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Abstract
One of the critical issues in Parkinson disease (PD) research is the identity of the specific toxic,
pathogenic moiety. In PD, mutations in alpha-synuclein (αsyn) or multiplication of the SNCA
gene encoding αsyn, result in a phenotype of cellular inclusions, cell death, and brain dysfunction.
While the historical point of view has been that the macroscopic aggregates containing αsyn are
the toxic species, in the last several years evidence has emerged that suggests instead that smaller
soluble species - likely oligomers containing misfolded αsyn - are actually the toxic moiety and
that the fibrillar inclusions may even be a cellular detoxification pathway and less harmful. If
soluble misfolded species of αsyn are the toxic moieties, then cellular mechanisms that degrade
misfolded αsyn would be neuroprotective and a rational target for drug development. In this
review we will discuss the fundamental mechanisms underlying αsyn toxicity including oligomer
formation, oxidative stress, and degradation pathways and consider rational therapeutic strategies
that may have the potential to prevent or halt αsyn induced pathogenesis in PD.
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ALPHA-SYNUCLEIN AGGREGATION AS A THERAPEUTIC TARGET FOR
PARKINSON’S DISEASE

There is strong evidence to suggest that alpha-synuclein (αsyn) accumulation is an early
step in the pathogenesis of both sporadic and familial Parkinson’s disease (PD). Mutations
in the 3syn gene (A30P, E46K, and A53T) are associated with rare familial forms of PD [1–
3], and 3syn is abundant in Lewy bodies (LBs) even in sporadic PD [4, 5]. Moreover,
increased expression of αsyn in the brain due to the duplication and triplication of the
SNCA gene encoding αsyn, results in PD in rare cases [6, 7]. In animal models,
overexpression of 3syn in transgenic mice [8, 9], rat and mouse viral vector models [10–14]
and Drosophila [15] leads to 3syn aggregation and toxicity in the dopaminergic system.
Therefore, an entire class of neurodegenerative diseases, referred to collectively as the
“synucleinopathies” [16], appear to result from the accumulation of 3syn in various central
nervous system cell populations.
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αSyn is a natively unfolded molecule that can self-aggregate to form oligomers and fibrillar
intermediates [17–19]. LBs are small, round inclusions found in surviving neurons in PD
and DLB brains. They are predominantly localized in the substantia nigra pars compacta, but
can also be found in widespread cortical and subcortical regions [20]. αSyn is a major
component of LBs and Lewy neurites [5, 21] and the protein is highly amyloidogenic and
aggregates in vitro in a concentration-dependent manner to form fibrils reminiscent of those
observed in LBs [22, 23]. αSyn is normally localized in the presynaptic compartment,
however, in PD and DLB 3syn accumulates in aggregates with various morphologies within
neurons [20]. For the most part, these aggregates are densely compact, and can be
immunostained for multiple additional components, including the 3syn interacting protein,
synphilin-1 [24, 25], ubiquitin, which suggests that protein misfolding or clearance is altered
in cells that develop LBs [26], and chaperone proteins like heat shock protein 70 (Hsp70),
Hsp40 and Hsp27 [27, 28]. As expected, the conformation of 3syn in LBs is significantly
different from 3syn in the neuropil, as assessed by Förster resonance energy transfer [29]
and fluorescence lifetime imaging studies [30]. However, the conformation of 3syn found in
disease tissue remains unknown, although it has been postulated that oligomeric species
represent the toxic genus [8, 31–35]

Given that the aggregation process of αsyn is a key factor in the development of PD and
related synucleinopathies, molecules that inhibit αsyn oligomerization may lead to therapies
to prevent or control these diseases as well as to a better understanding of the disease
process (Fig. 1). Oligomerization of αsyn initiates with the dimerization of partially folded
monomers [36, 37], followed by the formation of β-sheet rich nonfibrillar, oligomeric
intermediates, also known as protofibrils. Protofibrils are transient β-sheet-containing
oligomers that are formed during aggregation. Studies have shown that the presence of the
disease-associated mutations in αsyn increase rates of self-assembly and fibrillization [23].
Current thinking is that it is the soluble, oligomeric/protofibrillar forms of αsyn that
represent the toxic species rather than the insoluble fibrils found in LBs [8, 32–35, 38–44].

TARGETING αSYN OLIGOMERS AS THE CRITICAL TOXIC MOIETY
In PD, αsyn-misfolding and aggregation is thought to proceed via a seeding-nucleation
mechanism. Speculation is that misfolded αsyn acts as a template for the conversion of the
native α-helical form to a pathogenic β-sheet structure. Indeed, in vitro studies have
revealed that αsyn aggregation is a nucleation-dependent process that initiates with the
progression of monomer to oligomers to fibrils [23, 45]. An increasing number of studies
now suggest that prefibrillar oligomers and protofibrils of αsyn, rather than mature fibrils,
are the pathogenic species [8, 23, 39, 42, 46] and recent investigations have shown that a
heterogenous population of αsyn oligomeric species may exist in equilibrium causing cell
death either directly or indirectly [47].

