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ABSTRACT 

Parkinson’s disease (PD) is a common neurodegenerative disorder of unknown 
origin mainly characterized by the loss of dopaminergic neurons in the substantia nigra pars 
compacta (SNpc) and the presence of intraneuronal proteinaceous cytoplasmic inclusions, 
called Lewy bodies (LB), in several affected brain areas. Although LB were identified a 
century ago, their significance to the pathogenic process in PD remains unknown.  

Mounting evidence suggest that -synuclein, a major protein component of LB, 
may be responsible for initiating and spreading the pathological process in PD. Supporting 

this concept, intracerebral inoculation of synthetic recombinant -synuclein fibrils can 

trigger -synuclein pathology in mice. However, it remains uncertain whether the observed 

pathogenic effects of recombinant synthetic -synuclein can actually apply to PD-linked 

human -synuclein and occur in species closer to humans. In this thesis, we addressed this 

question by assessing the potential pathogenic effect of inoculating -synuclein-containing 
nigral LB extracts from PD patients into the brains of wild-type mice and macaque 

monkeys. Nigral LB containing pathological -synuclein were purified from postmortem 
PD brains by sucrose gradient fractionation and subsequently inoculated into the SNpc or 
striatum of wild-type mice and macaque monkeys. In both mice and monkeys, intranigral 
or intrastriatal inoculations of PD-derived LB extracts resulted in progressive nigrostriatal 
neurodegeneration starting at striatal dopaminergic terminals. In LB-injected animals, 

exogenous human -synuclein was quickly internalized within host neurons and triggered 

the pathological conversion of endogenous -synuclein. At the onset of LB-induced 

neurodegeneration, host pathological -synuclein diffusely accumulated within nigral 
neurons and anatomically interconnected brain regions. LB-induced pathogenic effects 

required both human -synuclein present in LB extracts and host expression of -

synuclein. These results indicate that human -synuclein species contained in PD-derived 
LB are pathogenic and have the capacity to initiate a PD-like pathological process.  

Further supporting a pathogenic role of -synuclein in PD, increased levels of this 
protein have been described in PD patients. Therefore, molecular tools able to reverse 

abnormal -synuclein expression back to physiological levels might provide therapeutic 
benefit in PD. Based on this hypothesis, in the second aim of this thesis we assessed the 

feasibility and safety of downregulating -synuclein expression in vivo specifically in PD-
vulnerable neuronal pupulations by intranasal administration of cell-targeted small 

interfering RNA (siRNA) directed against -synuclein. To achieve this goal, we performed 
first an in vitro screening of various siRNA sequences to select those able to downregulate 

basal or overexpressed -synuclein without decreasing - or -synuclein levels. Once 
identified, the selected molecule (SNCA499-siRNA) was then confirmed to be able to 

downregulate nigral -synuclein mRNA in vivo by its local infusion in the SN of mice. This 
molecule was then chemically modified to enhance its biostability and conjugated to the 
cell-specific ligand indatraline (IND) to promote its selective delivery into aminergic 
neurons, the latter being validated in rat ventral midbrain primary cultures. Finally, 
intranasal administration of IND-SNCA499-siRNA to mice was able to selectively 

downregulate -synuclein SNpc expression, both at mRNA and protein levels, without 
affecting the integrity of the dopaminergic nigrostriatal pathway. These results set the stage 
for future studies aimed at assessing the disease-modifying potential of intranasally 

delivered IND-SNCA499-siRNA in experimental PD models associated with increased -
synuclein levels.  
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1. Parkinson’s disease: an overview 

Parkinson’s disease (PD) is a chronic, progressive neurodegenerative movement 

disorder with no current treatment; it affects more than six million people worldwide 

(www.epda.eu.com), making it the most common neurodegenerative disorder after 

Alzheimer’s disease (AD)1. The average age at onset of PD is 60, with age being an 

irrefutable risk factor2. In the coming decades, the prevalence of PD is expected to increase 

markedly due to population aging. Whereas in rare instances PD is inherited (familial PD), 

most cases are sporadic, and the underlying cause (if any) remains to be determined3. 

Various risk factors have been described for sporadic PD, including pesticide exposure, 

non-steroidal anti-inflammatory drug (NSAID) use and brain injury, but age remains the 

most important risk factor documented so far4.  

The diagnosis of PD is largely clinical, although there is no definitive test able to 

confirm the diagnosis prior to symptom onset, with the exception of gene testing in a 

reduced number of cases. Clinically, PD is characterized by a syndrome universally known 

as parkinsonism, which includes four cardinal features: bradykinesia (slowness of 

movements), resting tremor, rigidity, and postural instability. Although PD has been 

traditionally considered as a motor disorder, it is now well accepted that PD also presents 

non-motor symptoms. Some of these non-motor features, which may be present years or 

even decades before the motor signs5, 6, include hyposmia (reduced ability to smell), rapid 

eye movement (REM) disorder, constipation, and depression5-7,8-10. It has been suggested 

that these non-motor symptoms may have a potential diagnostic utility in the early stages 

of PD. In addition, as PD progresses, frequent motor freezing and falls, treatment-related 

involuntary movements (dyskinesia), pain and sensory complaints, autonomic dysfunction 

(urinary incontinence and orthostatic intolerance), and neuropsychiatric manifestations 

(depression, hallucinations, and dementia) become prominent. These features are probably 

http://www.epda.eu.com/
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due to the spread of the PD pathology to other areas of the brain11, 12. Although motor 

symptoms respond well to dopamine (DA) replacement therapy, most of the non-motor 

symptoms show little or no response to DA replacement and contribute substantially to 

overall disability, especially late in the disease.  

