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Abstract

Parkinson’ s disease (PD) is a progressive, neurodegenerative disorder for which thereis currently
no effective neuroprotective therapy. Patients are typically treated with a combination of drug
therapies and/or receive deep brain stimulation to combat behavioral symptoms. The ideal
candidate therapy would be the one which prevents neurodegeneration in the brain, thereby halting
the progression of debilitating disease symptoms. Neurotrophic factors have been in the forefront
of PD research, and clinical trials have been initiated using members of the GDNF family of
ligands (GFLs). GFL s have been shown to be trophic to ventral mesencephalic cells, thereby
making them good candidates for PD research. This paper examines the use of GDNF and
neurturin, two members of the GFL, in both animal models of PD and clinical trials.
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Parkinson’s disease and neurotrophic factors

Parkinson’ s disease (PD) is a progressive neurodegenerative disorder characterized by the
cardinal motor symptoms of tremor, rigidity, bradykinesia, and postural instability
(Parkinson’ s Disease Foundation, 2009). In PD, thereis aloss of dopamine in the striatum
and degeneration of dopaminergic neurons within the substantia nigra pars compacta
(Hwang et al., 2003). This causes dysfunction in the basal ganglia, ultimately resulting in
impoverished thalamocortical innervation and the manifestation of the cardinal motor
symptoms of the disease. While the pathology of PD is not limited to the nigrostriatal
circuitry, it has been, to date, the focus of most therapeutic interventions. Due to the
progressive nature of PD, many researchers have focused their efforts on the use of
neuroprotective agents to rescue vulnerable nigral neurons before they are lost to disease.
One particularly exciting novel therapy that has gained interest in recent decades has been
the use of neurotrophic factors, molecules typically characterized for their role in neurona
development and maintenance. Neurotrophic factors have allowed researchers to expand
their therapeutic reach, beyond merely augmenting dopaminergic function to replacing
neurons lost to disease and rescuing intrinsic neuronal systems before they succumb.

The neurotrophic factors that have been commonly explored for use in the therapy of PD
patients include the glial cell line-derived neurotrophic factor (GDNF) family ligands
(GFLSs), neurotrophins, and cytokines. GDNF and neurturin (NTN) are the two main
members of the GFL s that have been widely tested in animal models of PD and clinically
tested in PD patients.

Glial cell line-derived neurotrophic factor

GDNF supports the survival of several different neuronal populations, in both the central
and the peripheral nervous system. GDNF's potential therapeutic value for PD was first
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recognized in 1993 when it was purified and shown to promote the growth and survival of
midbrain embryonic dopaminergic neurons (Lin et a., 1993). GDNF signaling is mediated
viaa multicomponent receptor complex consisting of a binding receptor (GDNF family
receptor alpha, GFRa) that forms a ligand—receptor complex, which then is retrogradely
transported from the target to the cell somawhere it signals through a second receptor called
Ret receptor tyrosine kinase (Sariola and Saarma, 2003). Serendipitously for PD therapy, all
components of the GDNF signaling pathway are expressed at high levelsin the striatum and
substantia nigra pars compacta while the Ret receptor isin abundance only in the nigra.
Therefore, GDNF can be injected into the striatum, and still provide trophic influence at the
level of the midbrain.

GDNF is essential for the survival of dopaminergic neurons as shown in a conditional
GDNF knockout mouse model. Down-regulation of GDNF, even by only 40% in adulthood,
causes a marked reduction in dopaminergic neurons in the substantia nigra, the locus
coeruleus, and ventral tegmental area (VTA). This neuronal loss is accompanied by a
detectable hypokinetic movement disorder in mice (Pascual et al., 2008). These findings,
illustrating that GDNF is protective for dopaminergic neurons, prompted several animal
studiesin PD models.