αSyn oligomers can be generated in vitro from recombinant protein and many protocols
exist describing the production of these oligomers [47–49]. Recently, assays to monitor cell
produced αsyn oligomers have been described for living cells in culture [50, 51] and in vivo
region-specific αsyn oligomers have been detected. It seems that in vivo composition and
conformation of αsyn oligomers are crucial to contribute to neuronal dysfunction [52].

How αsyn oligomers induce cellular toxicity is not fully understood. Most recently, a in
vitro study showed that αsyn oligomers can inhibit Hsp70 activity [53] and another study
demonstrated that αsyn oligomers are capable of altering both pre- and postsynaptic alpha-
amino-3-hydroxy-5-methyl-4- isoxazole-propionic acid (AMPA)-receptor mediated synaptic
transmission [54]. Dysregulation in calcium homeostasis and changes in cell membrane
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permeability have previously been suggested as consequences of αsyn oligomers [47, 55,
56].

Recent methodological advances in solid-state nuclear magnetic resonance and electron
paramagnetic resonance spectroscopy have enabled determination of the 3D structure of
αsyn fibrils at residue-level resolution. Common thinking is that amyloids constitute parallel
β-sheets, in which individual polypeptide chains run roughly perpendicular to the major axis
of the fibril and are stacked in-register [57]. However, new studies suggest that a structural
disorder exists in amyloids which accommodates destabilizing residues and facilitates
secondary interactions between different protofibrils [57]. To date it is still unknown how
the structural transition from an initial globular or intrinsically disordered state to a highly
ordered regular form in the amyloid occurs. Although αsyn is intrinsically unfolded and
uncomplexed it differs from the random coil model. Electrostatic interactions and charged
residues in the αsyn sequence may help nucleate the folding of the protein into an 3-helical
structure and confer protection from misfolding [58]. Moreover, it is thought that at low pH
the N-terminus carries a large positive charge, while at neutral pH it has a balance of
positively and negatively charged residues. A locally collapsed C-terminus at low pH, which
becomes highly hydrophobic under these conditions, is involved in the earliest stages of
3syn aggregation. These data indicate the importance of the charge distribution in directing
both the mechanism and the rates of aggregation [59, 60].

MODIFIERS OF αSYN AGGREGATION AND TOXICITY
Reducing Oxidative Stress to Influence αsyn Aggregation and Related Toxicity

It is thought that, in idiopathic PD, epigenetic rather than genetic events are responsible for
initiation of degeneration in dopaminergic neurons, eventually leading to cell death.
Although the nature of neurotoxins that cause degeneration in dopaminergic neurons in PD
is not well understood, oxidative stress is one of the risk factors that could promote
degeneration of these neurons by influencing αsyn toxicity. A critical interaction between
αsyn, oxidative stress, and PD is supported by experiments that demonstrate both in vitro
and in vivo that oxidative stress promotes the formation of αsyn aggregates and inclusions
[61, 62]. Mitochondrial dysfunction has long been implicated in the pathogenesis of PD.
Evidence first emerged following the accidental exposure of drug users to 1-methyl-4-
phenyl-1,2,3,4-tetrahydropyridine (MPTP), an environmental toxin that results in acute
parkinsonian syndrome. The active metabolite of MPTP, 1-methyl-4-phenylpyridinium
(MPP+), is an inhibitor of the mitochondrial electron transport chain and a substrate for the
dopamine transporter. MPP+ accumulates in dopaminergic neurons causing toxicity [63].
Importantly, complex I of the mitochondrial electron transport chain is decreased in the
substantia nigra of patients with PD, establishing a link between MPTP toxicity and
idiopathic PD [64]. Furthermore, MPP+ is capable of inhibiting complex I activity [65, 66]
leading to enhanced H2O2 generation and αsyn aggregation [67]. More recent studies in rats
have found that administration of the complex I inhibitor rotenone leads to the development
of a PD-like syndrome with neuronal degeneration and αsyn immunopositive inclusions
[68].