Neuropathological features of PD. PD is characterized by the loss of 

dopaminergic neurons in the substantia nigra pars compacta (SNpc) (Fig 1)13; these 

neurons contain the pigment neuromelanin (NM)14, and project their unmyelinated axons 

rostrally via the medial forebrain bundle (MFB) to the striatum (composed of the caudate 

nucleus and putamen), where they release dopamine (DA). It is the loss of striatal DA in 

PD that results in the characteristic motor signs of this disease. It has been reported that, at 

Figure 1. Neuropathology of Parkinson’s disease. (A) Schematic representation of the normal nigrostriatal pathway 

(in red). It is composed of dopaminergic neurons whose cell bodies are located in the substantia nigra pars compacta 

(SNpc; see arrows). These neurons project (thick solid red lines) to the striatum (i.e., putamen and caudate nucleus). The 

photograph demonstrates the normal pigmentation of the SNpc, produced by neuromelanin within the dopaminergic 

neurons. (B) Schematic representation of the disease nigrostriatal pathway (in red). In Parkinson’s disease, there is a 

marked loss of dopaminergic neurons that project to the putamen (dash line) and a much more modest loss of those 

that project to the caudate (thin red solid line). The photograph demonstrates depigmentation (i.e., loss of dark-brown 

pigment neurmelanin (arrows) of the SNpc due to the marked loss of dopaminergic neurons. From Dauer W. and 

Przedborski S. (2003) Neuron. 
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the time of motor symptoms onset, the extent of striatal dopaminergic marker loss (i.e. 

~80%) exceeds that of SN DA neurons (i.e. ~30-60%)15. In addition, depending on disease 

duration at the time of death, while 60-80% of SN dopaminergic neurons might have been 

lost16,17, there is a much more profound loss of striatal dopaminergic markers18-20. In 

particular, the loss of dopaminergic markers in the striatum (i.e. dorsal putamen) occurs 

rapidly and is virtually completed by 4 years post-diagnosis21. Taken together, these data 

suggest that the degenerative process in PD may start at the striatal dopaminergic terminals 

and that neuronal death may result from a “dying back” process22, 23.  

In addition to nigrostriatal degeneration, PD is also characterized by the presence 

of intraneuronal proteinaceous cytoplasmic inclusions, termed “Lewy Bodies” (LB). 

Although LB were first described by Friedrich Lewy more than a century ago24, their 

significance in the pathogenesis of PD remains unknown25. Two morphological types of 

LB are found in PD: classical (midbrain) and cortical. The aspect of classical LB in 

hematoxylin and eosine-stained NM-containing SNpc dopaminergic neurons is that of one 

or more eosinophilic spherical bodies (8-30 µm diameter) with a dense core surrounded by 

a peripheral halo (Fig. 2A). Ultrastructural examination by electron microscopy revealed a 

dense granulovesicular core surrounded by a ring of radiating 8-10 nm fibrils26. Classical LB 

are found in several affected regions of the PD brain, including the nucleus basalis of 

Meynert (NBM), raphe nuclei (RN), locus coeruleus (LC) and SN. Unlike classical LB 

observed in SNpc dopaminergic neurons, cortical LB are characterized by pale staining and 

are poorly circumscribed (Fig. 2B). In addition to classical and cortical LB, weakly stained 

neuronal cytoplasmic inclusions called “pale bodies” are found in pigmented brainstem 

neurons of the SN and LC27, 28. Several pieces of evidence suggest that pale bodies may be 

early cytologic alterations that precede the classical manifestation of LB29, 30. LB are not 

specific for PD, since they are also found in AD31 and in “dementia with Lewy bodies” 

(DLB)32, 29 in which early cognitive impairment is accompanied by prominent cortical LB 
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pathology. In addition, nigral LB are also found in people of advanced age without clinical 

evidence of PD or other neurodegenerative disease33; this is known as incidental LB disease 

(LBD) and could be associated with a pre-symptomatic early stage of PD34. 

Based on immunohistochemistry studies, one of the main components of LB is the 

protein -synuclein35-37. The presence of -synuclein in cytoplasmic inclusions represents 

an aberrant cytological localization of this protein, which is normally located in presynaptic 

terminals. -Synuclein is deposited in LB in a -sheet-rich, fibrillar structure. In addition, 

several forms of post-translational modified -synuclein are found in LB, including 

phosphorylated, nitrated and truncated -synuclein38-40, which are believed to promote the 

abnormal structural conformation of -synuclein. In addition to -synuclein, a large 

number of other constituents have been described in LB, such as ubiquitin, neurofilaments 

and the ubiquitin binding protein p62 (see Table 1). Accompanying LB (which are located 

in neuronal perikarya), gross dystrophic neurites, called Lewy neurites (LN), containing -

ynuclein and ubiquitin inclusions are common in PD pathology (Fig. 2C). The combination 

of LB and LN is sometimes referred to as Lewy-related pathology (LP)41.  

