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The Potential of Neurotrophic Factors
for the Treatment of Parkinson’s Disease

Aideen M. Sullivan* and André Toulouse
Department of Anatomy and Neuroscience, University College Cork, Cork
Ireland

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder, with an
incidence of 1.5 - 2% in the population over 60 years of age, which increases significantly
with advancing age (for reviews see de Lau & Breteler, 2006; Toulouse & Sullivan, 2008).
Since the Western world is experiencing significant increases in life expectancy, the
incidence of PD is steadily escalating. The financial and economical burden to society of the
treatment and care of PD patients is substantial and increasing. Thus, research on the causes
of this debilitating disease is critical, as is the development of new treatments.

PD is caused by progressive degeneration of the nigrostriatal (A9) dopaminergic pathway,
which projects from the substantia nigra in the midbrain to the caudate-putamen (striatum)
in the forebrain (Braak et al., 2003; Fearnley & Lees, 1991; Hoehn & Yahr, 1967; Olanow &
Tatton, 1999). The resulting loss of dopamine neurotransmission in the striatum causes the
cardinal symptoms of the disease: tremor at rest, rigidity and bradykinesia. One of the
pathological hallmarks of PD is the appearance of intracellular protein aggregates called
Lewy bodies, which are found in the substantia nigra and other brain areas (for reviews see
Forno, 1996; Gibb & Lees, 1988). Lewy bodies are abnormal aggregates composed of a-
synuclein, ubiquitin and other proteins. Approximately 5% of PD cases are caused by
heritable genetic mutations, of which at least twelve have been identified (for review see
Toulouse & Sullivan, 2008). The remaining cases are sporadic and of unknown origin,
although many theories have been proposed to explain the cause of dopaminergic neuronal
death which occurs in PD, such as environmental toxins, mitochondrial dysfunction with
resulting oxidative stress, and inflammatory mechanisms (for reviews see Dauer &
Przedborski, 2003; Dawson & Dawson, 2003; Fahn & Cohen, 1992; Long-Smith et al., 2009).
At present there is no effective long-term therapy for PD. The most commonly-used
treatment is administration of the dopamine precursor, levodopa, which replaces lost
dopamine in the denervated striatum and relieves motor symptoms. Levodopa is generally
administered in conjunction with an inhibitor of peripheral decarboxylase (carbide or
benserazide), which has the effect of enhancing the central activity of levodopa and
decreasing peripheral side-effects. Levodopa is successful in treating PD symptoms;
however, it does not stop the ongoing neurodegeneration. Furthermore, about 50% of
patients develop complications within the first five years of treatment, primarily severe
motor fluctuations and dyskinesias (Freed et al., 2001; Hagell et al., 2002). Other current
drug treatments include inhibitors of the dopamine breakdown enzymes catechol-O-methyl-
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transferase (tolcapone or entacapone) or monoamine oxidase-B (selegiline and rasagiline),
and dopamine receptor agonists (bromocriptine, pergolide, pramipexole, ropinirole and
others). Surgical methods involving ablation of deep brain structures such as the thalamus
or pallidum, or deep brain stimulation of the subthalamic nucleus or pallidum, have also
been used with good success, but these procedures are not widely-available or applicable
for all patients. In summary, none of the current treatments provide safe and long-lasting
relief from the symptoms and none have any effect on the progression of the disease. Much
of the current research is aimed at developing new and novel therapies that will slow, halt
or reverse the neurodegenerative process, rather than simply treating the symptoms of the
disease. These include the use of antioxidants, anti-apoptotic agents, cell-based therapies
and neuroprotective factors. Neurotrophic factors are a class of proteins that have the
potential to be used as neuroprotectants in PD therapy.

2. Dopaminergic neurotrophic factors

One novel therapeutic strategy under investigation is the use of neurotrophic factors, which
have the potential to slow down or halt the ongoing neurodegeneration in PD patients.
These are secreted proteins that play critical roles in the developing nervous system, in the
induction, specification, survival and maturation of developing neurones. Certain
neurotrophic factors also act in the adult brain, to support and protect mature neuronal
populations. Several of these factors have been investigated for their neurotrophic and
protective effects on dopaminergic neurones. PD, being primarily caused by the
degeneration of one neuronal population, the nigrostriatal dopaminergic projection, lends
itself to neurotrophic factor therapy. The goal of this therapeutic approach is to apply a
factor(s) which can halt or even reverse the progressive degeneration of nigrostriatal
dopaminergic neurones, and which can be administered to patients in a safe, targetted and
long-lasting manner. Some of the neurotrophic factors have potent effects on dopaminergic
neurones, which render them good targets for novel therapeutics for PD. These include glial
cell line-derived neurotrophic factor (GDNF), neurturin, growth/differentiation factor
(GDF) 5, transforming growth factor (TGF)B, mesencephalic astrocyte-derived neurotrophic
factor (MANF) and cerebral dopaminergic neurotrophic factor (CDNF).

2.1 GDNF family of ligands (GFL)

GDNEF is the neurotrophic factor that has attracted the most interest in the field of PD
research. GDNF is the prototypical member of the GFL family, which is composed of four
factors - GDNF, neurturin, persephin and artemin. This family of neurotrophic factors is a
subfamily of the TGFf superfamily of proteins. These factors are secreted as precursors, in
the form preproGFL, which undergo proteolytic cleavage within the extracellular space to
release the active peptide. It has been reported that the prepro form of some neurotrophic
factors are biologically active (Lee et al., 2001).

GDNF was isolated from a glial cell line in 1993, due to its ability to promote the survival of
cultured dopaminergic neurones (Lin et al., 1993). Although GDNF was originally identified
as a dopaminergic neurotrophic factor, subsequent studies have shown that it can act on a
wide variety of neuronal types, including motor, noradrenergic, enteric, parasympathetic,
sympathetic and sensory neurones (for reviews, see Airaksinen & Saarma, 2002; Airaksinen
et al., 1999; Aron & Klein, 2011; Baloh et al., 2000; Bespalov & Saarma, 2007). It also plays
important roles in the developing kidney and in spermatogenesis. GDNF is expressed
throughout the brain, as well as in peripheral tissues (Choi-Lundberg & Bohn, 1995).
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2.1.1 Signalling by GFLs

Signalling by the four GFL proteins is mediated through the receptor tyrosine kinase, Ret, in
combination with a second receptor that is unique to each of the four ligands (for reviews
see Airaksinen & Saarma, 2002; Airaksinen et al., 1999; Aron & Klein, 2011). Each of the
GFLs acts as a disulphide-linked homodimer, binding to two molecules of a specific
glycosyl-phosphatidylinositol-anchored co-receptor, the GDNF family receptors a (GFRa),
which are a family of transmembrane receptor proteins. GDNF binds preferentially to
GFRal, neurturin to GFRa2, persephin to GFRa3 and artemin to GFRa4. Binding of dimeric
GFL to its GFRa results in recruitment of the Ret receptor, using a mechanism which
involves lipid rafts. The resulting complex composed of GFL, GFRa and Ret activates the
intracellular tyrosine kinase domain of Ret, triggering intracellular signalling cascades (for
reviews see Airaksinen & Saarma, 2002; Airaksinen et al., 1999; Sariola & Saarma, 2003).
Many signalling pathways are involved, including Ras-extracellular signal-regulated kinase
(ERK), phosphoinositide 3-kinase (PI3K)-Akt, Src and phospholipaseCy-protein kinase
(PK)C. Activation of these pathways results in many diverse cellular changes, including
neuronal survival. An alternative signalling pathway for GDNF and neurturin has also been
identified, whereby each of these ligands can bind to the neural cell adhesion molecule
(NCAM) in the absence of Ret (Cao et al., 2008; Paratcha et al., 2003; Sariola & Saarma, 2003).
The GDNF-NCAM complex can subsequently bind GFRal, which leads to the activation of
intracellular signalling pathways, involving focal adhesion kinase and Fyn kinase, both of
which play roles in neuronal migration during development (Paratcha & Ledda, 2008). In
addition to NCAM, other cell adhesion molecules, such as integrin f1 and N-cadherin,
which are expressed on nigral dopaminergic neurones, may be involved in GDNF’s actions
on these cells during development (see Cao et al., 2010). GDNF, neurturin and artemin, but
not persephin, have also been reported to act through a heparin sulphate proteoglycan,
syndecan-3, a transmembrane protein which can mediate neurite outgrowth after binding to
matrix-bound GFLs (Barnett et al., 2002; Bespalov et al., 2011).