Several PD-associated genes have been identified so far and of them four, αsyn, DJ-1,
PINK1, and Parkin have been linked to oxidative stress and mitochondrial dysfunction [69–
71]. A relationship between αsyn and mitochondria has been suggested by several lines of
evidence. αSyn null mice are resistant to MPTP-induced degeneration of dopaminergic
neurons [72]. Furthermore, αsyn overexpressing transgenic mice develop significantly
greater mitochondrial abnormalities when treated with MPTP than saline-treated controls
[73] and overexpression of αsyn impairs mitochondrial function and promotes oxidative
stress [74]. Most recently, αsyn has been demonstrated to colocalize with mitochondria in
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the midbrain of mice [75], and with mitochondrial membranes when overexpressed in cells
in culture [76], providing evidence to physically link αsyn to mitochondria. The localization
of αsyn to mitochondrial membranes results in the release of cytochrome c and an increase
in mitochondrial calcium and nitric oxide [76]. Other studies have identified a cryptic
mitochondrial targeting signal in the N-terminal 32 amino acids of αsyn that is responsible
for a subsequent reduction in mitochondrial complex I activity [77].

Epidemiological studies also suggest an involvement of heavy metals in the etiology of PD
[78]. Several lines of evidence indicate that iron ions play an important role in PD
pathogenesis. The neurons that are most severely affected in PD are located in the substantia
nigra and locus coeruleus. These brain areas are enriched with neuromelanin that sequesters
reactive metals, mainly iron (Fe3+). In PD patients, a correlation between increased iron
levels and severity of neuropathological changes has been observed [79]. Significantly, high
levels of Fe3+ have been found in LBs [80] and recent evidence suggests that an increase in
iron levels is an early event in patients at risk for developing PD and precedes loss of
dopaminergic neurons [81–83]. Interestingly, iron chelators show neuroprotective activity
against proteasome inhibitor-induced, MPTP-induced, and 6-hydroxydopamine-induced
nigral degeneration [84–86]. Additionally, it has been suggested that iron can induce the
formation of intracellular αsyn aggregates [87–89], accelerate amyloid formation of αsyn,
and trigger the generation of oligomeric αsyn forms in vitro [90]. Most recently, iron has
also been found to induce pore-forming αsyn oligomers in vitro [91]. Taken together, these
findings implicate iron ions in the generation of αsyn aggregates and in disease progression
in PD. However, the underlying molecular events have not been elucidated so far.

Reactive oxygen species and toxic quinone species are also produced by dopamine through
autoxidation and enzyme catalyzed reactions. These dopamine oxidative metabolites are
accumulated in aging and subsequently result in impairment of the functions of
dopaminergic neurons [92]. Interestingly, a number of in vitro studies have shown that
dopamine can modulate the aggregation of αsyn by inhibiting the formation of or
disaggregating amyloid fibrils [93–95]. Recent evidence suggests that dopamine can induce
a conformational change in αsyn, which can be prevented by blocking dopamine transport
into the cell. Dopamine-induced conformational changes in αsyn are also associated with
alterations in oligomeric αsyn species [95]. Together, these results point to a direct effect of
dopamine on the conformation of αsyn in neurons, which may contribute to the increased
vulnerability of dopamingeric neurons in PD.

If enhanced oxidative stress alters the oligomeric profile of αsyn (Fig. 1) then the properties
of antioxidant reagents may make them therapeutically useful. Antioxidants such as vitamin
E and coenzyme Q10 are often recommended as nutritional supplements for patients in the
early stages of neurodegenerative disorders such as PD and Alzheimer’s disease and
curcumin was recently demonstrated to inhibit aggregation of αsyn in vitro [96].

Chaperone-Based Therapies that Target αsyn
Molecular chaperones are a general class of proteins that can help prevent protein
misfolding and/or aggregation or direct proteins towards degradation, and thus help maintain
normal protein structure and function. Studies have demonstrated that molecular chaperones
interact with misfolded 3syn [97, 98]. The hypothesis that molecular chaperones interact
with 3syn has a strong parallel in studies of trinucleotide repeat diseases [99]. In in vitro
models, transgenic mouse models, and Drosophila models, overexpression of Hsp70
provides protection against aggregation and/or toxicity of multiple types of polyglutamine
aggregates and polyalanine aggregates [100–106].
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HSPs are prominent in LBs, and are effective in preventing 3syn aggregation in vitro [27,
28, 97]. Thus Hsp70 and related co-chaperones may be important modifiers of 3syn
misfolding (Fig. 1). Overexpression of Hsp70 and related molecules can prevent 3syn
aggregates from forming in vitro [27], is protective against the toxic effects of 3syn
expression in culture [97], and diminishes the high molecular weight smear of 3syn found in
Masliah line D transgenic αsyn mice [97]. Most recently, Hsp70, Hsp40 and Hsp27 were all
found to be upregulated in substantia nigra following targeted viral vector-mediated
overexpression of αsyn in mice [13].