 Besides SNpc dopaminergic neurons, a significant number of other central and 

peripheral neuronal populations exhibit LP, phenotypic dysregulation, or degeneration PD 

patients (Table 2). While LP has been extensively studied42, cell loss maps in postmortem 

PD samples using modern stereological approaches are not common43. Within the central 

Figure 2. Microscopic findings in PD with -synuclein 

immunohistochemistry. A typical brainstem type Lewy body (A) and a 

pale staining “cortical type” Lewy body (B), Lewy neurites in CA2 sector of 

hippocampus (C), and intraneuritic Lewy bodies in the medulla (D). From 

Dickson D.W. (2012) Cold Spring Harb. Perspect. Med. 

doi:10.1101/cshperspect.a009258 
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nervous system (CNS), there is a well-documented loss of NM-positive catecholamine 

Reported LB components References

αβ-Crystallin Lowe, J. et al.  (1990) Lancet 336, 515-516.

α-Synuclein Spillantini, M. G. et al. (1997 )Nature388, 839-840.

Calcium-calmodulin-dependent protein kinase II (CaM kinase II) Iwatsubo, T. et al. (1991) Acta Neuropathol. 82, 159-163.

Calbindin D28K Yamada, T. et al. (1990) Brain Res. 526, 303-307.

Chondroitin sulfate DeWitt, D. A. et al. (1994) Brain Res. 656, 205-209.

Chromogranin A Nishimura, M. et al. (1994) Brain Res. 634, 339-344.

Clusterin/apolipoprotein J Sasaki, K. et al. (2002) Acta Neurol. 104, 225-230.

Cochaperone C terminus of  Hsp-70-interacting protein (CHIP) Shin, Y. et al. Klucken (2005) J. Biol. Chem. 280, 23727-23734.

Complement proteins (C3d, C4d, C7, and C9) Yamada, T. et al. (1992) Acta Neuropathol. 84, 100-104.

Cyclin-dependent kinase 5 (cdk5) Brion, J.-P. et al. (1995) Am. J. Pathol. 147, 1465 -1476.

Cytochrome c Hashimoto, M. et al. (1999) J. Biol. Chem.274, 28849-28852.

DJ-1 Jin, J. et al. (2005) Mol. Brain Res. 134, 119-138.

Dorfin Hishikawa, N. et al. (2003) Am. J. Pathol.163, 609-619.

14-3-3 protein Kawamoto, Y. et al. (2002) J. Neuropathol. Exp. Neurol.61, 245-253.

Gelsolin-related amyloid protein Finnish type Wisniewski, T. et al. (1991) Am. J. Pathol. 138, 1077-1083.

Heat-shock proteins 27, 40, 70, 60, 90, and 110 Auluck, P. K. et al. (2002) Science 295, 865-868.

McLean, P. J. et al. (2002) J. Neurochem. 83, 846-854 .

Phosphorylated IκBα Noda, K. et al. (2005) Biochem. Biophys. Res. Commun. 331, 309-317.

Lipids Gai, W. P. et al. (2000) Exp. Neurol. 166, 324-333.

Microtubule-associated protein 2 (MAP-2) D’Andrea, M. et al. (2001) Neurosci. Lett.< /I> 306, 137-140.

MAP-5/MAP-1b  Jensen, P. H. et al. (2000) J. Biol. Chem. 275,21500-21507.

Gai, W. P, et al. (1996) Acta Neuropathol. 91, 78-81.

Mitochondria Roy, S. & Wolman, I. (1969) J. Pathol. 99, 39-44.

Hayashida, K. et al. (1993) Acta Neuropathol. (Berlin) 85, 445-448.

Gai, W. P. et al. (2000) Exp. Neurol. 166, 324-333.

Multicatalytic proteinase Masaki, T. et al. (1994) J. Neurol. Sci.< /I> 122, 127-134.

MxA protein Yamada, T. (1995) Neurosci. Lett. 195, 41-44.

NEDD8 Dil Kuazi, A. et al. ( 2003) J. Pathol.199, 259-66.

Neurofilaments Galloway, P. G. & Mulvihill, P. (1992) Am. J. Pathol. 140, 809-822.

Galvin, J. E. et al. (1999) Adv. Neurol. 80, 313-324.

NFκB Noda, K. et al. (2005) Biochem. Biophys. Res. Commun. 331, 309-317.

Omi/HtrA2 Strauss, K. M. et al. (2005) Hum. Mol. Genet. 14, 2099-2111.

P35nck5a  Nakamura, S. et al. (1997) Acta Neuropathol .94, 153-157.

p62/sequestosome 1 Kuusisto, E, et al. (2003) J. Neuropathol. Exp. Neurol. 62, 1241-1253.

Pael-R Murakami, T. et al. (2004) Ann. Neurol. 55, 439-442.

ROC1 Noda, K. et al. (2005) Biochem. Biophys. Res. Commun. 331, 309-317.

Sphingomyelin den Hartog Jager, W. A. (1969) Arch. Neurol. 21, 615-619.

Superoxide dismutase 1 (Cu/Zn superoxide dismutase) Nishiyama, K. et al. (1995) Acta Neuropathol. 89, 471-474.