in animal PD models

Initial studies using GDNF involved direct bolus injections of the trophic factor either into
the striatum or lateral ventricle, or directly into the substantia nigra. Most of these studies
initially used the 6-hydroxydopamine (6-OHDA) lesion model. 6-OHDA, when
administered to the striatum, causes a progressive dying back of nigrostriatal fibers and
eventually leads to cell lossin the substantia nigra (Rosenblad et al., 1999). In rats receiving
lesions to either the striatum or the substantia nigra, GDNF administered to the nigra has
differentia effects on neuronal survival (Kearns and Gash, 1995). When injected directly
into the striatum, GDNF preserves nigral neurons destined to die following the
administration of 6-OHDA. In a second study, administration of GDNF to the region just
above the substantia nigra 1-week post lesion resultsin a partial but significant protection of
tyrosine hydroxylase (TH)-positive nigral neurons (Sauer et a., 1995). However, the
neurons that do remain appear significantly atrophied, indicating that administering GDNF
far from the site of lesion may cause a decrease in functionality of protected neurons.
Furthermore, these studies did not examine the effects on TH-positive fibersin the
nigrostriatal system, acritical component in preserving motor function.

Single bolus injections of GDNF have been used in other studies of rats receiving 6-OHDA
lesions. As mentioned above, protection of nigral neuronsisirrelevant if it is not
accompanied by a preservation of function. A crucia study compared both the motor and the
cellular benefits of administering GDNF to the striatum, nigra, or lateral ventricle prior to 6-
OHDA delivery (Kirik et al., 2000a). When GDNF is administered to the striatum, both cell
bodies in the nigra and TH-positive fibers in the striatum are significantly protected. More
importantly, this neuroprotection is accompanied by a preservation of motor function, afar
more relevant barometer of trophic factor efficacy. When administered directly to the nigra,
GDNF protected nigral cell bodies and caused some local axonal sprouting, but did not
promote the preservation of striatal TH levels. Furthermore, it did not significantly protect
motor function in these rats. Finally, when GDNF isinfused into the |lateral ventricles, there
isinefficient diffusion of the trophic factor from the cerebrospinal fluid. This causes GDNF-
treated rats to be indistinguishable behaviorally from untreated rats receiving 6-OHDA.
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While the therapeutic value of GDNF was evident in the above-mentioned studies, it was
recognized that the previously used methods of administration were inefficient. Researchers
began to explore more long-term, sustainable ways of getting GDNF into target regions.
Catheters were inserted into the brain and GDNF was infused over prolonged periods of
time using pumps. In one such study, a catheter was inserted into the putamen of aged
rhesus monkeys (Ai et al., 2003). This catheter was connected to a pump that was implanted
subcutaneously in the abdominal region. The pump was programmed to continuously infuse
GDNF into the putamen over 8 weeks. This delivery method effectively distributed the
trophic factor up to 11 mm away from the site of catheter insertion. GDNF diffused to the
rostral putamen, internal capsule, external capsule, caudate nucleus, and globus pallidus.
Additionally, retrograde transport of GDNF was seen in nigral cell bodies. This transport of
GDNF into adjacent areas trandlated into a significant improvement in the overall motor
performance of these aged monkeys in the last 3 weeks of the study compared to controls
(Maswood et a., 2002). Additionally, there was a 50% increase in dopamine levelsin the
ipsilateral caudate nucleus and a 390% increase in dopaminein theipsilateral globus
pallidus. Similar encouraging results were seen in a PD model using 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned rhesus monkeys that received
continuous infusion of GDNF to either the lateral ventricle or the putamen (Grondin et al.,
2002). GDNF promoted a significant anti-parkinsonian effect in monkeys that received the
trophic factor to both the ventricle and the striatum. This positive motor effect was brought
on by avery modest increase in overall TH-positive fiber density throughout the striatum.
However, TH-positive fiber density was increased five-fold only in the immediate area
surrounding the lateral ventricles, indicating that small areas that are efficiently delivered
GDNF can experience robust trophic effects.