The receptors Ret and GRFal are expressed at high levels on dopaminergic neurones of the
adult rat substantia nigra (Glazner et al., 1998; Golden et al., 1998; Horger et al., 1998;
Matsuo et al., 2000; Nosrat et al., 1997; Sarabi et al., 2001; Treanor et al., 1996; Trupp et al.,
1996; Trupp et al.,, 1997; Widenfalk et al., 1997; Yu et al., 1998), while GRFa2 has been
reported to be expressed in regions adjacent to these neurones (Horger et al., 1998). In the
developing brain, both Ret and GRFal are expressed in the midbrain from E11.5 in the rat
(Nosrat et al., 1997) and E10 in the mouse (Golden et al., 1999). Transcripts for both Ret and
GFRal have been found in cultures of E18 rat mesencephalon (Eggert et al., 1999). A recent
study by Cao and colleagues found that the expression of Ret protein in the developing rat
substantia nigra was evident by E16 and peaked at P21 (Cao et al., 2010).

2.1.2 Effects of GDNF in vitro

GDNF has consistently been shown to promote the survival of dopaminergic neurones in
vitro. In the study that first described GDNEF, the protective effects of this factor on
dopaminergic neurones in cultures of embryonic rat midbrain were reported (Lin et al,,
1993). Another study reported similar results, with application of GDNF improving the
survival of cultured midbrain dopaminergic neurones by 1.6-fold (Krieglstein et al., 1995).
GDNF was also shown to induce the expression of the dopamine synthetic enzyme, tyrosine
hydroxylase (TH), in fetal human and rat cortical cultures (Theofilopoulos et al., 2001) and
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promotes the morphological differentiation of dopaminergic neurones in vitro (Widmer et
al., 2000). As well as enhancing the survival and differentiation of embryonic rat
dopaminergic neurones, GDNF can protect these cells from specific toxins. Hou and
colleagues found that GDNF could protect cultured dopaminergic neurones from the toxic
effects of 1-methyl-4-phenylpyridinium ion (MPP+), after the toxin had been removed from
the cultures (Hou et al., 1996). Genetically-engineered cells overexpressing GDNF have been
shown to exert dose-dependent protective effects on cultured dopaminergic neurones
against MPP+ toxicity (Ma et al., 2000). GDNF treatment has also been reported to reduce
apoptosis in dopaminergic neurones cultured from embryonic rat (Clarkson et al., 1995;
Sawada et al., 2000) and human (Clarkson et al., 1997) midbrain. Repeated treatment with
GDNF from the time of plating was found to protect cultured embryonic rat dopaminergic
neurones from the toxin 6-hydroxydopamine (6-OHDA), when this toxin was applied after
nine days in vitro (Eggert et al., 1999). However, another study applied GDNF to similar
cultures after four days in vitro, which was a day before they received 6-OHDA treatment,
and found no protective effects (Kramer et al, 1999). A study reported that the
neuroprotective effects of GDNF on dopaminergic neurones in vitro were dependent on
cAMP signalling pathways (Engele & Franke, 1996). GDNF has also been found to protect
cultured dopaminergic neurones from lipopolysaccharide-induced degeneration, a model of
neuroinflammation (Xing et al.,, 2010). Most of the above studies were conducted on
embryonic day 14 (E14) rat midbrain, the time point at which dopaminergic neurones are
undergoing their terminal mitotic divisions and are beginning to differentiate. An in vitro
study showed that GDNF can also support nigrostriatal dopaminergic neurones during
their period of natural developmental death, which occurs postnatally (Burke et al., 1998).
Midbrain cultures may contain dopaminergic neurones of two origins, the nigrostriatal
pathway, which degenerates in PD and the mesolimbic pathway, which is largely spared in
this disease. Differential effects of GDNF treatment on nigrostriatal (A9) and mesolimbic
(A10) dopaminergic neurones in vitro have been reported, whereby a single dose of GDNF
selectively enhanced the survival of A9 cells, while repeated exposure to this factor only
increased the survival of A10 cells (Borgal et al., 2007).

2.1.3 Effects of neurturin in vitro

A second factor of the GFL family, neurturin, was purified due to its survival-promoting
effects on sympathetic neurones (Kotzbauer et al., 1996). It was found to have neurotrophic
effects on developing dopaminergic neurones in vitro, similar in strength to those of GDNF
(Akerud et al., 1999; Horger et al., 1998). Neurturin is expressed in the ventral midbrain and
striatum during development (Horger et al., 1998). Neurturin also protects cultured motor
neurones from degeneration and induces neuritic sprouting in spinal cord neurones in vitro
(Bilak et al., 1999).

2.1.4 Effects of persephin and artemin in vitro

Persephin, a third member of the GFL family, has also been found to exert neurotrophic
effects on midbrain dopaminergic neurones in vitro (Milbrandt et al., 1998) and in vivo
(Akerud et al., 2002). This factor also has trophic effects on motor neurones (Milbrandt et
al., 1998) and has not been extensively investigated for its clinical potential in PD. The fourth
member of the GFL family, artemin, has survival-promoting effects on dopaminergic
neurones in culture (Baloh et al., 1998) and in vivo (Cass et al., 2006), and also has potent
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actions on sensory neurones of the dorsal root ganglia (Baloh et al., 1998). Like persephin,
artemin has not progressed into clinical trials for PD; however it has been tested as a
therapeutic for neuropathy (Gardell et al., 2003). In contrast to GDNF and neurturin,
artemin and particularly persephin appear to act primarily outside of the CNS, as their
receptors are expressed at higher levels in the periphery.

2.2 TGFB

Some members of the TGF( superfamily have potent neurotrophic and protective effects on
dopaminergic neurones. The TGFp superfamily is a large family of secreted polypeptide
growth factors, which play diverse physiological roles. They are involved in the
development, differentiation and maintenance of the nervous system. There are two
branches of the TGFP superfamily - the TGFpP / activin group and the bone morphogenetic
protein (BMP) / GDF group (for reviews see de Caestecker, 2004; Hogan, 1996; Krieglstein et
al., 2002; Mehler et al., 1997). TGFP3, a member of the TGFP / activin group, has
neuroprotective effects on dopaminergic neurones in vitro and in vivo (for review, see
Roussa et al., 2009). Treatment with TGFP2 or TGFP3 has been reported to have potent
neuroprotective effects on cultured embryonic rat dopaminergic neurones (Poulsen et al.,
1994; Unsicker et al., 1996). It has been hypothesized that the neurotrophic effects of GDNF
on many types of neurones, including dopaminergic neurones, require the presence of
TGEP3 (Krieglstein et al., 1998; Schober et al., 2007), which acts by recruiting the GFRal
receptor to the membrane (Peterziel et al., 2002).

2.3 GDF5

Another member of the TGFf superfamily of proteins, GDF5, is also being investigated for
its therapeutic potential in PD. GDF5 (also known as BMP-14 or CDMP1) is a member of the
BMP subfamily, which is the largest subgroup of the TGFp superfamily, comprising at least
20 members. BMPs are involved in diverse physiological functions, including the
development of the nervous system, where they play roles in early CNS patterning as well
as in neural cell fate determination, differentiation, and survival (for reviews see Ebendal et
al., 1998; Hall & Miller, 2004; Mehler et al., 1997).