Superoxide dismutase 2 (Mn superoxide dismutase) Nishiyama, K. et al. (1995) Acta Neuropathol. 89, 471-474.

Synaptic vesicle-specific protein Wakabayashi, K. et al. (1992) Neurosci. Lett. 138, 237-240.

Synphilin-1 Wakabayashi, K. et al. (2000) Ann. Neurol. 47, 521-523.

Synaptophysin Nishimura, M. et al. (1994) Brain Res. 634, 339-344.

Tau Ishizawa, T. et al. (2003) J. Neuropathol. Exp. Neurol. 62, 389-397.

TorsinA McLean, P. J. et al. (2002) J. Neurochem. 83, 846-854 .

Sharma, N. et al. (2001) Am. J. Pathol. 159, 339 -344.

Tubulin Galloway, P. G. et al. (1988) J. Neuropathol. Exp. Neurol. 47, 654-663.

Tyrosine hydroxylase Nakashima, S. & Ikuta, F. (1984) J. Neurol. Sci. 66, 91-96.

Ubiquitin Lowe, J. et al. (1988) J. Pathol. 155, 9-15.

Ubiquitin C-terminal hydroxylase Lowe, J. et al.  (1990) J. Pathol. 161, 153-160.

Table 1. Described components of Lewy bodies (LB) 
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neurons in the SNpc (i.e. DA neurons) and LC [i.e. norepinephrine (NE) neurons] in 

nearly all PD patients, and of neurons of the dorsal motor nucleus of the vagus (DMV) 

nerve in most patients. Loss of RN, ventral tegmental area (VTA), retrorubral field (RRF), 

pedunculopontine nuclei (PPN) and NBM neurons in PD appears common but variable in 

extent.  In the peripheral nervous system (PNS), LP is found in several types of neurons 

within the autonomous nervous system (ANS) in PD patients, but the only neurons that 

are known to be lost in this disease are NE neurons innervating the heart and skin, and DA 

neurons of the enteric nervous system (ENS)43. The loss of these PNS neurons might be 

responsible for orthostatic hypotension, sweating, and constipation that frequently 

Brain region PD pathology
Amygdala Consistent / severe

Hippocampus Variable / moderate

Temporal cortex Variable / moderate

Cingualte cortex Variable / moderate

Superior frontal gyrus Uncommon / mild

Motor cortex Spared

Caudate/putamen Uncommon / mild

Globus pallidus Spared

Basal nucleus of  Meynert Consistent / severe

Hypothalamus Consistent / severe

Thalamus Spared

Subthalamic nucleus Spared

Red nucleus Spared

Substantia nigra Consistent / severe

Oculomotor complex Variable / moderate

Midbrain tectum Spared

Locus coeruleus Consistent / severe

Pontine tegmentum (including raphe and pedunculopontine nuclei) Variable / moderate

Pontine nuclein (including pontocerebellar fibers) Spared

Medullary tegmentum (including dorsal motor nucleus of  vagus) Consistent / severe

Inferior olive (including olivocerebellar fibers) Spared

Dentate nucleus Spared

Cerebellar white matter Spared

Table pathologic comparision of  PD, MSA and PSP

D.W.Dickson llibre PD

Table 2. Described PD pathology. From Dickson DW (2012)Cold Spring Harb. Perspect. 

Med.  doi: 10.1101/cshperspect.a009258 
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accompany PD. Several risk factors have been proposed to explain the vulnerability of 

these seemingly diverse sets of neurons within the CNS and PNS in PD, including 

autonomous pace-making neuronal activity, broad action potentials, low intrinsic calcium 

buffering capacity, poorly myelinated, long and highly branched axons and terminal fields, 

the presence of catecholamine-derived NM pigment (e.g. in the SN and LC) and the use of 

monoamine neurotransmitters [e.g. DA, NE and serotonin (5-HT)]43.  

Several reactive changes in astrocytes and microglia have been described to 

accompany neuronal loss in PD44, including the expression of activation markers in 

microglia (e.g. the class II major histocompatibility antigen HLA-DR) and the presence of 

hypertrophic astrocytes that accumulate the intermediate filament protein, glial fibrillary 

acidic protein (GFAP). Dying neurons undergo phagocytosis by microglia, a term referred 

to as neuronophagia. In the SN and LC, NM pigment in the cytoplasm of microglia, which 

normally do not contain this pigment, serves as evidence of neuronophagia. 

The relationship between -synuclein deposition and neuronal dysfunction remains 

unclear. However, several observations suggest that -synuclein deposition itself may not 

produce dysfunction. These observations include the fact that: (i) LP in the ENS is not 

always associated with cell loss45, and that (ii) older individuals (up to 30% of centenarians) 

exhibit extensive synucleinopathy with no clear neurological symptoms (e.g., ILBD)46, 47. 