Experimental administration in PD human subjects

Based on the seemingly encouraging results from animal studies, the first clinical trial using
GDNF in PD patients was initiated in 1996. This was a randomized, double-blinded study
administering recombinant GDNF protein into the lateral ventricle using mechanical pumps
(Nutt et a., 2003). Fifty patients, between the ages of 35 and 75 years, with moderate or
advanced idiopathic PD were chosen for this study. Patients received either placebo or doses
of GDNF varying between 25 and 4000 .g into the ventricles once a month over 8 months.
Sixteen of these patients then received 4000 g of GDNF for an additional 20 monthsin an
open-labeled trial. When the study was unblinded after the first 8 months, results were
disappointing. Not only did patients not improve but they also experienced several adverse
events including nausea, vomiting, and anorexiafor severa days after GDNF
administration. Patients who received higher doses of GDNF also experienced weight loss
and depression symptoms. Even patients who received 4000 g of GDNF in the 20-month
open-label continuation of thetrial did not show any improvementsin either the “on” or
“off” Unified Parkinson’s Disease Rating Scale (UPDRS) scores. The trial initiated by
AMGEN was halted in September 2004 (Slevin et al., 2007). The lack of symptomatic relief
seen in these patients may have been attributed to the inadequate penetration of GDNF from
the cerebrospinal fluid into the adjacent striatum. Postmortem analysisin one patient from
this study demonstrated that GDNF did not efficiently diffuse out of the lateral ventricles
and thus was unable to elicit any effect in the striatum or the nigra (Kordower et a., 1999).
It was evident that administering direct bolus injections of GDNF into the lateral ventricles
was an inadequate method of trophic factor delivery. Studies have shown that
intraputamental injection of GDNF in rhesus monkeys causes a variable distribution of the
trophic factor with only 2-9% of the area receiving GDNF infusion (Salvatore et al., 2006).
Furthermore, it has been shown that even convection-enhanced delivery of GDNF to slowly
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diffuse the factor into the target region is not desirable. Thereisagreat deal of variability in
GDNF diffusion using this method (Gash et al., 2005). Thereislittle consistency in the
distribution of GDNF in MPTP-treated rhesus monkeys even using the convection-enhanced
delivery method. Researchers saw a volume of GDNF ranging anywhere from 59 to 325
mm?3 in the putamen. This may be because GDNF easily binds to receptor sitesin the
extracellular matrix, impeding its even distribution (Hamilton et al., 2001). Despite these
varying results in animal models using intraputamenal infusion, Amgen optimistically
conducted an initial Phase | open-labeled trial using this method of delivery in five patients
(Gill et al., 2003). All but one of the patients received bilateral infusion of GDNF into the
posterior putamen for 43 months. The dose of GDNF was increased from 14.4 to 28.8 pg/
putamen/day because of a decrease in benefit. Thisincreased dose resulted in a sustained
and progressive improvement (Patel et al., 2005). No adverse side effects were reported after
1 year of treatment, and in fact significant decreases were reported in both “on” and “ off”
UPDRS scores. Additionally, there was a 39% decrease in the off-medication motor score, a
61% improvement in the activities of daily living sub-score, a 20% decrease in severe
immobility, a decrease in medication-induced dyskinesias, and a 28% increase in fluoro-
dopa (18F-dopa) uptake in the posterior putamen. One of the five patients, who started
receiving unilateral (right putamen) infusions of GDNF at the age of 62, died from a
myocardial infarct 3 months after drug withdrawal (Love et al., 2005). Postmortem analyses
of brain tissue indicated that there was a more than five-fold increase in tyrosine
hydroxylase immunoreactivity in the right versus left putamen. However, due to the
asymmetrical pathology seen in most PD patients, there was a higher level of TH
immunoreactivity and higher numbers of neurons were seen in the |eft versus the right
substantia nigra. Interestingly, there was an increase in growth-associated protein 43
(GAP43) staining in the right putamen, indicating that GDNF induces sprouting in
substantia nigra fibers. The researchers note that the increase in TH staining in the putamen
may either be aresult of sprouting of fibers or an upregulation of the enzyme in spared
fibers. These exciting results prompted a double-blinded, placebo-controlled study using 34
subjects, half of whom received placebo and the other half received 15 pg/putamen/day of
GDNF. Unfortunately, bilateral infusion of GDNF into the putamen in this study did not
significantly reduce UPDRS scores even after 6 months of treatment. Surprisingly, there was
a23% increase in 18F-dopa uptake in the posterior putamen. The discrepancy between the
increase in 18F-dopa uptake and alack of clinical benefit might indicate that although there
isan increase in dopamine in the putamen as aresult of GDNF treatment, it is not being
efficiently released. The researchers state that they used a different-sized catheter to
administer GDNF in this study compared to the initial open-labeled trial. Results from both
the ventricular and the putamenal infusion studies indicate that direct administration of
GDNF to the brain is not an efficient method of treatment. Therefore, anovel vehicleis
needed to aid in the administration of GDNF to the striatal parenchyma.