GDF5 mRNA and protein expression have been found in the embryonic, neonatal and adult
rat brain (Krieglstein et al., 1995; O'Keeffe et al., 2004; Storm et al., 1994). GDF5 protein
expression in the rat brain peaks at E14, the time at which dopaminergic neurones in the
developing midbrain are undergoing terminal differentiation (O'Keeffe et al., 2004). GDF5
protein is also expressed in several regions of the adult rat brain, including striatum and
midbrain (O'Keeffe et al., 2004).

2.3.1 Signalling by GDF5 and other BMPs

BMPs such as GDF5 are synthesised as large precursor proteins of approximately 400-500
amino acids, which contain an N-terminal region which is necessary for secretion of the
protein, a prodomain which directs folding of the protein, and a C-terminal mature active
peptide (for reviews, see Bragdon et al., 2011; Sieber et al., 2009). The active proteins are each
composed of 50-100 amino acids and generally contain seven cysteine residues. Six of these
cysteines form disulphide bonds and the seventh (which is not present in GDF3, GDF9 or
BMP15) forms a disulphide bond with another monomer, to form the biologically-active
dimeric molecule. The BMPs generally act as homodimers, although heteromeric complexes
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of BMP2/6, BMP2/7 and BMP2b/7 have been described (Little & Mullins, 2009; Sieber et al.,
2009). Many of the BMPs have been found to create complexes with their respective
prodomains following release into the extracellular environment as active dimers (for
review, see Bragdon et al., 2011). The soluble active form of each BMP is capable of diffusion
away from its site of release, while the form that is complexed with its prodomain remains
in the extracellular matrix, usually bound to fibrillins (Ramirez & Rifkin, 2009; Sengle et al.,
2008).

BMPs signal by binding to two types of transmembrane serine-threonine kinase receptors,
type I and type II receptors, and subsequently activating intracellular signalling pathways
which culminate in diverse cellular changes, many of which are dependent upon Smad
protein-dependent gene transcription (for reviews, see Bragdon et al., 2011; de Caestecker,
2004; Ebendal et al., 1998; Kawabata et al., 1998; Massague, 1996; Miyazono, 1999; Nohe et
al., 2004; Yamashita et al., 1996). Individual BMPs can signal through any of several type I
receptors and type II receptors. GDF5 signals predominantly through the type I receptor
BMPR1b and the type II receptor BMPR2 (Nishitoh et al., 1996). Each of the BMP receptors is
composed of a short extracellular ligand-binding portion which contains 10-12 cysteine
residues, a single transmembrane region, and an intracellular part which contains the serine-
threonine kinase domain. The type I receptors contain a glycine-serine rich region (a ‘GS
box’) within their cytoplasmic domain. This GS box is necessary for their activation and is
not present in the type II receptors. The various BMPs bind to type I and type II receptors
with differing affinities. The presence of a prodomain within a BMP protein complex
appears to decrease binding to Type II, but not to Type I, receptors (Sengle et al., 2008).
Upon binding of a BMP to its specific receptors, a multimeric complex is formed, of variable
composition, but usually consisting of two type I and two type II receptors. The initial
binding stage is to the type I receptor, which anchors the ligand to the membrane and
facilitates subsequent binding to the type II receptor. This induces phosphorylation by the
constitutively-active type II receptor kinase of serine residues within the GS box of the type I
receptor, which stimulates intracellular signalling cascades, generally resulting in the
activation of Smad proteins. Activated Smads can then translocate into the nucleus and
affect transcription.

Smad proteins are divided into three subclasses: regulatory Smads (R-Smads; Smad-1, -5
and -8), common Smad (Co-Smad; Smad 4) and inhibitory Smads (I-Smads; Smad-6 and -7).
During BMP signalling, the C-terminal region of a regulatory Smad (Smads 1, 5 or 8) is
phosphorylated by the type I receptor, which activates the canonical Smad signalling
pathway. Phosphorylation of an R-Smad induces it to bind to Smad 4, followed by nuclear
translocation of this complex (for reviews see Kawabata et al., 1998; Massague et al., 2005;
Nohe et al.,, 2004). This complex, in co-operation with a range of co-activators and co-
repressors, can affect the transcription of a wide variety of genes (for reviews see Attisano &
Wrana, 2000; Miyazono et al., 2001; Shi & Massague, 2003). The I-Smads compete with the R-
Smads for binding to the type I receptor, and can also bind to Smad-4 to form a complex
which is non-functional and which blocks the activated R-Smads from binding to Smad-4 to
affect transcription.

BMPs have recently been found to also act via Smad-independent mechanisms, which do not
involve transcriptional changes. These pathways are activated by the same receptors as those
used in Smad-dependent signalling, but involve the stimulation of various intracellular
signalling cascades, involving proteins such as ERK, PI3K, PKA, PKC, p38 mitogen activated
protein (MAP) kinase, C-jun N-terminal kinase and nuclear factor kappa B. Many of these
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pathways are initiated by interaction of the BMP receptor with bone morphogenetic receptor
associated molecule 1 (BRAM1) or with X-linked inhibitor of apoptosis (XIAP), stimulating the
activation of TGFp-activated kinase 1 (TAK1) and TAK1-binding protein (TAB1) (for reviews
see de Caestecker, 2004; Sieber et al., 2009). The MAP kinases enter the nucleus upon
phosphorylation and affect transcription of target genes. BMP receptors are thought to act in
such a transcription-independent manner to induce cytoskeletal changes, which may be
involved in neural cell migration during development (see Sieber et al., 2009).

The physiological regulation of BMP signalling through their receptors is complex and
involves a large array of modulatory molecules. For example, BMP signalling is modulated
by the presence of several endogenous antagonists, which block or diminish the binding of
BMPs to their specific receptors (for reviews, see Bragdon et al., 2011; de Caestecker, 2004;
Kawabata et al., 1998; Rider & Mulloy, 2011; Sieber et al., 2009). At least fifteen BMP
antagonist molecules have been identified, some of which also act as antagonists of other
TGEPB superfamily members. Noggin is the most-studied BMP antagonist and it has been
shown to block the actions of BMP2, BMP4, BMP7, GDF5 and GDF6. Furthermore, several
BMP co-receptors have been identified, which can either promote or inhibit BMP signalling
(for reviews, see Corradini et al., 2009; Sieber et al., 2009). The repulsive guidance molecules
(RGM)-a and -c, Dragon (RGMb) and the receptor tyrosine kinase (RTK) c-Kit are examples
of positive co-receptors which augment signalling by BMPs, whereas the decoy receptor,
BMP and activin membrane-bound protein (BAMBI), and the RTKs Ror2 and TrkC are
negative modulators. Intracellular modulation of BMP signalling also occurs, whereby
several proteins can act to regulate BMP signalling by binding to the intracellular region of
their receptors and forming mulicomponent signalling complexes which can enhance or
inhibit both Smad-dependent and Smad-independent pathways (for review, see Sieber et al.,
2009). Ligand-dependent endocytic trafficking of the BMP receptors also plays a modulatory
role, and can both enhance or decrease the efficiency of BMP signalling (for review, see de
Caestecker, 2004). Individual BMPs can activate multiple signalling pathways by signalling
through distinct receptor oligomeric complexes, demonstrating the complexity and diversity
of the biological actions of these proteins.