2. Pathogenic role of -synuclein in Parkinson’s disease 

-Synuclein is a 14kDa protein consisting of 140 amino acids (pK of 4.7)48 that is 

characterized by an amphipathic lysine-rich amino terminus, which has a crucial role in 

regulating this protein’s interaction with membranes, and a disordered acidic carboxy-

terminal tail, which is implicated in regulating its nuclear localization, along with its 

interactions with metals, small molecules and proteins49, 50. The central region of -
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synuclein, which is known as the non-amyloid- component of AD amyloid plaques 

(NAC), contains a highly hydrophobic motif that comprises amino acid residues 65-90 

which has the propensity to adopt the -sheet structure required for the formation of 

oligomeric species. -Synuclein is known as a natively unfolded protein (i.e. in aqueous 

solution does not have a defined structure) that can adopt -helical structures when it is 

bound to negatively charged lipids (such as phospholipids present on cellular membranes) 

and β-sheet-rich structures during prolonged periods of incubation. Recent findings 

suggest that -synuclein may adopt a tetrameric structure under physiological conditions51, 

52, although this tetrameric form remains controversial and requires further investigation53, 

54. 

-Synuclein protein is widely expressed in many neuronal populations within both 

the CNS and PNS. At a subcellular level, -synuclein is localized only to presynaptic 

terminals and portions of the nucleus – hence the name synuclein (Fig. 3)55. -Synuclein is 

a member of the synuclein family of proteins, which also include β- and γ-synuclein. All 

three members of this family are predominantly neuronal proteins that, under physiological 

conditions, localize preferentially to presynaptic terminals56. What largely differentiates -

synuclein from the other members is the NAC region, which is only present in -synuclein. 

The NAC region is required for the oligomerization and fibrilization of -synuclein, since 

it has been reported that deletion or disruption of this NAC domain through the addition 

Figure 3. -Synuclein localization. Wide field (A) and 

magnified (B) images of cultured cortical neurons form 

a postnatal day 1 wild-type mouse. A neuronal dendrite 

(as revealed by MAP2 immunostaining: red) is shown 

opposed to -synuclein-positive presynaptic densities 

(green), indicating that -synuclein is located in 

presynaptic terminals. Adapted from Lashuel HA et al., 

(2013) Nat. Rev. Neurosci. 
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of a charged amino acids abolishes -synuclein’s ability to form the amyloid fibrils 57 that 

aggregate within LB and LN. Whether -synuclein is expressed at all under physiological 

conditions in glia is somewhat controversial; it would appear that, if it exists, such 

expression is present at very low levels58. 

Although the exact function of -synuclein remains unknown, substantial evidence 

suggests that -synuclein function is related to its capacity to interact directly with 

membrane phospholipids, particularly highly curved membranes such as vesicles. In fact, 

-synuclein seems to play a role in neurotransmission release, vesicle trafficking and 

mitochondrial function (see “Interaction between membranes and -synuclein”). 

 

2-1 -Synuclein mutations in PD 

Although the vast majority of PD patients are idiopathic, in rare instances PD is 

inherited. To date, three different missense mutations in the gene encoding for -synuclein 

(SNCA) have been identified to cause autosomal-dominant forms of PD. These SNCA 

mutations – A53T, A30P and E64K (Fig. 4) – are extremely rare and found in familial PD. 

Of these, the A53T mutation seems to be by far the most common, having been identified 

in one Italian, eight Greek, two Korean and one Swedish family59 60 61 62-64, while the A30P 

Figure 4. Schematic representation of the -synuclein protein with the three pathogenic missense mutations 

above the protein organization. -Synuclein is a 140-amino acid protein with seven imperfect repeats (KTEGV) in the 

NH2 terminus, a central hydrophobic NAC (nonamyloid component) region, and an acidic COOH-terminal region. 

Adapted from Corti O. (2011) Physiol. Rev.  
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and E64K mutations were identified in one German and one Spanish family, respectively65, 

66.  

Clinically, patients with the SNCA A53T mutation have a broadly varying 

phenotype, ranging from typical late-onset PD to atypical PD with more severe features, 

including an earlier age at onset, more rapid progression, and a heightened prevalence of 

dementia, psychiatric problems, and autonomic dysfunction61, 63, 67-69. The clinical symptoms 

of patients with the SNCA A30P mutation closely resemble those with idiopathic PD, with 

a late age at onset and a mild phenotype70. Carriers of E64K, however, have severe 

parkinsonism, with an early age at onset and diffuse Lewy body dementia66. The brain 

pathology of patients with SNCA mutations is characterized by an abundant -synuclein 

pathology involving the brainstem, limbic areas and neocortex. 

These PD-associated genetic mutations alter -synuclein’s structure in different 

ways. The A53T mutation effectively expands the hydrophobic domain from 11 amino 

acids to 30 amino acids by destabilizing the -helical domain between residues 51 and 

6671. This expanded hydrophobic core confers gain-of-function toxicity71 by facilitating the 

protein’s ability to adopt the -sheet structure required for the formation of oligomeric 

species72-74. The A30P mutation disrupts the first -helical domain of -synuclein and 

reduces its affinity for phospholipids75. Finally, the E64K mutation is thought to elicit 

toxicity by altering -synuclein’s interaction with anionic phospholipids, thereby exposing 

the protein’s hydrophobic surfaces for potential intermolecular interactions76. 
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2-2 -Synuclein aggregation  

Although -synuclein is a natively unfolded protein, it can adopt several 

conformations, characterized as oligomers, protofibrils and fibrils (Figure 5), which have 

been associated with the pathogenesis of PD. The cascade of events starting from the 

natively unfolded protein and culminating in mature fibril formation is collectively termed 

-synuclein aggregation (Box 1). Fibrils of -

synuclein, which are composed of cross--sheet 

structures, are detected mostly in LB77, 78. Indeed, LB 

and LN contain 5-10 nm filaments that appear to be 

composed primarily, if not exclusively, of -

synuclein37. In classical LB, the pale-staining halo, 

which contains filaments as identified by Electron 

microscopy, labels more-strongly for -synuclein 

than the acidophilic core25. Moreover, dystrophic 

neurites and cortical LB contain similar -synuclein 

filaments79. 

