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Abstract

Although initially thought to be important primarily in neural development, a number of trophic
proteins have been found to have neuroprotective and neuroregenerative activity in the adult
central system, particularly for midbrain dopamine neurons (MDN). Neurorestoration is
potentially feasible for MDN since there is an initial loss of phenotype for these neurons in
Parkinson's disease (PD) rather than neuronal death. There is a considerable recent literature on
trophic properties of TGF-R8 superfamily proteins for MDN's, including glial cell-derived

neurotrophic factor (GDNF), neurturin, and bone morphogenetic proteins (BMPs). This paper will
review studies with the factors listed above, as well as describe more recent studies with two
newly described trophic proteins, MANF and CDNF. Data will be presented from various animal
models of PD suggesting that these trophic proteins may eventually lead to PD therapeutics in

man. In addition, some data on small molecules with neuroprotective properties (AP4A, retinoic
acid and vitamin D3) will also be described.

Introduction — the concept of neurorestoration in PD

Parkinson's disease (PD) is a progressive neurodegenerative disorder characterized by the
cardinal motor symptoms of tremor, rigidity, postural stability and bradykinesia. In PD
dopaminergic cells die most prominently in the area of substantia nigra. Current therapies of
PD do not prevent the progression of the disease and the efficacy of these treatments wanes
over time. In this review we will focus on the potential for neurorestoration therapy in
Parkinson's disease. The concept of neurorestoration therapy is based on clinical and PET
studies, showing that at the onset of the symptoms there is about 80% decrease in dopamine
content in the striatum but about 50% of nigral DA cells are viable [1]. Thus, initially there
is loss of the dopamine phenotype. The aim of the neurorestoration therapy is to change the
pathophysiological environment towards restoration of the dopamine phenotype.
“Neurorestoration” also includes the repopulation of dopamine neurons using cell
transplantation or through endogenous neuroprogenitor cells, but these two areas are not the
focus of this review. We will focus instead on neurotrophic factors and small molecules.
Trophic factors are secreted proteins and are grouped into families based on structural
homology, receptors and common signal transduction pathways. We will summarize data on
the two most studied neurotrophic factors, glial cell line derived neurotrophic factor (GDNF)
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and neurturin, as well as more recently discovered cerebral dopamine neurotrophic factor
(CDNF) and mesencephalic astrocyte-derived neurotrophic factor (MANF). The small
molecular weight compounds discussed here are diadenosine tetraphosphate (AP4A) and
vitamin D3.

Neurotrophic Proteins

Glial cell line derived neurotrophic factor (GDNF)

Neurturin

The GDNF family ligands consist of GDNF, neurtrurin, artemin and persephin and they
form a distant group in the TGF- p superfamily [2]. GDNF family members function as
homodimers and signal through a transmembrane receptor tyrosine kinase (RET) by first
binding to their cognate GDNF family receptor a (GFRa) [2]. In addition to RET, neural
cell adhesion molecule (NCAM) has been found to be an alternative receptor for GDNF and
syndecan-3 for GDNF and neurturin.

GDNF was purified from a rat glioma cell line (B49) medium and found to promote survival
of embryonic dopamine neurons and increase dopamine uptake [3]. GDNF is not specific for
dopamine neurons and has been shown to promote survival of several other neuronal
populations including motoneurons, noradrenergic neurons, serotonergic neurons, enteric
neurons, pheripheral sensory and autonomic neurons. The efficacy of recombinant GDNF
protein in neurorestoration was first shown in mouse and rat models of PD by us [4] and
others [5]. In non-human primate models of PD, GDNF increases the number of dopamine
neurons and improves Parkinsonian symptoms such as bradykinesia, rigidity, balance and
posture [6]. Overall, these studies suggest that GDNF's most prominent effect is to facilitate
regrowth of dopaminergic nerve terminals at the site of administration, and in studies where
fluorogold has been used to label dopamine neurons before 6-OHDA injections, it has been
suggested that GDNF restores dopaminergic phenotype of injured cells [7].

Gene therapy has also been utilized in studies exploring neuroprotective and
neurorestorative effects of GDNF in animal models of PD. Neurorestorative effects of
GDNF have been shown by using several different viral vectors and animal models
including adeno-associated viral vectors (AAV) in rat models of PD [8], AAV in non-human
primates [9], lentivirus in rats [10] and adenovirus [11] in rats.