2.3.2 Effects of GDF5 in vitro

On embryonic rat dopaminergic neurones in vitro, GDF5 has selective trophic actions which
are comparable to those of GDNF. Application of GDF5 promotes the survival of
dopaminergic neurones in embryonic rat midbrain cultures and protects them against the
dopaminergic neurotoxin MPP+ (Krieglstein et al., 1995) and against free radical-induced
damage (Lingor et al., 1999). Another study found that application of recombinant human
GDF5 induced a dramatic increase in the number of dopaminergic neurones, in cultures of
embryonic rat midbrain (O'Keeffe et al., 2004). This study found that the effects of GDF5 in
these cultures may be dependent on BMPR1b, since application of GDF5 at the time of
plating, when BMPRI1b is expressed, increases dopaminergic neuronal number, but
application after six days in vitro, when this receptor is no longer expressed, had no effect.
GDF5 treatment also induced morphological changes in cultured embryonic rat
dopaminergic neurones, stimulating neurite outgrowth and branching (Clayton & Sullivan,
2007; O'Keeffe et al., 2004). Clayton and Sullivan found that the effects of GDF5 were much
greater when cultures were prepared from the lateral part of the developing midbrain.
Furthermore, the BMPR1b receptor was expressed at higher levels in the lateral than in the
medial region, suggesting that GDF5 acts through this receptor to increase dopaminergic
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neuronal number. Combined application of GDF5 and GDNF have been shown to have
additive neurotrophic effects on cultured embryonic rat dopaminergic neurones, indicating
that these two factors may act on separate subpopulations of cells (Wood et al., 2005).

2.4 MANF and CDNF

MANF and CDNF are members of a recently-described family of evolutionarily-conserved
proteins, of approximately 150-160 amino acids, which are secreted from glial cells and have
potent effects on dopaminergic neurones (for review, see Lindholm & Saarma, 2010). CDNF
mRNA and protein have been found in both developing (E13 to postnatal day 10) and adult
mouse striatum and substantia nigra, suggesting that this factor may provide trophic
support to mature dopaminergic neuronal cell bodies and their terminals, as well play a role
in the development of these cells (Lindholm et al., 2007). CDNF is a paralogue of MANF,
which was originally isolated from a rat mesencephalic astrocyte cell line and found to have
selective trophic effects on dopaminergic neurones in vitro (Petrova et al., 2003).
Polymorphisms of CDNF have recently been linked to an early-onset form of PD (Choi et al.,
2011). In vivo secretion of MANF has been demonstrated (Apostolou et al., 2008). Like
CDNF, MANF is expressed in the rodent nigrostriatal system during the early postnatal
period, as well as in the adult (Lindholm et al., 2008). The Drosophila homologue of MANF,
DmMANIF, is essential for the maintenance and function of dopaminergic neurones (Palgi et
al., 2009). Although the receptors for MANF and CDNF have yet to be identified, it appears
that they may act by a different mechanism to the GFL family members to exert their
neurotrophic effects on dopaminergic neurones. It is possible that at least part of the action
of MANF is via inhibition of endoplasmic reticulum (ER) stress-induced neuronal cell death
(see Lindholm & Saarma, 2010; Voutilainen et al., 2009), as MANF is located in the ER and
has been shown to inhibit ER stress-induced non-neuronal cell death in vitro (Apostolou et
al., 2008). MANF has also been found to have protective effects on cardiac myocytes in an in
vitro model of ischemia (Tadimalla et al., 2008). Overexpression of MANF has recently been
shown to block apoptotic cell death in sympathetic neurones cultured from the neonatal
mouse superior cervical ganglion (Hellman et al., 2011), supporting an intracellular
mechanism of action.

3. Dopaminergic neurotrophic factors in animal models of PD

3.1 Effects of GDNF in vivo

In normal adult rats, a single injection of GDNF into either the substantia nigra or striatum
significantly increased the levels of dopamine and its metabolites in the striatum and nigra
(Martin et al, 1996). Several studies have reported neuroprotective and functional
(improvement of motor symptoms) effects of GDNF in adult animal models of PD (for
reviews, see Balemans & Van Hul, 2002; Bjorklund et al., 2009; Bjorklund & Lindvall, 2000;
Bjorklund et al., 1997; Deierborg et al., 2008; Gash et al., 1996, Ramaswamy et al., 2009). In
one early study, repeated injections of recombinant rat GDNF protected against
dopaminergic cell loss induced by transection of the adult rat medial forebrain bundle
(MFB), the fibre bundle containing the dopaminergic projections from the substantia nigra
to the striatum (Beck et al., 1995). Another study found that delivery of GDNF using
polymer-encapsulated baby hamster kidney (BHK) cells at one week before axotomy of the
adult rat MFB induced motor improvements and rescued nigral dopaminergic neurones,
without significant protection of striatal dopamine levels (Tseng et al., 1997).
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The most widely-used laboratory model of PD involves unilateral injection of the selective
dopaminergic toxin, 6-OHDA, into either the MFB, the substantia nigra or the striatum of
the adult rat. This results in the degeneration of nigrostriatal dopaminergic neurones and
consequent depletion of striatal dopamine transmission on one side of the brain. Stereotaxic
injection of 6-OHDA into the MFB or substantia nigra induces a substantial lesion of the
nigrostriatal pathway (Ungerstedt & Arbuthnott, 1970), while intrastriatal injection of this
toxin induces a more protracted neurodegeneration, which begins after a delay of about a
week and continues for several weeks (Sauer & Oertel, 1994). Several groups have examined
the effects of intracerebral injection of recombinant GDNF in rats with 6-OHDA-induced
lesions of the MFB. A single dose of GDNF to the substantia nigra, given four weeks after a
6-OHDA lesion of MFB, resulted in improvements in motor deficits (drug-induced
rotational asymmetry, a commonly-used motor test in rat PD models) and preservation of
nigral dopaminergic neurones (Bowenkamp et al., 1995; Hoffer et al., 1994). GDNF injection
just above the substantia nigra and into the lateral ventricle immediately before 6-OHDA
injection into the MFB conferred significant protective effects on nigral dopaminergic
neurones, on striatal dopamine release and uptake, and on motor function (Opacka-Juffry et
al., 1995). In adult rats with bilateral 6-OHDA lesions of the MFB, a model of severe PD,
injection of high doses of GDNF into the lateral ventricles resulted in improved motor
function and sparing of nigral dopaminergic neurones (Bowenkamp et al., 1997). Although
GDNF has been reported to have protective actions in 6-OHDA-lesioned rats of all ages, its
effects appear to be dependent on the age of the host, as one study found that young rats
displayed significantly higher levels of neuroprotection than aged rats (Fox et al., 2001). This
may be relevant to clinical trials, where the age of the patient may determine the extent of
neuroprotection that is achievable with GDNF treatment.

The intrastriatal lesion model has been used extensively in studies on neurotrophic factors,
since in this model it is possible to administer the factors while the progressive
neurodegeneration is still taking place. Supranigral administration of recombinant human
GDNF for four weeks, starting at the day of a 6-OHDA-induced lesion of the rat striatum,
completely prevented nigral cell death (Sauer et al., 1995). When administered one day
before a 6-OHDA lesion of either the striatum or substantia nigra, intranigral injection of
GDNF had protective effects on rat nigral dopaminergic cell bodies (Kearns & Gash, 1995).
A series of four intrastriatal injections of GDNF was found to decrease drug-induced
rotations and preserve nigrostriatal dopaminergic neurones in adult rats with 6-OHDA-
induced striatal lesions (Shults et al., 1996). Long-term rescue of nigrostriatal dopaminergic
neurones from intrastriatal 6-OHDA lesions was reported after short-term GDNF treatment,
beginning five days after the lesion and being administered every fourth day for one month
(Winkler et al., 1996). Long-term protection against rotational asymmetry, reductions in
striatal dopamine levels and uptake, and death of nigral dopaminergic cell bodies induced
by 6-OHDA lesions of the MFB was conferred by a single dose of GDNEF, divided between
the lateral ventricle and substantia nigra (Sullivan et al., 1998). GDNF injections into the
striatum at one week after an intrastriatal 6-OHDA lesion resulted in reinnervation of the
striatum as well as recovery of motor function (Rosenblad et al., 1998), indicating that the
ability of intrastriatal GDNF injection to confer behavioural improvements may be due to its
effects on the remaining striatal afferents in the partially-denervated striatum.

