administration. Amphetamine-induced rotational behavior was tested 15 d after 6-OHDA injection. Rats were placed in an
automated rotameter following intraperitoneal administration of
D-amphetamine (5 mg/kg), and the total number of rotations in 1 h
was recorded.
GDNF ELISA. For detection of GDNF levels in vivo, rat striatum was
dissected from each hemisphere, snap frozen in liquid nitrogen, and
homogenized with a model 100 Fisher Science Dismembrator in 300 l
of lysis buffer (Tropix, Applied Biosciences) supplemented with protease
inhibitors (Mini Complete, Roche) and then centrifuged for 15 min at
13,000 ⫻ g at 4°C. Concentrations of GDNF were determined with a
commercially available kit (Promega) following the manufacturer’s instructions, but substituting Supersignal substrate solution (Pierce) where
appropriate. Chemiluminescence was measured on a Flx800 microplate
reader (Biotek) or a Wallac Victor2 instrument (PerkinElmer) and expressed as relative light units. For detection of GDNF secreted by cultured cells, 100 l of conditioned medium was used for each ELISA
reaction.
Tyrosine hydroxylase immunohistochemistry. Coronal sections containing the medial forebrain bundle (MFB) and substantia nigra were cut
on a sliding microtome (40 m) and stained for TH. Serial free-floating
sections (240 m interval) were incubated overnight with a monoclonal
anti-TH antibody (Millipore Bioscience Research Reagents, MAB318,
1:1000) and Mach 2 mouse HRP-polymer (Biocare Medical) and stained
with DAB substrate (Vector). Images of the left and MFB were captured with a 10⫻ objective, and the intensity of TH staining was quantified with ImageJ software (NIH). To account for intersection variation in
staining, a background image was captured from an area devoid of TH
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Table 1. Microarray analysis of the gene expression changes after transfection of HEK293 cells with the hGDNF activator
Gene abbreviation
24 h
GDNF
48 h
GDNF
FLJ37786
LOC387763

Gene name

Probe

p value

Fold regulation

Regulation

Glial cell-derived neurotrophic factor

230090_at

1.59 ⫻ 10 ⫺4

4.48

up

Glial cell-derived neurotrophic factor
Hypothetical LOC642691
Hypothetical LOC387763

230090_at
1558579_at
227099_s_at

5.57 ⫻ 10 ⫺5
5.68 ⫻ 10 ⫺5
3.83 ⫻ 10 ⫺4

4.19
3.26
2.15

up
up
up

In two independent experiments, HEK293 cells were transiently transfected with the hGDNF-ZFP vector or pcDNA in triplicate. Total RNA was purified 24 or 48 h after transfection and subjected to the whole-genome Affymetrix GeneChip
Human Genome U133 Plus 2.0 analysis. The genes that met the predetermined criteria of more than twofold change in expression levels and p ⬍ 0.005 at 24 and 48 h are listed.

Statistical analysis. All statistical assessments were performed using
one-tailed t tests.

Results
An engineered ZFP TF activates the endogenous human
GDNF gene
A panel of six-finger ZFP DNA-binding domains (DBDs) was
assembled to target conserved regions within the human and
rhesus GDNF promoter wherein each DBD recognizes a unique
18 bp site within the human genome. The assembled DBDs were
then linked to the NF-B p65 activation domain to generate candidate ZFP TF activators of GDNF. Their ability to activate the
endogenous GDNF gene was tested by transient transfection of
HEK293T cells, followed by real-time RT-PCR analysis of GDNF
mRNA. The lead ZFP (referred to as hGDNF-ZFP) that consisFigure 2. Activation of rat GDNF expression in cultured cells. RIN-m5F and C6 cells were
transiently transfected with plasmids encoding rGDNF-ZFP or GFP; rat striatal neurons were
tently gave the highest activation (⬃300-fold) of GDNF mRNA
infected with lentiviral vectors encoding either GFP or rGDNF-ZFP. Cells were harvested 48 h
in multiple experiments was chosen for further study (Fig. 1 A).
after transfection or infection for mRNA analysis by quantitative RT-PCR. The ratio of GDNF/␤Upregulation of GDNF mRNA by hGDNF-ZFP (2.4-fold) was
actin mRNA levels, normalized to that of untransfected C6 cells, is shown.
also observed in U87MG glioblastoma
cells, which express high basal levels of
GDNF (Fig. 1 A). In both cases, parallel
increases in secreted GDNF protein were
observed (data not shown). The fold of
activation in U87MG cells (high basal
GDNF expression) is lower than that
achieved in HEK293T cells (low basal
GDNF expression), consistent with the
notion that a physiological upper limit
of expression from the endogenous gene
was being approached.
Since hGDNF-ZFP was designed to
recognize a site that is fully conserved between human and rhesus macaque, the
ability of hGDNF-ZFP to activate rhesus
GDNF was also tested by transient transfection in two rhesus macaque cell lines.
We found that hGDNF-ZFP drove ⬃35and ⬃10-fold upregulation of GDNF
mRNA in RF-6A and LLC-MK2 cells, respectively (Fig. 1 B). Together, these data
demonstrate that hGDNF-ZFP is a potent
activator of GDNF in multiple cell types
Figure 3. Activation of the GDNF gene in vivo and functional neuroprotection by the ZFP activator in the 6-OHDA model of
Parkinson’s disease. A, AAV2-GFP or AAV2-rGDNF-ZFP (n ⫽ 3 for each group) were infused into striatum of normal rats by CED. derived from human or rhesus macaque.