Gene therapy in animal PD models

Astrophic factor therapy in PD models was evolving, gene therapy approaches were
evolving in parallel. Gene therapy employs vira vectors, which provide a safe and robust
way to deliver trophic factors such as GDNF uniformly over very long periods of time.

Adenoviral vector-mediated gene therapy

One of the first vehicles to be used for the administration of GDNF was the adenoviral (Ad)
vector. Marty Bohn and colleagues showed that a single injection of Ad-GDNF near the rat
substantia nigra could sustain trophic factor expression for at least 7 weeks (Choi-Lundberg
et al., 1997). Additionally, Ad-GDNF significantly protected TH-positive neuronsin the
substantia nigra from 6-OHDA-induced toxicity. It did not however, alter the expression of

Prog Brain Res. Author manuscript; available in PMC 2012 August 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ramaswamy et al.

Page 5

TH-positive fibersin the striatum, indicating that there may not have been any therapeutic
conseguences from solely treating the nigra. They repeated this study but thistime
administered the Ad-GDNF to the striatum, the site of dopamine fiber loss (Choi-Lundberg
et a., 1998). Again they protected 40% of cellsin the substantia nigra but did not maintain
levels of TH in fibers of the striatum. Interestingly, Ad-GDNF administration to the striatum
improved motor performance in treated rats, indicating that either a preservation of striatal
TH-positive fibers was not necessary for behavioral improvement in this model or TH levels
were increased to alevel undetected by the methods used. A second group conducted a
similar study and found that both nigral cells and striatal fibers were protected (Bilang-
Bleuel et a., 1997). They also showed an attenuation of behavioral deficits as seen using the
amphetamine-induced rotational paradigm. Adenoviral delivery of GDNF was the first to be
used in animal studies of PD to successfully transfect cells with GDNF and protect both
nigral neurons and fibers. However, the original version of this vector caused severe
immune responses in the injected region (Bilang-Bleuel et al., 1997). Thus alternative, less
immunogenic vectors had to be developed and tested. The two vectors that emerged were
thelentivira (LV) and the adeno-associated viral (AAV) vectors.

Lentiviral vector-mediated gene therapy

Subsequent to the adenoviral era, recombinant lentiviral (rLV) vectors were used to express
GDNF in both the striatum and the substantia nigrain a 6-OHDA model of PD (Georgievska
et a., 2002b). When expressed in the striatum, GDNF was successfully transported to nigral
neurons where it protected 65—77% of these cells. This protection was dose-dependent and
rats receiving a higher dose of GDNF showed a greater magnitude of cellular protection.
However, fibersin the striatum were not significantly protected. Encouragingly though,
fibers along the striato-nigral pathway were conserved as seen by intact fibers in the globus
pallidus. Additionally, sprouting was seen in areas where GDNF was expressed at very high
levels like in the globus pallidus and the immediately surrounding striatum. Irrespective of a
lack of striatal fiber preservation, deficits in amphetamine-induced rotational behavior were
prevented in rLV-GDNF rats compared to lesioned controls, indicating an increase in
dopamine function on the GDNF-treated side. The lack of striatal preservation may have
been due to the short time course of GDNF treatment. To confirm this theory, this group
repeated this study and expressed GDNF in the striatum for 9 months using the rLV vector
(Georgievska et al., 2002a). Unfortunately, they saw similar results, namely, neuroprotection
in the nigra, striato-nigral fiber protection through the globus pallidus, but no fiber
protection in the striatum. They reported alack of functional recovery, which was attributed
to alack of dopamine in the striatum.