It has been proposed that oligomers, as opposed to mature fibrils, may represent 

the toxic species in PD. This concept first came from observations in vitro that acceleration 

of oligomerization, not fibrillization, is a shared property of both A53T and A30P -

synuclein mutations linked to PD80. While the A53T mutation accelerated the process of 

fibrillization, the A30P mutation fibrillized more slowly than wild-type -synuclein. 

However, both mutations accelerated the oligomerization process compared to the wild-

type -synuclein, suggesting that the formation of oligomers, rather than fibrils, is likely to 

be critical in the pathogenesis of PD. Soon after, in vitro studies demonstrated that -

 

Figure 5. -Synuclein conformations. 

From Eisbach S.E. et al. (2013) J Mol Med. 
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synuclein oligomers, in contrast to the monomeric and fibrillar forms of this protein, bind 

synthetic vesicles very tightly via a -sheet-rich structure, resulting in a permeabilization of 

these vesicles81 by a pore-like mechanism82. Interestingly, A53T and A30P mutant -

synuclein exhibited higher permeabilizing activities compared to wild-type -synuclein 

Inappropriate membrane permeabilization by -synuclein oligomeric forms could cause 

degeneration and death of neurons via several mechanisms. These include: (i) up-regulated 

calcium flux into the cytosol83, (ii) depolarization of the mitochondrial membrane84, and (iii) 

leakage of DA into the cytosol; elevation of cytoplasmic DA leads to cell death85.  

 More recently, viral overexpression of -synuclein variants that form oligomers 

rather than fibrils (i.e. oligomer-forming) induced a more severe dopaminergic loss in the 

rat SN compared with fibril-promoting -synuclein variants86. Consistent with the previous 

Box 1: -Synuclein aggregation process 

-Synuclein requires lipid interactions 

to form dimers, oligomers, and mature 

amyloid fibrils. (a) In solution, -

synuclein is natively unfolded. (b) In the 

presence of vesicle membranes 

containing anionic phospholipids, the 

N-terminus of -synuclein forms two 

-helices that allow it to associate with 

the surface of the membrane. (c) 

Stabilization of -synuclein’s 

membrane interactions (through -

synuclein mutations) or increased -

synuclein concentration (through 

genetic multiplication) facilitates the 

formation of -synuclein dimers on the 

membrane surface or in the cytoplasm. 

Through dimerization, -synuclein 

adopts a -sheet secondary structure 

that, through association with -

synuclein monomers or other dimers, 

leads to oligomer formation. These 

oligomers seed fibril formation and 

deposit as amyloid within Lewy bodies 

and Lewy neurites. From Auluck P.K. 

et al., (2010) Annu. Rev. Cell Dev. Biol.
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in vitro results, the toxicity observed in this synuclein rat model was associated with 

alterations in the permeability and integrity of the cell membrane induced by a membrane-

associated -synuclein oligomer. In addition to membrane alterations, -synuclein 

oligomers may also cause toxicity by damaging mitochondria87, triggering lysosomal 

leakage88, or disrupting microtubules89. In this context, it was demonstrated that -

synuclein oligomers interfered with the axonal transport of synaptic proteins such as 

synapsin 1, resulting in dysfunctional synapses and eventual neurodegeneration90. Although 

the relationships between the various -synuclein conformations and the mechanisms of 

interconversion between these conformations remain poorly understood, the conversion of 

-synuclein to a toxic oligomeric form (or forms) might be influenced by interactions with 

lipids or small molecules and post-translational modifications, including phosphorylation, 

oxidative stress and truncation (see “-Synuclein post-translational modifications”). 

2-3 Increased levels of -synuclein and PD 

Mounting evidence suggests that increased levels of -synuclein are toxic and may 

contribute to the neurodegeneration process in PD. One of the first links between PD and 

-synuclein up-regulation was reported by Vila et al., in the MPTP mouse model of PD 

(Box 2). Using a regimen involving chronic exposure to MPTP, -synuclein protein 

expression in mouse midbrain extracts, together with the number of -synuclein-positive 

neurons within the SNpc, progressively increased from 0 to 4 days after MPTP 

administration91. Interestingly, all -synuclein-positive neurons in the SNpc were TH-

positive, suggesting that -synuclein up-regulation after exposure to MPTP occurs 

specifically within dopaminergic neurons. Consistent with protein alterations, -synuclein 

mRNA also increased in a time-dependent manner in the midbrain of these mice following 

chronic MPTP intoxication, peaking at 4 days after intoxication. Importantly, the time-
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course of these -synuclein accumulations paralleled that of MPTP-induced dopaminergic 

neurodegeneration92. Taken together, these results raised the possibility that -synuclein 

up-regulation contributed to the cascade of deleterious events that ultimately cause 

neuronal death. In line with observations in MPTP-treated mice, monkeys injected with a 

single dose of MPTP exhibited a significant increase in -synuclein mRNA and protein 

levels one week and one month after intoxication compared with control monkeys93. In 

addition, MPTP-treated monkeys displayed an increased number of -synuclein-positive 