Striatal GDNF protein levels were analyzed by ELISA 4 weeks after infusion. B, Schematic timeline of the 6-OHDA experiment (n ⫽
6 for AAV2-GFP and AAV2-rGDNF-ZFP). C, The frequency of food retrieval from the right (ipsilateral) side was recorded for a total of
20 attempts for each rat in the corridor test. D, Frequency of right forelimb use was recorded for the first 20 wall contacts made by
each rat in the cylinder test. E, Number of rotations per minute was recorded after intraperitoneal administration of 10 g of
amphetamine.
staining, and the gray-scale pixel intensity was subtracted from the MFB
images. The TH intensity in the right MFB and SN is reported as an
averaged percentage of the left (unlesioned) MFB TH staining intensity
measured on three sections per animal.

The human GDNF activator is
highly specific
Having established that hGDNF-ZFP
could drive significant GDNF activation,
we next evaluated its functional specificity. Independent microarray experiments were performed to
compare the genome-wide expression profiles of HEK293 cells
transfected with the hGDNF-ZFP plasmid or the empty vector.
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We found that 24 h after transfection, among the 47,000 transcripts represented on the Affymetrix chip, GDNF (4.48-fold up,
p ⫽ 0.00015) was the only gene that met the predefined criteria
for a change in gene expression (i.e., more than twofold change in
expression level, p ⬍ 0.005) (Table 1). In a second independent
experiment, in which expression profiles were examined 48 h
after transfection, GDNF was the most highly regulated gene
(⬃4.2-fold, p ⬍ 0.001), and only two other genes were coregulated when the same criterion was used (Table 1). These results
demonstrate that the hGDNF-ZFP functions with high specificity
genome-wide.
ZFP-driven activation of rat GDNF
To determine whether increased GDNF production from the endogenous gene was sufficient to confer neuroprotection to dopaminergic neurons in vivo, we chose the rat as a model for efficacy
testing. Despite the fact that the human and rat GDNF promoters
share ⬃75% identity, there are few contiguous stretches of conserved sequence (18 bp or longer) that allow a single ZFP to be
designed for targeting both species. The binding site for hGDNFZFP is not conserved in rat, and hGDNF-ZFP predictably does
not activate GDNF in rat cells (data not shown). We designed and
assembled a panel of ZFP activators specific to the rat GDNF
promoter and tested their activity by transient transfection in rat
insulinoma RIN-m5F cells. The engineered transcription factor
that gave the highest levels of GDNF activation in multiple transfections (rGDNF-ZFP) was selected for further studies (Fig. 2).
GDNF mRNA was undetectable in RIN-m5F cells by RT-PCR,
upon activation by rGDNF-ZFP it reached ⬃70% of that in C6
glioma cells, which express high basal levels of GDNF. When
rGDNF-ZFP was tested in C6 glioma cells, an approximately
threefold increase in GDNF mRNA (Fig. 2) was observed with a
parallel increase in secreted GDNF levels (data not shown). Thus,
like hGDNF-ZFP described above, rGDNF-ZFP drives higher
fold of activation in cells with low basal GDNF expression (RINm5F) than in cells with high basal expression (C6), again consistent with the notion that there is a natural “cap” on the expression
level supported by the endogenous GDNF promoter. Because we
intended to deliver rGDNF-ZFP to the rat striatum for in vivo
testing, we wished to confirm the activity of the ZFP in the target
cell type. Cultured primary rat striatal neurons were infected with
lentiviral vectors expressing rGDNF-ZFP or GFP. The rGDNFZFP led to ⬎20-fold increase in GDNF mRNA levels (Fig. 2) and
similar increase in secreted GDNF levels (data not shown). These
results demonstrate that the rat GDNF gene can be activated by
an engineered ZFP.
The ZFP activator of GDNF provides functional
neuroprotection in the rat 6-OHDA model of Parkinson’s
disease
AAV2 vectors transduce neurons effectively in vivo, and their
safety in the brain has been demonstrated in multiple clinical
trials (Eberling et al., 2008; Fiandaca et al., 2008; Christine et al.,
2009). Therefore, we selected AAV2 as the delivery vehicle for in
vivo efficacy testing of the GDNF activator. AAV2 vectors encoding either the rGDNF-ZFP or GFP were infused into normal rat
striatum by CED. Four weeks after infusion, striatal GDNF levels
were ⬃60% higher in ZFP-treated rats (42.8 ⫾ 4.7 pg /mg total
protein) compared to control (GFP-treated) rats (27.1 ⫾ 2.2
pg/mg total protein) ( p ⫽ 0.003), confirming the activity of the
GDNF activator in vivo (Fig. 3A). Next, we used the 6-OHDA
lesion model to determine whether a ZFP-driven increase in expression of GDNF from the endogenous gene would prevent