While the use of rodent modelsin the testing of therapies for PD is essentia, ultimately any
potential therapy likely must be tested in honhuman primates before it can be used in the
clinic. Therefore, the efficacy of LV-GDNF was tested both in aged (Fig. 1) rhesus monkeys
and in monkeys lesioned 1 week before using the toxin MPTP (Kordower et ., 2000). In
aged monkeys, LV-GDNF enhanced dopaminergic function. Aged monkeys receiving LV-
GDNF treatment to the striatum showed an enhanced 18F-dopa uptake ipsilaterally. These
monkeys had an increase in TH immunoreactivity in the striatum, an 85% increase in the
number of TH-immunoreactive neurons within the substantia nigra, and a 35% increasein
the volume of these neurons (Fig. 2). In MPTP-treated monkeys, LV-GDNF reversed
functional deficits and completely prevented nigrostriatal degeneration. Monkeys receiving
striatal LV-GDNF showed significant improvementsin clinical rating scale scores during
the 3-month period after GDNF treatment. Additionally, LV-GDNF treatment reversed
motor deficitsin an operant hand-reach task. LV-GDNF-treated monkeys also showed
robust increases in 18F-dopa uptake on the impaired side compared to untreated controls. All
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LV-GDNF-treated monkeys displayed enhanced striatal TH levels and 32% more TH-
positive nigral neurons compared to the intact side (Fig. 3).
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Fig. 1.

GDNF immunohistochemistry in aged monkeys receiving LV-GDNF or LV-gGal (control)
in the striatum and substantia nigra. (A) Robust GDNF immunoreactivity is seen within the
caudate and putamen in a LV -GDNF-treated aged monkey. (B) In contrast, no GDNF
immunoreactivity is observed in a control LV-pGal-treated animal (IC, internal capsule). (C)
Robust GDNF immunoreactivity is aso observed within the midbrain of aLV-GDNF-
treated monkey. (D) GDNF immunoreactivity within the forebrain of aLV-GDNF-treated
monkey. Staining is seen within the injection site in the putamen (Pt) and within both
segments of the globus pallidus (GPe and GPi) from anterograde transport. (E) GDNF
immunohistochemistry is also seen in the substantia nigra pars reticulata from anterograde
transport. Holes in the tissue are from postmortem for HPLC analysis. Asterisk in (E)
represents a LV-GDNF injection site (CP, cerebral peduncle). Scale bar in (D) represents
1600 um for panels A, B, and D; 1150 um for panel C; and 800 wm for panel E.
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Fig. 2.

Tyrosine hydroxylase staining in aged monkeys receiving LV-GDNF to the right striatum.
(A) LV-GDNF administration to the right striatum increases TH immunoreactivity within
the right caudate and putamen in aged monkeys. (B) In monkeys receiving control LV-pGal
injections to the right striatum, there is symmetrical and less intense staining for TH. (C)
There are greater numbers and larger TH-immunoreactive neurons within the substantia
nigra (SN) of LV-GDNF-treated animals relative to (D) aLV-pGal-treated monkeys. (E)
LV-GDNF-treated aged monkeys display increased TH mRNA relative to (F) LV-pGal-
treated monkeysin the SN. Scale bar in (F) represents 4500 jum for panels A and B; 250 um
for panels C and D; and 100 um for panels E and F.
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Fig. 3.

TH immunoreactivity in unilaterally MPTP-lesioned young monkeys. (A and B) L ow-power
dark-field photomicrographs through the right striatum of TH-immunostained sections of

M PTP-treated monkeys treated with (A) LV-BGal or (B) LV-GDNF. (A) Thereisa
comprehensive loss of TH immunoreactivity in the caudate and putamen of LV-pGal-treated
animal. In contrast, near normal level of TH immunoreactivity is seen in LV-GDNF-treated
animals. Low-power (C and D) and intermediate-power (E and F) photomicrographs of TH-
immunostained section through the substantia nigra of animals treated with LV-BGal (C and
E) and LV-GDNF (D and F). Thereisaloss of TH-immunoreactive neuronsintheLV-
BGal-treated animals on the side of the MPTP injection. TH-immunoreactive sprouting
fibers as well as a supranormal number of TH-immunoreactive nigral perikaryaare seenin
LV-GDNF-treated animals on the side of the MPTP injection. (G and H) Bright-field low-
power photomicrographs of a TH-immunostained section from a LV-GDNF-treated
monkey. (G) Note the norma TH-immunoreactive fiber density through the globus pallidus
on the intact side, which was not treated with LV-GDNF. (H) In contrast, an enhanced
network of TH-immunoreactive fibers is seen on the side treated with both MPTP and LV-
GDNF. Scale bar in (G) represents the following magnifications: panels A—D at 3500 um
and panels EH at 1150 pm.
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