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a by-product of the chemical synthesis of a 

meperidine analogue with potent heroin-like effects that can induce a parkinsonian syndrome in humans 

almost indistinguishable from PD. Since the discovery that MPTP causes parkinsonism in humans and 

non-human primates, as well as in various other mammalian species, it has been used extensively as a 

model of PD. From neuropathological data, MPTP administration causes damage to the nigrostrial 

dopamine (DA) pathway identical to that seen in PD, with the exception of the intraneuronal inclusions 

knows as Lewy bodies. It is worthwile to note that postmortem brain samples from patients with PD 

show a selective defect in the mitochondrial electron transport chain complex that is affected by MPTP. 

The metabolism of MPTP is a complex, multistep process (see figure). After its systemic administration, 

MPTP, which is a pro-toxin, rapidly crosses the blood-brain barrier and is metabolized to 1-methyl-4-

phenyl-2,3-dihydropyridinium (MPDP+) by the enzyme monoamine oxidase B (MAO-B) in non-DA 

cells, and then, probably by spontaneous oxidation, to 1-methyl-4-phenylpyridinium (MPP+), the active 

toxic compound. MPP+ is then taken up by DA transporters, for which it has high affinity. Once inside 

DA neurons, MPP+ is concentrated by an active process within the mitochondria, where it impairs 

mitochondrial respiration by inhibiting complex I of the electron transport chain. The inhibition of 

complex I impedes the flow of electrons along the mitochondrial electron transport chain, resulting in an 

increased production of free radicals, which causes oxidative stress and activation of programmed cell 

death molecular pathways. From Vila M. & Przedborsky S. (2003) Nat. Rev. Neurosci. 

Box 2. The MPTP model of Parkinson’s disease 
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cells in the SN one month after MPTP-treatment. The fact that increased -synuclein 

levels were seen at the same time that MPTP-induced neurodegeneration commenced in 

monkeys (i.e. one week post-exposure) further supported the possibility that increased -

synuclein might contribute to neuronal injury. Similarly, enhanced levels of -synuclein 

protein were also observed in another mouse model of PD-like nigrostriatal degeneration 

induced by weekly injections of the toxic herbicide parquet94.  

Although the phenotype of -synuclein-deficient mice is relatively modest, this 

animal displays resistance to the MPTP-induced degeneration of DA neurons, suggesting 

that -synuclein may contribute to cell death95. Moreover, the use of recombinant adeno-

associated virus (rAAV) to induce overexpression of human wild-type and A53T mutant -

synuclein in the nigrostriatal DA neurons of adult rats promoted nigrostriatal degeneration 

(i.e. 30-80% loss of SN cell bodies and 40-50% of striatal fibers 8 weeks after viral 

injection)96. A similar loss of cell bodies and fibers in the nigrostriatal pathway was reported 

in monkeys injected with rAVV to induce expression of human wild-type and A53T 

mutant -synuclein in the SN97. These results demonstrated that the mere overexpression 

of wild-type or mutant -synuclein is capable of promoting cell death.  

The concept that increased -synuclein expression is sufficient to produce PD was 

further corroborated in humans, when duplications and triplications of the chromosomal 

region surrounding the -synuclein gene were found to produce dominantly inherited 

PD98-100. While the SNCA duplication produces a form of PD similar in onset and 

symptoms to that of sporadic PD, the triplication causes an exceptionally severe 

phenotype, with much earlier onset and prominent cognitive as well motor impairment98, 101, 

102. These findings suggest a dose-dependent correlation of -synuclein load to the PD 

phenotype. In addition, polymorphisms in the Rep1 region 10kB upstream of the SNCA 
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promoter are associated with increased risk for PD, likely via a mechanism of -synuclein 

overexpression103-105. Moreover, UV-laser microdissection and RT-qPCR showed increased 

-synuclein mRNA levels in surviving NM- and TH-positive SN dopaminergic neurons 

from idiopathic PD brains compared to controls106. Taken together, these results 

strengthen the pathophysiologic role of the transcriptional dysregulation of -synuclein 

expression in PD.  

In addition to the above, -synuclein accumulation is associated with decreased 

nigrostriatal activity. Chu and Kordower demonstrated an age-related accumulation of -

synuclein protein within individual nigral neurons both in humans and non-human 

primates107. In particular, increases of 269% and 639% in the number of -synuclein-

positive neurons in middle-aged and elderly human subjects, respectively, were observed 

relative to a young cohorts107. Moreover, the intracellular levels of -synuclein were 

increased 56.6% in the aged individuals. These results are of significant relevance for PD, 

since aging remains the most compelling and prominent risk factor for the development of 

PD. But the most critical aspect of the Chun and Kordower study was that accumulations 

of -synuclein were strongly associated with the loss of DA phenotype, which is one of the 

earliest cellular manifestations seen within the SN in PD16, 108-110. In both humans and 

monkeys, accumulation of -synuclein within nigral perikarya is associated with decreased 

TH expression within those same neurons. Indeed, for both species, regardless of age, 

decreased TH was only observed within nigral neurons displaying detectable -synuclein. 