Figure 4. Preservation of TH expression in 6-OHDA-lesioned nigrostriatal neurons by rGDNFZFP. TH immunostainings show that in the medial forebrain bundle (A) and substantia nigra (B),
AAV2-rGDNF-ZFP preserved TH expression in the lesioned hemisphere relative to that of the
unlesioned side. Scale bars, 500 m. C, The intensity of TH staining was quantified by densitometry and displayed as ratio of lesioned/unlesioned side. (n ⫽ 6 rats per group).

behavioral defects associated with loss of dopaminergic neurons.
AAV2-rGDNF-ZFP or AAV2-GFP control vectors were infused
bilaterally into the striatum of adult rats (n ⫽ 6 per group) by
CED. Four weeks after vector delivery, 10 g of 6-OHDA was
infused into the right striatum by CED, triggering the loss of
dopaminergic neurons in the ipsilateral substantia nigra that is
manifested by a series of behavioral abnormalities (Oiwa et al.,
2003). Our experimental design for examining the effect of
AAV2-rGDNF-ZFP on 6-OHDA-induced defects is shown in
Figure 3B.
Nine days after 6-OHDA administration, we assessed the sensorimotor activity of the rats in the “corridor test,” in which
unilaterally lesioned animals exhibit a bias toward the lesioned
side for food retrieval (Fitzsimmons et al., 2006). As shown in
Figure 3C, rats that received 6-OHDA and AAV2-GFP displayed
a strong ipsilateral preference and a contralateral sensorimotor
neglect, retrieving food from the right side of the corridor ⬎90%
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of the time, whereas AAV2-rGDNF-ZFP-treated rats showed less
bias, retrieving food from the right side of the corridor only 66 ⫾
11% of the time ( p ⫽ 0.06). Fourteen days after 6-OHDA infusion, spontaneous forelimb usage was measured in the “cylinder
test” (Schallert et al., 2000). AAV2-GFP-treated rats showed a
strong preference (83 ⫾ 7%) for the right forelimb, while significant correction (62 ⫾ 8%, p ⫽ 0.03) was observed in rats that
received AAV2-rGDNF-ZFP (Fig. 3D). Finally, 15 d after
6-OHDA administration, rats were subjected to a drug-induced
rotational test, in which rats with unilateral substantia nigra lesion rotate toward the lesioned side after intraperitoneal injection
of amphetamine (Oiwa et al., 2003). AAV2-rGDNF-ZFP-treated
rats exhibited a significant reduction in the rotational behavior
(2.0 ⫾ 0.6 rotations/min) compared to the AAV2-GFP-treated
rats (10.6 ⫾ 2.0 rotations/min) ( p ⫽ 0.001) (Fig. 3E).
Upon completion of the behavioral tests, rats were killed and
the brains collected for analysis. The striata were used for protein
quantification, and the midbrain region for immunohistochemistry. Elevated GDNF protein levels (34.9 ⫾ 4.5 pg/mg total protein for ZFP-treated rats compared to 26.3 ⫾ 3.4 pg/mg total
protein, p ⫽ 0.004) were maintained in the lesioned (right) striatum of AAV2-rGDNF-ZFP-treated animals 7 weeks after ZFP
TF delivery. To further analyze changes in the nigrostriatal dopaminergic neurons, sections through the MFB (Fig. 4 A) and substantia nigra (Fig. 4 B) were stained for TH. TH density within the
right MFB of control animals was only 46 ⫾ 4% of the unlesioned
(left) MFB, whereas AAV2-rGDNF-ZFP-treated animals had significantly enhanced preservation of TH-positive fibers (72 ⫾ 3%;
p ⫽ 0.001) (Fig. 4C). Similar observations were found in the
substantia nigra, where TH density in the right hemisphere of
control animals was 45 ⫾ 11% of the left hemisphere, compared
to 67 ⫾ 9% in AAV2-rGDNF-ZFP-treated animals ( p ⫽ 0.08)
(Fig. 4C). Consistent with the protection of the TH-positive cells
on the lesioned hemisphere, we also observed that rGDNF-ZFP
led to an approximately fourfold increase of TH mRNA in the
unlesioned striatum compared to the GFP control, suggesting
that rGDNF-ZFP delivered to the striatum has significant local
effects on maintaining the terminals of the dopaminergic neurons
and/or dopaminergic neurons that are intrinsic to the striatum. Together, these results demonstrate that the ZFP transcription factor
can activate the endogenous GDNF gene and maintain TH-positive
neurons in vivo and is functionally protective in the 6-OHDA rat
model of PD.