Pharmacological manipulation of the Hsp system with the Hsp90 inhibitor geldanamycin
(GA) upregulates Hsp70 and protects against αsyn toxicity in mammalian cell culture [107].
Data in the fly model also indicate that overexpression of the molecular chaperone Hsp70
protects against 3syn-induced degeneration [38, 108], and that GA leads to neuroprotection
in the fly [109]. The protective effect of GA occurred in parallel with a decrease in αsyn
aggregation in culture, whereas it correlated with an increase in detergent resistant,
presumably nontoxic αsyn species in the brains of transgenic flies. GA also protects against
dopaminergic neurotoxicity in MPTP-treated mice [110]. The data from these studies
support a model in which Hsp90 inhibitors inhibit the formation of toxic protein aggregates
by upregulating Hsp70. Taken together, molecular chaperones may represent a promising
therapeutic target for synucleinopathies and other neurodegenerative diseases where protein
misfolding is central to their pathogenesis.

A number of small molecule inhibitors of Hsp90 have been studied in models of PD and
other neurodegenerative diseases. Hsp90 is part of a complex that negatively regulates the
activity of the transcription factor, heat shock factor-1 (HSF-1). Inhibition of Hsp90
chaperone function, by reducing its ATPase activity, results in activation of HSF-1 and
subsequent increase in expression of protective stress-induced HSPs such as Hsp70 [111,
112]. As mentioned above, the benzoquinone ansamycin antibiotic GA is a naturally
occurring Hsp90 inhibitor which binds to an ATP site on Hsp90 and blocks its interaction
with HSF-1, leading to enhanced Hsp70 expression. However, GA has poor aqueous
solubility, does not cross the blood-brain barrier, and is associated with significant liver
toxicity. To overcome these properties which limit its clinical use, numerous GA analogues
have been designed including 17-(allylamino)-17-demethoxygeldanamycin (17-AAG, or
tanespimycin) and 17-dimethylaminoethylamino-17-demethoxy-geldanamycin
(alvespimycin). These analogs are blood-brain barrier permeable and are much less toxic
than GA. They also have higher affinity for Hsp90 than GA. 17-AAG upregulates Hsp70
expression while reducing αsyn protein levels and αsyn-mediated toxicity in a cell-based
system [51]. 17-AAG is also neuroprotective in preclinical studies of Huntington’s disease
and spinocerebellar ataxia [112, 113]. Currently, 17-AAG is in phase II trials as an anti-
tumour compound [114, 115]. However, the clinical utility of 17-AAG and its analog 17-
dimethylaminoethylamino-17-demethoxy-geldanamycin (17-DMAG) may be limited
because, while much less toxic than GA, they have caused varying degrees of hepatotoxicity
in earlier cancer trials. In addition, they have limited oral availability and have been difficult
to formulate [116, 117].

A novel class of synthetic small molecule Hsp90 inhibitors which are unrelated in structure
and exhibit unique activities relative to GA and its derivatives is SNX-2112 (4-[6,6-
dimethyl-4-oxo-3-(trifluoromethyl)-4,5,6,7-tetrahydro-1H-indazol-1-yl]-2-[(trans-4-
hydroxycyclohexyl)amino]benzamide) and its analogues [118, 119]. SNX-2112 was
identified in a compound library screen for scaffolds that selectively bind to the ATP pocket
of Hsp90. It is orally available and crosses the blood-brain barrier. Recent in vivo
pharmacokinetic and pharmacodynamic studies demonstrated that SNX-0723, another
member of this drug class, also has good brain absorption and excellent oral bioavailability
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[51]. Furthermore, a group of these novel Hsp90 inhibitors can decrease αsyn
oligomerization in vitro and rescue αsyn-induced toxicity [51], supporting further
investigation in vivo to determine if Hsp90 inhibition can rescue 3syn-mediated cell death in
animal models. With the first phase I clinical trial of SNX-5422, the pro-drug of SNX-2112
which is being developed for cancer therapy [120], the safety and tolerability of these drugs
in human subjects is beginning to be assessed.

Other drugs that upregulate Hsp70 and therefore may be candidates for study in PD include
radicicol, a naturally occurring antifungal that is structurally unrelated to GA, and its more
stable oxime derivatives. Like GA, radicicol and its derivatives are Hsp90 inhibitors but they
have up to 50-fold greater affinity for Hsp90 than GA. However, further drug development
of radicicol would be required as it has limited oral bioavailability and blood-brain barrier
permeability [116, 120]. A number of other synthetic small molecule inhibitors of Hsp90 are
currently being studied in clinical trials for cancer and may be potentially useful in PD
including IPI-504 (or retaspimycin), which is a GA derivative [121], and STA-9090, which
is structurally unrelated to GA [122].