For application to clinical studies, the optimal injection site for production of safe and
effective results is obviously an important consideration. Some studies have directly
compared the sites of administration of GDNF in 6-OHDA-lesioned rats. In a study
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designed to compare the various sites of intracerebral injection, intrastriatal GDNF had
significant protective effects on motor function and on the integrity of the nigrostriatal
pathway, intranigral GDNF protected nigral cell bodies but not striatal innervation or motor
function, while intraventricular GDNF had no significant effects (Kirik et al., 2000). Another
study by the same group found that delayed intraventricular infusion of GDNF starting two
weeks after an intrastriatal 6-OHDA lesion had profound protective effects on the integrity
and function of the nigrostriatal pathway, which lasted for six weeks after cessation of
GDNF infusion, whereas the effects of intrastriatal infusion stopped upon withdrawal of
GDNF (Kirik et al., 2001). Another group found that delayed intrastriatal infusion of a high
dose of GDNF at four weeks after an intrastriatal 6-OHDA lesion induced restorative effects
on the nigrostriatal dopaminergic pathway, in terms of both motor behaviour and the
integrity of dopaminergic neurones and their terminals (Aoi et al.,, 2000). Thus, the
intrastriatal route of administration appears to be the most efficacious in this rodent model
of PD. In another study, sequential application of GDNF over the nigra for two weeks,
followed by injections of GDNF into the striatum for three weeks, in rats with intrastriatal 6-
OHDA lesions, protected nigral dopaminergic cell bodies but did not prevent striatal
denervation or improve motor function (Rosenblad et al., 2000). This suggests that the motor
improvements observed in the other studies were dependent on an ability of GDNF to
induce reinnervation of the lesioned striatum, perhaps by stimulating axonal sprouting from
the remaining dopaminergic neurones. Thus, once the axonal retraction to the level of the
nigra has occurred, application of GDNF to the striatum appears to be ineffective. This is an
important consideration for clinical studies, as it suggests that there is a window of
opportunity in which GDNF application may be therapeutically effective, but that this factor
may not be useful at advanced stages of the disease.

In another commonly-used animal model of PD, N-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-treated adult mice, GDNF administration induces potent effects
on nigrostriatal dopaminergic neurones (Tomac et al., 1995). This study found that GDNF
could be injected either before or one week after MPTP treatment, to confer significant
preventative or restorative effects, respectively. Another study reported that GDNF injection
into the striatum at one week after MPTP treatment of young or aged mice induced recovery
of motor function (Date et al., 1998).

Another well-established animal model of PD is the MPTP-treated non-human primate
brain, which has the advantage of being closer than the rodent brain to the human brain in
terms of organisation and size. Gash and colleagues showed that administration of
recombinant GDNF every four weeks in MPTP-treated rhesus monkeys induced motor
recovery as well as a significant increase in the size of cell nigral dopaminergic neurones
and in the density of their striatal projections (Gash et al., 1996). Combined application of
oral levodopa and intracerebroventricular GDNF resulted in significant behavioural
improvements with reduced levodopa-induced side-effects, in MPTP-treated rhesus
monkeys (Miyoshi et al., 1997). Another study found that intraventricular GDNF improved
motor function and reduced levodopa-induced dyskinesias in MPTP-treated monkeys
(Iravani et al., 2001). Significant recovery of motor function for at least four months was
reported in MPTP-treated monkeys that had received GDNF into the lateral ventricles
(Zhang et al., 1997). Intraventricular injections of GDNF were found to induce increases in
dopamine levels in the substantia nigra, but not the striatum, of MPTP-treated rhesus
monkeys (Gerhardt et al., 1999). Infusion of GDNF into the putamen of MPTP-treated rhesus
monkeys induced a gradual and significant reduction in parkinsonian symptoms (Grondin
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et al., 2002). This appeared to be a regenerative action, since GDNF was injected at three
months after the MPTP lesion, when the nigrostriatal pathway had presumably undergone
significant degeneration. Chronic intraputaminal administration of GDNF in aged rhesus
monkeys had a long-lasting protective action on nigrostriatal dopaminergic neurones and
on motor function, without any adverse side-effects (Maswood et al., 2002). In addition to
effects on PD models, a single intranigral injection of GDNF can induce increases in
nigrostriatal dopamine neurotransmission in normal rhesus monkeys, lasting for at least
three weeks (Gash et al., 1995).

Like all neurotrophic proteins, GDNF is metabolised rapidly in the brain and thus single
injections of this factor cannot confer permanent effects. Gene therapy approaches have been
applied in attempts to achieve long-term and targeted delivery of GDNF to the injured
nigrostriatal pathway. An adenoviral vector was used to deliver GDNF into or close to the
substantia nigra (Choi-Lundberg et al., 1997, Mandel et al., 1997) or into the striatum
(Balemans & Van Hul, 2002; Bilang-Bleuel et al., 1997; Choi-Lundberg et al., 1998) of rats
with intrastriatal 6-OHDA lesions. Each of these studies reported significant motor
improvements, as well as direct effects on nigral dopaminergic neurones and their
terminals. When administered into the substantia nigra at ten weeks after a 6-OHDA lesion
of the adult rat MFB, adenoviral vector-delivered GDNF induced significant motor
improvements and recovery of nigrostriatal dopamine neuronal function (Lapchak et al.,
1997). Adenoviral-delivered GDNF induced behavioural and neuroprotective effects when
injected into the substantia nigra, but not when injected intrastriatally, in rats that had
intrastriatal 6-OHDA lesions (Kozlowski et al., 2000). In MPTP-treated mice, adenoviral
vector-mediated GDNF delivery to the striatum prevented depletion of striatal dopamine
levels (Kojima et al.,, 1997). A study which compared the effects of intrastriatal and
perinigral injection of an adenoviral vector encoding GDNF found that, while both injection
routes conferred protective effects on dopaminergic cell bodies in the nigra, only the
intrastriatal route reduced motor deficits in rats with intrastriatal 6-OHDA lesions (Connor
et al., 1999).

Another vector system, based on adeno-associated virus (AAV) 2, has also shown efficacy in
animal models of PD. Mandel and co-workers reported significant protective effects on the
nigrostriatal pathway and its functioning, in adult rats with intrastriatal 6-OHDA lesions
following intranigral injection of AAV2-GDNF either three weeks before (Mandel et al.,
1997) or just after the lesion (Mandel et al., 1999). AAV2-mediated delivery of GDNF to the
striatum, but not to the substantia nigra, induced gradual behavioural recovery and
regeneration of the 6-OHDA-lesioned nigrostriatal system in adult rats (Kirik et al., 2000).
AAV vectors have advantages over adenoviral vectors in that they can integrate and stably
express their transgene product in non-dividing cells such as neurons. Also, they are
relatively safe as there is little or no host immune response, due to the absence of viral genes
in these vectors. Their disadvantage is that they can only deliver gene constructs of
relatively small size compared to those that adenoviral vectors can accommodate.
Furthermore, there is a delay before the transgene is expressed following intracerebral
injection of an AAV vector.

A third type of vector system, based on lentiviruses, has also been used to deliver GDNF in
PD animal models, with promising results. Lentiviral vectors have the capacity to deliver
large transgenes and they can integrate efficiently into non-dividing cells. Delivery of the
human GDNF gene using lentiviral vectors in MPTP-lesioned rhesus monkeys and in aged
rhesus monkeys achieved long-term gene expression and significant functional benefits
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(Kordower et al., 2000). Kordower and colleagues administered lentiviral-GDNF to the
striatum and substantia nigra of nonlesioned aged monkeys and MPTP-treated young
monkeys and found extensive expression of GDNF in all of the brains. Lentiviral-delivered
GDNF reversed motor deficits in the aged monkeys, and prevented nigrostriatal
degeneration and the development of functional deficits in the MPTP-lesioned animals.
Another study used a lentiviral vector to achieve long-term delivery of GDNF to the
striatum and substantia nigra of aged rhesus monkeys, and found that this treatment
conferred significant protective effects on the functioning and integrity of the nigrostriatal
pathway (Emborg et al., 2009). Lentiviral delivery of GDNF was also found to increase the
number of intrinsic dopaminergic neurones in the primate striatum (Palfi et al., 2002). Dowd
et al found that lentiviral-mediated GDNF delivery into the striatum and above the
substantia nigra rescued complex motor behaviour (such as corridor, staircase, stepping and
cylinder tasks), as well as drug-induced rotational asymmetry, in rats with 6-OHDA lesions
of the MFB (Dowd et al., 2005). Lentiviral-mediated delivery is very effective, but there are
concerns about its safety, which will have to be addressed before clinical application of this
system is feasible.