Discussion
Most preclinical and clinical testing of GDNF and its family
member NTN has focused on direct delivery of high concentrations of recombinant protein or viral vector-based cDNA
overexpression. However, there is evidence suggesting that supraphysiological levels of GDNF maintained long term may not
be the best method of providing trophic support for dopaminergic neurons in vivo. For example, chronic putamenal infusion of
recombinant GDNF caused reduced food consumption and body
weight, as well as Purkinje cell loss in rhesus monkeys (Hovland
et al., 2007); overexpression of GDNF cDNA in the substantia
nigra led to severe weight loss in rodents (Manfredsson et al.,
2009a,b) and monkeys (Su et al., 2009).
Our study demonstrates an alternative means of augmenting
GDNF expression that produces more physiologically relevant
levels of GDNF. Engineered ZFP TFs drive significant activation
of the endogenous GDNF gene in multiple cell types. The relative
extent of activation was inversely correlated with the basal GDNF
levels of tested cells, supporting our hypothesis that the natural

J. Neurosci., December 8, 2010 • 30(49):16469 –16474 • 16473

promoter architecture and chromatin context impose a physiological upper limit on mRNA output from endogenous genes.
Such a limit may in effect prevent supraphysiological levels of
GDNF from being produced, and our results suggest that this
“ceiling” of expression from the GDNF locus was approached by
the engineered ZFP activators. Importantly, the modest overall
increase of striatal GDNF levels provoked by the ZFP was sufficient to provide marked improvement in all behavioral tests performed in the 6-OHDA rat model of PD. For example, in the
most sensitive amphetamine-induced rotation test, the improvement by the ZFP was comparable to that seen with the delivery of
high doses of AAV vectors encoding GDNF or neurturin in the
same model (Gasmi et al., 2007), suggesting that therapeutic levels of GDNF may be far lower than those produced by conventional approaches. Indeed, our finding that an ⬃60% increase
over the basal striatal GDNF level is efficacious in protecting
against 6-OHDA-induced motor defects mirrors the observation
that an ⬃60% decrease in the endogenous GDNF level in adult
mouse brain is sufficient to cause progressive hypokinesia and
significant neuronal cell death (Pascual et al., 2008). The functional neuroprotection by the GDNF activator in the 6-OHDA
model is supported by immunohistochemical demonstration of
preservation of TH-positive nigrostriatal neurons. Our observation that the GDNF activator increased TH mRNA in the striatum
implies that maintenance or enhanced sprouting of surviving THpositive fibers and/or dopaminergic neurons within the striatum
may also contribute to preserve normal function as previously observed after AAV2-GDNF delivery in MPTP-treated nonhuman primates (Kells et al., 2010).
Although our study showed that activation of endogenous
GDNF is sufficient to protect against 6-OHDA lesion in rat, demonstration of efficacy and safety in a nonhuman primate model of
PD will likely be required for advancing the ZFP-based approach
to the clinic. The dual species-specific (human and rhesus macaque) GDNF activator that we engineered enables such studies.
Importantly, we have shown by whole-genome microarray analysis that the human/rhesus GDNF activator is highly specific,
which bodes well for the safety and tolerability of long-term ZFP
TF expression in the brain.
Another key aspect of neurotrophic factor-based therapy is
the efficiency with which therapeutic modalities can be delivered.
Based on monkey studies, it was estimated that the infusion protocol used in a failed phase 2 clinical trial may have only covered
2–9% of the putamen in human subjects (Salvatore et al., 2006).
We have shown that CED, which was used in this study to deliver
AAV-ZFP to the rat brain, can provide near-complete coverage of
the monkey putamen (Eberling et al., 2009). Given the potency of
GDNF in protecting neuronal survival, we envision that a therapeutically relevant (but not supraphysiological) level of GDNF
that is well distributed throughout putamen is critical for both
clinical efficacy and safety. Engineered ZFP activators that drive
specific activation of endogenous GDNF combined with highly
efficient CED delivery may provide a solution to realize the therapeutic potential of this well studied neurotrophic factor.
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