Arimoclomol is an orally administered drug that upregulates expression of Hsp70 not by
inhibiting Hsp90 but by activating HSF-1 [123, 124]. It has been studied in a mouse model
of amyotrophic lateral sclerosis (ALS), a progressive neurodegene-rative motor neuron
disease, resulting in upregulation of Hsp70 with a decrease in the number of protein
aggregates in the spinal cord [125]. Also, there was a significant reduction in the
degeneration of motor neurons [126]. In phase I and IIa clinical trials, arimoclomol has
demonstrated adequate safety and tolerability [124, 127]. Currently, it is being tested in
phase II clinical trials for ALS.

Gene therapy strategies to modulate molecular chaperones—In addition to small
molecule-based therapies, there is potential for development of large therapeutic molecules
for the treatment of PD. The use of proteins, peptides, and nucleic acid therapeutics has been
limited by poor stability in vivo and lack of cellular uptake. However, new advances in
recombinant viral vector technology have resulted in feasible gene therapy applications for
delivery of large therapeutic molecules. Gene therapy may provide strategies to upregulate
the expression and/or activity of neuroprotective chaperones in neurons which are
vulnerable to neurodegeneration in PD. Preclinical studies in animal models of PD have
provided evidence for the potential of viral-mediated Hsp70 expression. One study using the
MPTP mouse model demonstrated that Hsp70 gene transfer to striatal dopaminergic neurons
by a recombinant adeno-associated virus could protect against MPTP-induced dopaminergic
cell death and the associated decline in striatal dopamine levels [128]. Another study using a
rat model of PD showed that adeno-associated virus vector-mediated overexpression of
Hsp70, but not Hsp40, protected against dopaminergic neurodegeneration [129].

Recombinant viral vector technology has also been used to investigate neuroprotection by
exogenous expression of proteins that can upregulate Hsp70 function. Hsp104 is a molecular
chaperone in the AAA+ family of ATPases that can disaggregate large protein aggregates
and rescue proteins trapped within these structures [130]. Hsp104 is expressed in fungi,
plants, and bacteria but not in mammals. Nevertheless, Hsp104 can synergize with the
mammalian Hsp70 chaperone system to act as a hybrid chaperone system which rescues
trapped and aggregated proteins in human cells [130]. Expression of Hsp104 using a
lentiviral vector in a rat model of PD reduced the formation of phosphorylated 3syn
inclusions and prevented nigrostriatal dopaminergic neurodegene-ration induced by mutant
A30P 3syn [132].

Danzer and McLean Page 6

CNS Neurol Disord Drug Targets. Author manuscript; available in PMC 2012 May 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Another strategy to enhance Hsp70 chaperone function is to use gene silencing to inhibit the
expression of negative regulators of Hsp70. RNA interference (RNAi) has emerged as a
possible method to reduce target gene expression in brain. Short RNA molecules, such as
small interfering RNA and short hairpin RNA can be targeted to specific brain regions by
stereotactic injection of recombinant viral vectors. Although RNAi has not yet been well
studied in models of dopaminergic neurodegeneration, it can theoretically be applied to PD
[133]. There is evidence for the use of RNAi to improve the motor and neuropathological
findings in a mouse model of SCA1, supporting its possible utility for the treatment of
neurodegenerative diseases.

Enhancing αsyn Aggregation as a Therapeutic Strategy
It has been previously demonstrated that a novel compound, B2 (5-[4-(4-chlorobenzoyl)-1-
piperazinyl]-8-nitroqunoline), can reduce αsyn-induced toxicity in a cell culture model
while increasing inclusion size [39], suggesting that the discovery of compounds that
promote inclusion formation may be an important therapeutic strategy. Furthermore, novel
sirtuin 2 inhibitors AGK2 and AK-1 were found to rescue αsyn-induced toxicity while
increasing macroscopic αsyn aggregates in size [134]. It is possible that B2 and the sirtuin 2
inhibitors are shifting the equilibrium from toxic oligomeric αsyn species towards less toxic
or innocuous fibrillar αsyn species thus providing a novel therapeutic intervention strategy -
making aggregates bigger, not smaller. Other strategies to shift the equilibrium of αsyn
oligomeric species towards fibrillar aggregates could include coexpression of synphilin-1,
which has been previously demonstrated to facilitate aggregate formation [135], and
modifications to the C-terminal region of αsyn such as truncations, which have also been
demonstrated to induce aggregation [135, 136].