Thus, gene therapy has shown great promise as a means of achieving long-term and
targeted delivery of GDNF to the nigrostriatal system (for reviews see Bjorklund & Lindvall,
2000; Kordower, 2003; Manfredsson et al., 2009). Viral vector technology has also been used
to deliver GDNF to the brain in models of other diseases. For example, significant
neuroprotective effects were reported in a study that used adenoviral vectors to deliver
GDNF to the cortex in an adult rat model of focal cortical trauma (Hermann et al., 2001).
Adenoviral-mediated GDNF expression has been reported to rescue rat retinal ganglion
cells after axotomy (Schmeer et al., 2002), to protect motoneurones in a transgenic mouse
model of amyotrophic lateral sclerosis (Wang, et al., 2002) and to promote functional
recovery in a rat model of spinal cord injury (Tai et al., 2003). AAV-2-mediated delivery of
GDNF was found to confer neuroprotective effects and motor improvements in both a toxin-
mediated adult rat model (McBride et al.,, 2003) and in a transgenic mouse model of
Huntington’s disease (McBride et al., 2006).

Another avenue of exploration is the co-administration of neurotrophic factors with
neuronal transplants in cell replacement therapy approaches to PD. Transplantation of
embryonic midbrain tissue is a promising and successful therapy for PD, but is limited by
the poor survival of the transplanted dopaminergic neurones (for recent reviews, see
Brundin et al., 2010; Hedlund & Perlmann, 2009; Olanow et al., 2009). GDNF has been
shown by several groups to improve the survival and integration of grafted embryonic
dopaminergic neurones in animal models of PD. Rosenblad and colleagues reported that
repeated injections of this factor adjacent to embryonic rat ventral midbrain grafts in the 6-
OHDA-lesioned rat striatum improved the survival of the grafted dopaminergic cells and
induced earlier recovery of motor function than untreated grafts (Rosenblad et al., 1996).
Improvements in the survival of grafted dopaminergic neurones and their integration into
the host striatum were also reported after pre-incubation of the grafts with GDNF
(Apostolides et al., 1998; Granholm et al., 1997; Sullivan et al., 1998; Yurek, 1998). Injection of
GDNF along the nigrostriatal tract stimulated the outgrowth of dopaminergic fibres from
intranigral grafts towards the striatum (Sinclair et al., 1996; Tang et al., 1998; Wang, Y. et al.,
1996). Enhancement of complex motor functions, as well as improved graft survival, were
found in 6-OHDA-lesioned rats that had received GDNF-pretreated grafts (Mehta et al.,
1998). GDNF pretreatment has also been used to promote the survival of human fetal
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midbrain tissue, prior to grafting into two PD patients (Mendez et al., 2000). These patients
displayed a large increase in fluorodopa uptake after one year, an index of striatal
dopaminergic transmission, as measured by positron emission tomography (PET).

Ex vivo gene therapy approaches have been applied in attempts to extend the effects of
exogenous GDNF, which is rapidly metabolised in vivo. Genetically-modified embryonic rat
midbrain cells which overexpress GDNF have been found to induce earlier functional
recovery in 6-OHDA-lesioned rats than control grafts (Bauer et al., 2000). GDNEF-
overexpressing rat neural precursor cells also significantly increased the survival of co-
grafted embryonic dopaminergic neurones (Ostenfeld et al., 2002). Human neural
progenitor cells have been used to deliver GDNF, which conferred protective effects on the
lesioned nigrostriatal pathway in adult rats (Behrstock et al., 2006). This cellular delivery
system, which allows the release of GDNF under an inducible promoter, has also been
found to provide GDNF to the aged monkey brain for at least three months (Behrstock et al.,
2006). Encapsulation technology involves enclosing cells within a semi-permeable
membrane composed of polymer fibres, which allows outward diffusion of any proteins
secreted by the cells, while preventing the cells from proliferating extensively and forming
tumours. Intrastriatal grafting of an encapsulated GDNF-expressing human (BHK) cell line
has been shown to confer neuroprotective and restorative effects in 6-OHDA-lesioned rats
(Date et al., 2001; Shingo et al., 2002), particularly when the GDNF-expressing cells are
implanted at an early stage of the disease progression (Yasuhara et al., 2005). Encapsulated
human fibroblasts genetically engineered to overexpress GDNF were found to exert
regenerative effects when implanted into the rat striatum one week after an intrastriatal 6-
OHDA lesion (Sajadi et al., 2006). Although the cells were removed after six weeks, the
regenerative effects on motor function and on nigral dopaminergic neurones were evident
for a further seven weeks, indicating that transient delivery of GDNF was sufficient to
confer sustained effects. In MPTP-treated primates, encapsulated GDNF-expressing cells
induced transient motor improvements and increases in striatal dopamine uptake, without
any adverse side-effects (Kishima et al., 2004). Encapsulated cells expressing GDNF have
also been applied in combination with embryonic rat brain grafts in 6-OHDA-lesioned rats,
and were found to improve the survival of the grafted dopaminergic neurones and their
functional effects (Sautter et al., 1998). Encapsulated cell technology may have great
potential for future clinical studies, should the promising effects found in these animal
studies be extended to show long-term and safe delivery of appropriate doses of
neurotrophic proteins (for reviews see Bensadoun et al., 2003; Lindvall & Wahlberg, 2008).

3.2 Effects of neurturin in vivo

Neurturin has been found to exert protective and functional effects on dopaminergic
nigrostriatal neurones after 6-OHDA lesions of the adult rat MFB (Akerud et al., 1999;
Horger et al., 1998) or of the striatum (Oiwa et al., 2002; Rosenblad et al., 1999), and after
axotomy of the MFB in adult rats (Tseng et al., 1998). The study by Rosenblad and
colleagues directly compared the effects of neurturin with those of GDNF in the striatal 6-
OHDA lesion model. They found that neurturin was less efficacious than GDNF after
intrastriatal and especially after intraventricular delivery, which may reflect poor solubility
of neurturin in vivo (Rosenblad et al., 1999). Another study showed that delivery of
neurturin into the cerebral ventricles of adult rats using mini-pumps resulted in an increase
in striatal dopamine levels (Hoane et al., 1999). A recent study reported that intranigral
injection of recombinant neurturin induced increases in striatal dopamine release, which
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were similar in magnitude to those induced by intranigral injection of recombinant GDNF
(Cass & Peters, 2010). Intracerebral delivery of recombinant neurturin has also been found to
protect nigrostriatal dopaminergic neurones and induce improvements in motor function in
MPTP-treated monkeys (Grondin et al.,, 2008; Li et al., 2003). Co-administration with
recombinant neurturin protein has been reported to improve the survival of fetal rat
dopaminergic neurones after intrastriatal grafting into 6-OHDA-lesioned adult rats
(Rosenblad et al., 1999).