Although, GDNF was found to be very promising in animal models of PD, the results from
clinical trials have been mixed. A study in which GDNF was given ICV reported no
improvement and several negative side effects [12]. However, two smaller non-randomized
studies where GDNF was delivered directly into putamen showed improvement in motor
functions as well as increased dopamine uptake measured by PET without side-effects [13].
A larger randomized trial with thirty four PD patients failed to show improvement but
showed an increase in dopamine uptake in the putamen after GDNF infusion. A remaining
question is why, despite positive animal model data, the use of GDNF in this clinical trial
failed?

Neurturin was originally identified through its ability to promote the survival of cultured
sympathetic neurons. Neurturin has been shown to be both neuroprotective and
neurorestorative in animal models of PD [14].

Neurturin also entered clinical trials and a viral vector-based platform was chosen to deliver
neurturin. In a phase I, open-label clinical trial, the neurturin gene was delivered into the
putamen using an AAV vector, but no significant clinical improvement was observed after
12 months. Also a douple-blind, randomised trial in 58 patients with advanced PD, using
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AAV-neurturin versus sham surgery, did not show significant differences in the primary
endpoints [15]. In future studies with AAV-neurturin the SN will be targeted directly, higher
doses of AAV-neurturin will be injected to the putamen, and patients will be followed for
longer time periods [15].

CDNF and MANF

CDNF (cerebral dopamine neurotrophic factor) and MANF (mesencephalic astrocyte-
derived neurotrophic factor) are secreted proteins that constitute a novel, evolutionarily
conserved neurotrophic factor family [16]. Both CDNF and MANF have been shown to be
both neuroprotective and neurorestorative in animal models of PD. Several mechanisms
have been postulated including actions on mitochondrial complex I, endoplasmic reticulum
stress, oxidative stress and anti apoptotic effect. Structural analysis suggests that CDNF and
MANF may have a dual mechanism of action at the cellular level. The amino-terminal
domain is a saposin-like putative lipid-binding domain, suggesting that MANF and CDNF
may bind lipids in membranes. The carboxy-terminal domain of CDNF and MANF may
protect cells against ER stress.

In the first study a single intrastriatal injection of CDNF (10 p.g) restored the function of
dopaminergic neurons in the SNpc and prevented their degeneration [16]. In the
neurorestoration experiment CDNF was injected into the same location in striatum as was 6-
OHDA four weeks later. CDNF significantly reduced abnormal rotational behavior and the
number of TH-positive cells in the SNpc was higher in these rats. In a follow-up study a 14-
day continuous infusion of CDNF was able to protect nigrostriatal dopaminergic nerves
from 6-OHDA-induced degeneration and restore the functional balance of the nigrostriatal
neural circuits as assessed by morphological and behavioral analyses [17]. A 14-day
continuous infusion of CDNF was also able to restore 6-OHDA-induced loss of the TH-
positive DA phenotype. A third study of CDNF where both neuroprotective and
neurorestorative paradigms were used involved the mouse MPTP maodel. In this study we
showed that intrastriatally administered CDNF protects the dopamine neurons phenotype
when administered 1 day before MPTP and restored the dopamine neurons phenotype when
give 1 week after MPTP [18]. This effect was shown both histochemically in dopamine
neurons and neurites as well with behavioral measurements.

Intrastriatal MANF (10 j.g) was able to restore the functional activity of the 6-OHDA
lesioned nigrostriatal dopaminergic system and the maximum effect was evident at 12 weeks
post-lesion. Consistent with results from the behavioral studies, MANF was also able to
partially restore TH-positive cell bodies in the SNpc as compared to the vehicle-treated
controls [17]. It should be emphasized that most trophic factors in the TGF-p superfamily
have a sharp “inverted U” dose response curve with lesser efficacy at both lower and higher
levels. This is a critically important consideration for clinical development. Table 1
summarizes similarities and differences between neurotrophic factors GDNF, NRTN, CDNF
and MANF from a potential clinical perspective.

Small molecules for Parkinson's disease

Two examples of the restorative actions of small molecules will be described here: AP4A
and Vitamin D3.

Diadenosine tetraphosphate—Diadenosine tetraphosphate (AP4A) is a compound that

contains two adenosine moieties bridged by 4 phosphates. Selective AP4A binding sites are
found in substantia nigra and striatum.
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AP,4A has protective effects on dopaminergic neurons. In primary ventromesencephalic
(VM) neuronal cultures, the density of tyrosine hydroxylase (TH ) neurons and fibers were
significantly reduced while caspase-3 activity was enhanced at 2 days after application high
doses of methamphetamine (MA), a dopaminergic neurotoxin. Pretreatment with AP4A
attenuated the MA —mediated decrease in TH fiber density in VM cultures, suggesting that
AP4A is neuroprotective in VM cells. Similarly, AP4A also reduced the methamphetamine-
mediated decrease in TH immunoreactivity in SNpr /n vivo.