IS EXTRACELLULAR αSYN A TARGET FOR DRUG THERAPIES?
Because αsyn inclusion body pathology associated with PD occurs in a hierarchical
distribution with its epicenter in the brainstem, then extends to the mesolimbic cortex and
associated areas, Braak et al. [137] have suggested that αsyn pathology spreads gradually
throughout the neuraxis as PD progresses. However, as yet, the underlying mechanisms of
disease progression in PD remain to be determined. Recent studies showing that grafted
healthy neurons gradually develop the same pathology as the host neurons in PD brains
[138, 139] suggest that the pathology arises as a consequence of factors inherent to the PD
brain and aging of transplanted cells promotes the propagation of αsyn aggregation from
host to graft. The presence of LBs in neurons that were transplanted years previously, but
not in recently transplanted neurons have highlighted the possibility αsyn is released from
neurons to the extracellular space and is taken up in other cells. The potential release of
αsyn into the extracellular space would also be consistent with the fact that measurable
quantities of αsyn are detected in cerebrospinal fluid and plasma [42, 140]. In vitro
experiments have shown that fibrillar and oligomeric forms of αsyn can be taken up from
the extracellular space by neurons, possibly through an endocytic pathway [141] or via an,
as yet, undetermined route. Furthermore, αsyn has been reported to be taken up through a
RAB5A-dependent endocytosis and form intracytoplasmic inclusions in cultured neurons
[142].

With the appearance of aggregated αsyn in naïve transplanted embryonic stem cells in PD
brains [138, 139] the possibility of neuron to neuron transmission of misfolded αsyn in PD
has been highlighted. Recombinant αsyn oligomers are taken up by neurons in culture and
trigger cell death [47, 143]. Furthermore, Desplats et al. [144] recently demonstrated that
αsyn can be directly transmitted from neuronal cells overexpressing αsyn to transplanted
embryonic stem cells both in tissue culture and in transgenic animals, supporting the idea
that a prion-like mechanism could be responsible for the host-to-graft transfer of PD
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pathology [145]. These data raise the possibility that a specific conformation of αsyn is
transmitted from host cells that promotes aggregation of αsyn and triggers toxicity in
adjacent neurons. Understanding the sequence of events in the pathological processes
underlying the formation and toxicity of αsyn oligomers inside and ouside neurons in PD
will be crucial to the development of new therapeutics. However, whether extracellular αsyn
represents a new target for therapeutic strategies to halt PD progression has to be
determined.

ANTIBODY MEDIATED THERAPIES
Recent studies in a number of transgenic mouse models of Alzheimer’s disease have shown
that both active immunization with amyloid-beta (Aβ) antibodies or passive transfer of anti-
Aβ antibodies are effective in the prevention of Aβ deposition and the clearance of already
existing Aβ plaques [146–152]. Moreover, both active and passive immunization
approaches prevented and improved, or even reversed, memory deficits in mouse models
[153–156]. An amelioration of tau pathology has also been reported following anti- Aβ
immunization in several mouse models containing amyloid plaques and neuronal tau
aggregates [157–159].

In human trials, post-mortem studies of brains from participants in an Alzheimer’s disease
immunization trial also revealed a significant decrease in amyloid pathology [160–164].
Interestingly, as in some earlier animal immunization studies, a recent human study has
shown that clearance of amyloid plaques by active anti- Aβ immunization can promote
structural changes in neurites and decrease the hyperphosphorylation of tau [165].