The need for sustained delivery of neurotrophic proteins to the brain led to studies using
viral vector-based delivery systems, which have shown promising results in animal models
of PD. Lentiviral gene delivery to the striatum of 6-OHDA-lesioned adult rats of a modified
neurturin construct, which had the pro-region deleted and replaced with an
immunoglobulin heavy-chain signal peptide, had protective effects on the nigrostriatal
pathway (Fjord-Larsen et al., 2005). Sustained functional recovery, with minimal side-
effects, was achieved following stereotaxic injection of an adeno-associated virus (AAV) 2-
based vector encoding the human neurturin gene, in MPTP-treated monkeys (Kordower et
al., 2006) and 6-OHDA-lesioned rats (Gasmi et al., 2007). Stable expression of neurturin
using this AAV2 delivery system was achieved for at least a year in rats (Gasmi et al., 2007).
Kordower and colleagues showed that, ten months after treatment with AAV2-neurturin
into the striatum and substantia nigra, MPTP-treated parkinsonian monkeys showed a large
reduction in the intensity of their motor symptoms compared to buffer-injected animals,
which displayed stable symptoms throughout the study. This functional recovery was
accompanied by significant preservation of dopaminergic neurones (Kordower et al., 2006).
A study using the same expression system in 6-OHDA-lesioned adult rats found long-term
neurturin expression in the striatum and dose-dependant protective effects on the
nigrostriatal dopaminergic neurones for at least ten months (Gasmi et al., 2007). Similar
results were found after application of this system in aged monkeys and no adverse effects
were recorded in this study after thorough toxicological testing (Herzog et al., 2007). A
further study by this group found that the expression of neurturin using this system could
be sustained for a year in rhesus monkeys, as could its therapeutic effects (Herzog et al.,
2009). Unlike the case with GDNF, no antibodies to neurturin or no pathological
abnormalities were detected after AAV2-delivery in primates (see Bartus et al., 2007).
Neurturin has also been reported to have protective effects on striatal projection neurones in
a rat model of Huntington’s disease (Perez-Navarro et al., 2000). AAV-2-mediated delivery
of neurturin had neuroprotective effects and induced motor improvements in a genetic
mouse model of Huntington’s disease (Ramaswamy et al., 2009).

3.3 Effects of GDF5 in vivo

Several in vivo studies have shown that GDF5 can protect and restore adult rat nigrostriatal
dopaminergic neurones in 6-OHDA-lesioned models of PD. The first such study reported
that intracerebral injection of recombinant human GDF5 just above the substantia nigra and
into the lateral ventricles produced significant improvements in motor function, protected
nigral dopaminergic neurones and their striatal terminals, and preserved striatal levels of
dopamine, its metabolites and its uptake, in rats with 6-OHDA lesions of the MFB (Sullivan
et al., 1997). A follow-up study compared three injection sites and found that application of
GDF5 into either the striatum or substantia nigra, but not into the lateral ventricle, produced
optimal neuroprotective effects (Sullivan et al., 1999). Delayed intrastriatal administration of
recombinant human GDF5 at one or two weeks after an intrastriatal 6-OHDA lesion resulted
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in significant improvements in motor behaviour but only the one-week injection regimen
induced sparing of nigral dopaminergic cell bodies, whereas there was no significant rescue
of striatal dopaminergic terminals after either time-point of treatment (Hurley et al., 2004).
This indicates that there is a window of time at which the degenerating nigrostriatal
pathway can be rescued by exogenous trophic factors. This has relevance to clinical studies,
as such therapies may only be effective at earlier stages of the disease. GDF5 has also been
reported to improve the survival and function of grafted dopaminergic neurones to the
same extent as GDNF (Sullivan et al., 1998). This study found that incubation of embryonic
rat midbrain tissue in GDF5 or GDNF prior to intrastriatal grafting into rats which had 6-
OHDA lesions of the MFB, produced significant improvements in the survival of the grafted
cells. Furthermore, GDF5-treated grafts conferred significant motor improvements and
preservation of nigral dopaminergic neurones and their striatal terminals in 6-OHDA-
lesioned rats, to at least the same extent as GDNF-treated grafts (Sullivan et al., 1998). Each
of these in vivo studies involved infusion of recombinant GDF5 protein, which can only be
effective for a limited time due to its being metabolised in the brain. Future studies will
examine alternative administration methods, such as viral vector-mediated delivery or the
use of encapsulated cell technology. One recent study reported that GDF5-overexpressing
embryonic rat midbrain transplants survived well in the 6-OHDA-lesioned adult rat
striatum and had significant effects to improve motor behaviour in these animals
(O'Sullivan et al., 2010).

3.4 Effects of MANF / CDNF in vivo

Intracerebral injection of recombinant human CDNF has been reported to have potent
protective and restorative effects on the 6-OHDA-lesioned adult rat nigrostriatal pathway
(Lindholm et al., 2007). Intrastriatal administration of recombinant human MANF also has
protective and restorative effects on dopaminergic neurones in 6-OHDA-lesioned adult rats
(Voutilainen et al., 2009). Both of these studies reported motor recovery (reductions in drug-
induced rotations) and preservation of dopaminergic nigral cell bodies and their terminals
in the striatum, conferred by intrastriatal injection of the neurotrophic factor six hours
before or four weeks after intrastriatal injection of 6-OHDA. The same group recently
reported that intrastriatal infusion of CDNF via mini-pumps for two weeks, beginning at
two weeks after an intrastriatal 6-OHDA lesion, was able to confer motor improvements and
partially protect dopaminergic nigral cell bodies and their striatal terminals (Voutilainen et
al., 2011). It is interesting that MANF appears to be transported through the brain in a
different manner to that of GDNF, as radiolabelled MANF is transported to the cortex after
intrastriatal injection (Voutilainen et al.,, 2009), while labelled GDNF is retrogradely
transported to the substantia nigra (Leitner et al., 1999; Tomac et al., 1995), as is labelled
CDNEF (Voutilainen et al., 2011). Recombinant human MANF has also been reported to have
neuroprotective effects on cortical neurones in an adult rat model of ischemic stroke
(Airavaara et al., 2009).

4. Dopaminergic neurotrophic factors in clinical trials

4.1 GDNF in clinical trials

The potent and reproducible effects of GDNF in animal models led to the initiation of
clinical trials using this factor in PD patients. The clinical application of neurotrophic factors
is hampered by the fact that these proteins do not cross the blood-brain barrier, and are
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rapidly degraded in vivo. The need for direct intracerebral delivery of neurotrophic factors
may increase the level of complications in patients. The first clinical trial in PD patients was
a randomised controlled trial involving 50 patients, and used intraventricular delivery of
recombinant human GDNF (r-methionylGDNF, liatermin®, manufactured by Amgen) or
placebo (Nutt et al., 2003). This study reported no significant benefits of GDNF treatment
over the placebo, probably because GDNF did not reach the striatum in sufficient amounts.
In addition, troublesome side-effects were observed, including pain, depression, appetite
loss and I’'Hermitte’s sign (Kordower et al., 1999; Nutt et al., 2003); these may have been due
to the intraventricular delivery mechanism that was used in this trial.

Due to the suggestion that intraventricular delivery did not achieve GDNF delivery to the
target tissues in the striatum, subsequent trials used direct administration to brain
parenchyma using a catheter system. Promising results emerged from two open-label trials,
which used intraputaminal infusion of recombinant GDNF (Gill et al., 2003; Love et al., 2005;
Patel et al., 2005; Slevin et al., 2005). These trials both reported improvements in the patients’
motor symptoms and in activities of daily living, without any serious side-effects. Gill and
colleagues demonstrated that direct unilateral (in one patient) or bilateral (in four patients)
intraputaminal infusion of GDNF had long-lasting benefits in five patients suffering from
advanced PD. After 24 months of treatment, all patients reported complete absence of
akinesia and a 73% reduction in the duration of dyskinesic episodes. Motor dysfunction was
reduced in both on- and off- medication phases compared to the pre-treatment level
(UPDRS part III score was reported to be 57% lower off medication and 48% lower on
medication). Similarly, functional deficits were reduced by 63% when off medication and
58% when on medication (UPDRS part II score) (Patel et al., 2005). The second study, by
Slevin and co-workers, used unilateral intraputaminal infusion of escalating doses of GDNF
in ten patients with advanced PD and reported similar results, showing bilateral motor
improvements after 24 weeks (Slevin et al., 2005). In both studies, the only consistent
adverse effect was a mild 1'Hermitte’s sign. Improvements in dopamine storage were
detected in the regions surrounding the catheter which was used for infusion of GDNF (Gill
et al., 2003; Love et al., 2005).