A more direct protective response to AP4A was reported using a rat model of PD by
unilaterally lesioning DA neurons with 6-hydroxydopamine (6-OHDA). One month after
lesioning, vehicle-treated rats exhibited amphetamine—induced rotation. Minimal tyrosine
hydroxylase immunoreactivity was detected in the lesioned nigra and striatum and no KClI-
induced dopamine release was found. All of these indices of a dopaminergic lesion were
attenuated by pretreatment with AP4A. In addition, AP4A reduced TUNEL labeling in the
lesioned nigra two days after 6-OHDA administration. These data suggest that AP4A is
protective against neuronal injuries induced by 6-OHDA through the inhibition of apoptosis
[19].

1,25 dihydroxyvitamin D3—1,25-dihydroxyvitamin D3 (D3), an active metabolite of
vitamin D, is a potent inducer of GDNF. D3 augments GDNF expression in C6 glioma cells
and GDNF release in human U- 87 MG glioblastoma cells. D3 also increases nerve growth
factor (NGF), increases transforming growth factor (TGF)-2 expression in neuroblastoma
cells, and elevates NT3/NT4 mRNA levels in astrocytes. Pretreatment with D3 increases
GDNF levels in rat brain [20]. These data suggest that D3 upregulates GDNF and other
trophic factors /in vivo and in vitro. Moreover, since D3, unlike GDNF, is able to cross the
blood brain barrier, it is possible that systemic administration of this compound could
restore DA circuits indirectly via an elevation of endogenous trophic factors in brain.

In in vitro VM cultured neurons, D3 (10710 M) reduced 6-OHDA or H,0, -induced cell
death. Pretreatment with D3 for 8 days significantly restored locomotor activity in unilateral
6-OHDA -lesioned rats. D3 also protected against 6-OHDA-mediated depletion of DA and
its metabolites in substantia nigra [20]. Taken together, these data indicate that D3
pretreatment attenuates the hypokinesia and DA neuronal toxicity induced by 6-OHDA.
Since both H,0O, and 6-OHDA may injure cells via free radical and reactive oxygen species,
the neuroprotection seen here may operate via a reversal of such a toxic mechanism.

Conclusions and future directions

Several questions remain for future studies [21, 22]. Given the size differences between
rodent, non-human primate and the human brains, studies on delivery techniques must be
undertaken. Since neurotrophic factors cannot pass through the blood-brain barrier, they
must be administered directly intracranially, which can cause similar adverse effects as has
been reported with deep brain stimulation; such as surgery related complications, hardware
related problems as well as long-term effects on behavioral disorders [23]. Would it be best
to deliver as a single bolus, by continuous infusion or via convection-enhanced delivery?
What type of cannula design would allow optimum dose and spread of these factors? What
would be the best site for delivery, caudate/putamen or nigra? In addition, would viral
vector-based delivery methods produce a long lasting and safe way to delivery drug? Is there
a need for cell specificity and regulated on/off-systems when viral vectors are used? At what
stage of human PD should neurotrophic factors be delivered? If one waits for a late stage,
would there be enough nigrostriatal projections remaining to allow intrastriatal delivery to
be retrogradely transported back to nigra. Finally, is there a role for small molecule
therapeutics that work by elevating endogenous neurotrophic factors or by activating other
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transduction mechanisms? These complexities notwithstanding, neurorestorative therapeutic
strategies may provide a unique approach to reverse progression of this devastating illness.
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Table 1

GDNF NRTN CDNF MANF
Molecular weight Homodimer 32 kDa  Homodimer 25 kDa  Monomer 18kDa  Monomer 18kDa
pl 9.5 9.0 7.7 8.6
Binding to heparin and ECM strong very strong low low
Diffusion in the rat brain limited very limited relatively good good
Retrograde transport Form STR to SNpc yes yes yes no
Neuroprotection in 6-OHDA model +++ +++ +++ +++
Neuroprotection in MPTP model +++ +++ +++ Not tested
Neurorestoration in 6-OHDA model +++ +++ +++ +++
Neurorestoration in MPTP model ++ ++ +++ Not tested
Neurorestoration in severe 6-OHDA model with Trend, not significant N/A ++ No effect

continous infusion of NTFs
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