Approaches based on antibody-mediated therapies may also have a much wider application
in the treatment of neurodegenerative disease. A vaccination approach in a transgenic model
of prion disorder has been shown to be effective at reducing the accumulation of prion
protein in mice [166]. Furthermore, vaccinations of mice in tauopathy and huntington’s
disease models have been reported to ameliorate pathology [167–169]. Interestingly,
vaccination with human αsyn in human αsyn transgenic mice also showed a decreased
accumulation of aggregated αsyn in neuronal cell bodies and synapses which was associated
with reduced neurodegeneration [170]. This effect was most pronounced in mice that
produced relatively high-affinity antibodies, indicating a strong correlation between high-
affinity antibodies against αsyn and amelioration of αsyn pathology. Furthermore,
antibodies produced by immunized mice recognized abnormal αsyn associated with the
neuronal membrane and promoted the degradation of αsyn aggregates via proposed
lysosomal pathways [170]. Because emerging evidence from several laboratories indicates
that 3syn may transfer from one neuron to another [144, 171, 172], both in cell culture
models and in vivo, the study by Masliah and colleagues may now be viewed from a
different perspective. The potential mechanism of antibody-αsyn recognition and
degradation via the lysosomal pathway must now take into account the possibility of
antibody-αsyn recognition occurring in the extracellular space (Fig. 1). Considering that
3syn aggregates appear to spread throughout the brains of people with PD in a gradual and
stereotypic fashion, as described by Braak and coworkers [137], it is tempting to propose
that intercellular 3syn transfer underlies the progression of the neuropathological changes. If
trans-cellular propagation of misfolded protein occurs, antibody-based therapies could also
be expanded to target protein aggregates that are generated inside a cell and released into the
extracellular space. Thus antibody-based therapies for synucleinopathies may target the
propagation of αsyn pathology.
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TARGETING DEGRADATION PATHWAYS
Impaired proteasomal degradation of 3syn leads to enhanced aggregation and toxicity both
in vitro and in vivo after proteasome inhibition [135, 173–175]. Additional support for this
idea comes from consideration of another gene implicated in PD: Mutations in parkin, an E3
ubiquitin ligase, underlie juvenile onset PD [176], and a mutation in ubiquitin C-terminal
hydrolase is a rare cause of inherited PD [177]. HSPs are important in both refolding
activities and in directing proteins towards proteasomal degradation [178–180]. The role of
HSPs in either refolding or ubiquitination of proteins is partly dependent on interacting
proteins. CHIP (carboxyl terminus Hsp70 interacting protein), a tetratricopeptide repeat
protein, negatively regulates Hsp70 and Hsp90 mediated refolding of proteins and instead
directs proteins towards degradation [181, 182]. CHIP inhibits the ATPase activity of Hsp70
and can also bind to an Hsp90 complex, causing the release of p23 (a necessary co-
chaperone for refolding) and, likely at least in part through an interaction with Bag-1, directs
the misfolded protein towards degradation. CHIP has been shown to be a U-box containing
ubiquitin E3 ligase, and is responsible for ubiquitinating misfolded mutant cystic fibrosis
transmembrane conductance regulator [183]. CHIP also interacts directly with parkin [184],
providing another level of regulation of the cell decision towards refolding or proteasomal
degradation, and a direct link to PD phenomenon. CHIP immunoreactivity has been found in
LBs in human tissue and an interaction of CHIP with 3syn leads to modified aggregation
and increased degradation via both the proteasome and lysosome [98]. Furthermore, recent
studies demonstrate that CHIP preferentially targets high molecular weight soluble
oligomeric αsyn for degradation in an Hsp70-dependent manner [185]. Specifically, CHIP
selectively reduced 3syn oligomerization and toxicity in a TPR domain-dependent, U-box
independent manner by specifically degrading toxic 3syn oligomers. This suggests that
CHIP preferentially recognizes and mediates degradation of toxic, oligomeric forms of 3syn,
thus making CHIP an extremely interesting therapeutic target. Moreover, these data support
the hypothesis that pathways involved in handling misfolded proteins play a role in PD and
related diseases.

Several studies have investigated a link between αsyn and the proteasome and have found
that mutant αsyn can reduce the net proteasomal activity in living cells [186–189].
Importantly, recent studies have suggested that soluble oligomeric intermediates of αsyn
may specifically impair the function of the 26S proteasome [190, 191]. However, the
mechanisms and the particular species involved remain elusive.

Chaperone-mediated autophagy (CMA) is a selective pathway for the degradation of
cytosolic proteins in lysosomes (reviewed in [192]). CMA declines with age because of a
decrease in the levels of lysosome-associated membrane protein (LAMP) type 2A, a
lysosomal receptor for this pathway [193]. The substrate proteins are recognized by a
chaperone-cochaperone complex which delivers them to the lysosomal membrane [194].
Here they bind to LAMP2A [195], and after unfolding, the substrate proteins are
translocated across the lysosomal membrane assisted by a lysosomal- resident chaperone,
before being degraded in the hydrolase-rich lumen [192]. CMA is unique in that it
selectively degrades cytosolic proteins which contain a CMA-targeting motif.

Both cytosolic and lysosomal chaperones are required for completion of CMA. The
cytosolic chaperone, Hsc70, recognizes and binds to the targeting motif in the substrates.
The interaction between Hsc70 and the substrate is modulated by other cytosolic co-
chaperones including Hsp90, Hsp40, Hsp70 interacting protein, Hsp70/Hsp90 organizing
protein, and bcl-2 associated -1 [196].
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CMA has been predicted to play a role in PD and related synucleinopathies for several
reasons. First, wild-type αsyn is efficiently degraded in lysosomes by CMA, but the
pathogenic αsyn mutations, A53T and A30P are poorly degraded by CMA despite a high
affinity for the CMA receptor [197] and mutant αsyn can block the lysosomal uptake and
degradation of other CMA substrates. Furthermore, CMA blockage results in a
compensatory activation of macroautophagy which cannot maintain normal rates of
degradation under these conditions [197]. Impaired CMA of pathogenic αsyn may favor
toxic gains-of-functions by contributing to its aggregation. Second, mutant αsyn also
inhibits degradation of other long-lived cytosolic proteins by CMA, which may further
contribute to cellular stress, perhaps causing the cell to rely on alternate degradation
pathways or to aggregate damaged proteins [198]. Third, recent studies have demonstrated
that dopamine-modified αsyn is poorly degraded by CMA and also blocks degradation of
other substrates by this pathway [199]. Therefore, dopamine-induced inhibition of
autophagy could explain the selective degeneration of PD dopaminergic neurons.