The two open-label studies demonstrated the feasibility and sustainability of GDNF
treatment by intraputaminal infusion. However, a subsequent randomised placebo-
controlled trial, involving 34 patients (17 received GDNF and 17 received placebo), reported
no significant motor improvements in PD patients (Lang et al., 2006). After six months of
bilateral intraputaminal infusion of recombinant GDNF, there were no significant
differences between the motor UPDRS scores in patients that had received GDNF and in
those that had received a placebo. Furthermore, safety concerns were raised, since
approximately 10% of the GDNF-treated patients developed antibodies against the peptide,
which could potentially counteract the therapeutic benefits (Tatarewicz et al., 2007). A
similar proportion of patients who had participated in the two open-label trials also
developed antibodies to GDNF (Slevin et al., 2005). PET studies showed a significant
increase in 18F-dopa intake in the GDNF-infused patients compared to the placebo group,
demonstrating a functional effect of GDNF infusion, although this did not translate into
significant motor improvements (Lang et al., 2006). The discrepancies between the open-
label and placebo-controlled trials may have been due to variations in patient selection, as
well as to a placebo effect. Optimisation of surgical methodologies, catheter design and
positioning, drug dosage and diffusion, and patient selection will be necessary for any
future GDNF clinical studies. The development of inexplicable cerebellar pathology in a
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primate model of PD after administration of a high dose of GDNF has raised a further safety
issue (Hovland et al., 2007). This resulted in a controversial decision by Amgen to cease all
clinical trials using GDNF (see Barker, 2006; Lang et al., 2006; Penn et al., 2006). A recent study
paved the way for future clinical trials by investigating GDNF distribution in the non-human
primate brain following AAV2-mediated intraputaminal delivery (Richardson et al., 2011). It
appears to be generally accepted that GDNF therapy for PD requires further development in
pre-clinical trials and it is probable that alternative methodologies, such as viral vector-
mediated expression, may prove to be more effective for achieving long-term and targeted
GDNEF delivery (see Evans & Barker, 2008; Morrison et al., 2007; Sherer et al., 2006).

4.2 Neurturin in clinical trials

Based on the promising results found in animal studies using AAV2-mediated gene transfer
of neurturin (CERE-120®), an open-label Phase 1 clinical trial using gene therapy to deliver
neurturin was initiated in PD patients by the company Ceregene (Marks et al., 2008). Twelve
patients, each suffering from advanced PD, received bilateral intraputaminal injections of
AAV2-neurturin (at one of two doses) and were followed for twelve months. Results
showed that neurturin-treated patients displayed reductions in their off-medication UPDRS
score, decreases in the time spent in the “off” period and reductions in dyskinesias, without
any adverse side-effects (Marks et al., 2008). However, a subsequent double-blind Phase 2
trial, which involved 58 PD patients, was reported to have failed. In this trial,
intraputaminal AAV2-neurturin did not have superior effects on motor function than sham
surgery, when assessed after twelve months, and only modest benefits were recorded after
eighteen months. Serious adverse side-effects were reported in about a third of the
neurturin-treated patients (Marks et al., 2010). Ceregene began to recruit PD patients for a
new double-blind trial using AAV2-neurturin in September 2010 (www.ceregene.com/
press_101910.asp). This multi-centre phase 2 trial will involve about 52 patients, half of
whom will receive intraputaminal AAV2-neurturin and half of whom will receive sham

Neurotrophic Trial type Dell'very N(?' of Ag.e/ duration of Benefits Side-effects Reference
factor Site  patients disease (years)
LS
rh-methionyl- MC,R,DB, ’
GDNF PC ICV 50 5848 / 116 No Nausea, Nutt 2003
Anorexia
rh-methionyl- Open- Gill 2003
GDNF label IPu 5 54246 / 1949.8 Yes LS Patel 2005
rh-methionyl- Open- LS, .
GDNF label [Pu 10 57.9+9.3 / 8.7+3.6  Yes Headaches Slevin 2005
. LS,
rh-methionyl- MCRDB, 33 56£72/97+#39 No  Anti-GDNF Lang 2006
GDNF PC g
antibodies
AAV2- Open- IPu 12 5748 / 1143 Yes  Headaches Marks 2008
neurturin label
Aszt MG, DB, IPu 58 607 / 1043 No Headaches Marks 2010
neurturin SSC

(rh - recombinant human, MC - multi-centre, R - randomised, DB - double-blind,

PC - placebo-controlled, SSC - sham surgery-controlled, ICV - intracerebroventricular,
IPu - intraputaminal, LS - 'Hermitte’s sign)

Table 1. Clinical trials using neurotrophic factors
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surgery. It is hoped that a new dosing regimen, designed to maximise the delivery of the
neurturin gene throughout the degenerating nigrostriatal system, will be the key to a
promising outcome from this trial. This hypothesis is based on a post mortem analysis on
the brains of some of the patients who had received AAV2-neurturin (and who had died of
unrelated causes), which found that neurturin had been retrogradely transported from the
intraputaminal injection site to the substantia nigra (Bartus et al., 2011). The company
subsequently administered AAV2-neurturin to both the substantia nigra and the striatum of
six PD patients and, based on analysis of the safety data from these six patients, are now
recruiting patients for the second phase of this trial.

5. Conclusion

Despite the recent disappointing results in clinical trials with GDNF and neurturin, there
remains an optimism that neurotrophic factors will prove to be useful in PD therapy (see
Aron & Klein, 2011; Deierborg et al.,, 2008, Manfredsson et al., 2009). Optimisation of
delivery methods is needed and vital information is being gleaned in this respect from
studies in animal models of PD, such as grafting of encapsulated cells expressing
neurotrophic factors and viral-mediated neurotrophic factor delivery (for reviews see
Bjorklund et al., 2000; Deierborg et al., 2008; Kordower, 2003; Zurn et al., 2001). It is likely
that neurotrophic factors will be most applicable in the early stages of the disease, to
provide neuroprotection to the remaining nigrostriatal dopaminergic neurones before
extensive neuronal loss has occurred (see Bjorklund et al., 2009). For future clinical trials,
optimisation of surgical and infusion protocols, as well as careful patient selection, will be
critical to advance this promising therapeutic approach. Animal studies have provided signs
that neurotrophic factor therapy may be more applicable in young patients than in old, and
also that patients with an earlier, less severe, disease stage may be more responsive to this
type of therapy than those at advanced disease stages.

Researchers are currently investigating the use of stem or progenitor cells as a possible
alternative to freshly-dissected embryonic midbrain for transplantation in PD patients. The use
of such cells would alleviate some of the ethical and practical concerns associated with the use
of fresh embryonic tissue. It is likely that neurotrophic factors could be used to improve stem
cell therapy for PD, both to enhance the survival of transplanted dopaminergic precursor cells,
and to induce a dopaminergic cell fate in unspecified progenitors.

In conclusion, much research still remains to be conducted in the area of neurotrophic factor
therapy for PD. In the case of those factors which have been tested in clinical trials (GDNF and
neurturin) optimisation of the surgical delivery procedures and patient selection will be critical
to the ongoing development of this therapeutic approach. Exploration of novel delivery
mechanisms, such as viral vector-mediated delivery (as has been used in the Ceregene
neurturin trials) and cell encapsulation, which has been tested in animal models of PD to
deliver GDNF, will be critical. More information is needed about factors such as GDF5 and
CDNF, which have shown promise in preclinical models of PD. Knowledge of the receptors
and signal transduction pathways that are involved in the neurotrophic and protective effects
of these factors will aid the future development of safe and targeted therapeutics.
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