Targeting therapeutics to enhance CMA may prove beneficial for PD therapies. Indeed
trehalose, a disaccharide and novel mammalian target of rapamycin-independent autophagy
enhancer, was found to enhance the clearance of the autophagy substrates mutant huntingtin
and mutant αsyn [200]. Furthermore, trehalose and the mammalian target of rapamycin
inhibitor rapamycin together exerted an additive effect on the clearance of these proteins due
to increased autophagic activity and protected cells against pro-apoptotic insults. The dual
protective properties of trehalose (chemical chaperone and inducer of autophagy) combined
with rapamycin may be relevant to the treatment of PD where mutant proteins are autophagy
substrates [197].

CONCLUSIONS
A growing body of evidence implicates non-fibrillar, soluble species of αsyn as a critical
player in PD pathogenesis and disease progression. As such interventions that target
oligomeric forms of αsyn by inducing degradation of toxic, misfolded αsyn or by altering
the equilibrium of αsyn species in favor of a less toxic species are important therapeutic
strategies under consideration. Building on the body’s own defense mechanisms for
handling misfolded and toxic proteins such as cellular degradation pathways and chaperone-
mediated pathways may hold promise for therapeutic development, however a major
question that needs to be addressed is where αsyn exerts its toxic effect and where it should
be targeted. Several recent studies have raised the possibility that αsyn is secreted from cells
and undergoes trans-synaptic transmission, seeding subsequent aggregation and toxicity in
neighboring cells. It remains to be determined if this occurs only under situations of cellular
stress and duress such as in the disease process or whether this is part of the normal
biological pathway for αsyn. Ultimately, a full understanding of αsyn biology and what
goes awry in the disease process will lead to the development of better therapeutics that
ameliorate or halt PD progression.
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17-AAG 17-(allylamino)-17-demethoxygeldanamycin

CHIP C-terminal Hsp70 interacting protein

CMA Chaperone mediated autophagy

GA Geldanamycin

HSF-1 Heat shock transcriptional factor-1

Hsp Heat shock protein

LBs Lewy bodies

MPP+ 1-methyl-4-phenylpyridinium

MPTP 1-methyl-4-phenyl-1,2-3,6-tetrahyrdopyridine

PD Parkinson’s disease

RNAi RNA interference

SNX-2112 4-[6,6-dimethyl-4-oxo-3-(trifluoromethyl)-4,5,6,7-tetrahydro-1H-indazol-1-
yl]-2-[(trans-4-hydroxy-cyclohexyl)amino]benzamide
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Fig. 1. Pathways of αsyn toxicity and potential therapeutic strategies
Increasing evidence implicates soluble, oligomeric species of αsyn as the toxic genus in the
pathogenesis of PD. Reactive oxygen species (ROS) can modify αsyn such that it has an
increased tendency to aggregate. Interventions that target oligomeric forms of αsyn by
inducing degradation, preventing aggregation, or increasing aggregation in favor of less
toxic fibrillar species are all being considered as therapeutic strategies. Oligomerization of
αsyn can be prevented by Hsp70 overexpression or Hsp90 inhibition. Lewy bodies are
thought to be a mechanism by which the cell sequesters abnormal, toxic proteins and as
such, aggregation enhancers may offer innovative approaches to reduce αsyn toxicity. The
enhancement of clearance of αsyn aggregates via the stimulation of degradation pathways
could help mitigate αsyn-induced dysfunction in these pathways. CHIP directs proteins
towards degradation via both the proteasome and lysosome making CHIP an extremely
attractive therapeutic target. αSyn may also be released from living cells into the
surrounding extracellular milieu but the species released (monomer or oligomer) remains to
be determined. Extracellular αsyn could act as a seed to promote aggregation of αsyn in
neighboring cells, ultimately leading to αsyn toxicity or Lewy body formation. Blocking
αsyn release and/or uptake by neighboring cells might halt the spread of αsyn pathology.
Lowering the extracellular oligomeric burden by immunotherapy may also be an innovative
and novel approach in the treatment of Parkinson’s disease.
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