On the other hand, and also regardless of age, adjacent neurons without detectable 

synuclein expression displayed stable levels of TH107. More recently, it was demonstrated 

that induced pluripotent stem cells (iPSC) (Box 3) generated from PD patients carrying the 

G2019S mutation in the PD-associated LRRK2 gene exhibited -synuclein accumulation 
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both at the protein and mRNA levels111, 112, further supporting the relationship between -

synuclein up-regulation and PD. 

 

2.4 -Synuclein post-translational modifications 

-Synuclein can suffer different post-translational modifications, including 

phosphorylation, nitration and truncation. Mounting evidence suggests that these 

modifications could increase the pathogenic role of -synuclein by promoting the 

formation of toxic oligomers80, 113.   

Phosphorylation. -Synuclein phosphorylated at serine129 (Ser129)39, 114 is present 

in LB, indicating that -synuclein phosphorylation may have a role in the pathogenesis of 

PD. However, -synuclein phosphorylation is a normal event in the human brain, as 

demonstrated in brain samples from control subjects and patients with LBD and 

tauopathies114. In that study, all of the human brains examined (including controls) 

contained phosphorylated -synuclein at Ser129 in several brain regions, such as the 

Induced pluripotent stem cells (iPSC) are 

the product of somatic cell 

reprogramming to an embrionyc-like-

state. Differentiated cells are acquired by 

biopsies from human tissues and in vitro 

cultured in the presence of stem cell 

transcription factors, such as SOX2, c-

Myc, OCT4 and KlF4. After induction of 

pluripotency phenotype, the cells, known 

as iPSCs, can be used for redifferentiation 

into specific disease cell types, for drug 

screening, or for correction of genomic 

defects, as well as healthy cells in 

regenerative theparies. From Fernandez T 

de S et al. (2013) Biomed Res Int. 

Box 3 . Human induced pluripotent stem cells.  

iPSCs. 
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frontal cortex, putamen, caudate nucleus and cerebellum, with the SN and NBM being the 

regions with the highest levels of phosphorylated -synuclein. Consistent with these 

results, -synuclein is constitutively phosphorylated in human kidney 293 cells as well as in 

rat PC12 cells115. In particular, -synuclein can be phosphorylated by a subset of protein 

kinases, including casein kinase 1 (CK1), CK2 or G protein-coupled receptor kinases115,116. 

Although these results indicate that phosphorylation of -synuclein is a normal event in 

human brains, most of the -synuclein is not phosphorylated under physiological 

conditions in vivo115, suggesting that the extensive phosphorylation of -synuclein at Ser129 

in PD brains may represent a pathological event. Supporting this idea, phosphorylated -

synuclein at Ser129 induced the formation of a 4 fold increase in -sheeted fibrils 

compared to unphosphorylated -synuclein as demonstrated by an in vitro assay followed 

by SDS-PAGE analysis39. Moreover, the inhibition of phosphorylation at Ser129 in SH-

SY5Y cells decreased the formation of inclusions promoted by the overexpression of both 

human -synuclein and synphilin-1117. These results strongly support the notion that -

synuclein phosphorylation at Ser129 may play a role in PD inclusion formation. The 

pathological role of -synuclein phosphorylation at Ser129 has also been reported in 

transgenic mice expressing human -synuclein under the control of a Thy-1 promoter. 

Enhancing -synuclein phosphatase activity in these transgenic mice, which resulted in a 

reduced level of -synuclein phosphorylation, reduced the typical neuropathology and 

behavioral deficits associated with these transgenic mice (i.e. decreased -synuclein 

aggregation, improved neuronal activity and dendritic arborization, reduced astroglial and 

microglial activation)118. Similar results have been reported in Drosophila overexpressing 

human -synuclein, in which alteration of Ser129 to the phosphorylation-incompetent 

residue alanine completely attenuated -synuclein toxicity in Drosophila. In contrast, 



 

 

19 

mutation of Ser129 to aspartate to mimic phosphorylation and overexpression of Drosophila 

G protein-coupled receptor kinase, which increased the phosphorylation of -synuclein at 

Ser129, significantly enhanced -synuclein-induced neurotoxicity119. In particular, -

synuclein phosphorylation at Ser129 may induce toxicity in Drosophila by promoting the 

accumulation of toxic -synuclein oligomeric forms120 and inhibiting the interaction of -

synuclein with the cell membrane as reported in in vitro assays116.  

Although Ser129 phosphorylation is the most studied event of this type, the -

synuclein serine 87 (Ser87) residue can also be phosphorylated121, and is present in LB121. In 

addition to serine, -synuclein can also be phosphorylated at tyrosine 125 (Tyr125) in 

transgenic Drosophila expressing wild-type human -synuclein120. Interestingly, Tyr125 

phosphorylation is protective against -synuclein neurotoxicity in the Drosophila model of 

PD. In particular, levels of soluble oligomeric species of -synuclein in this PD model were 

decreased by Tyr125 phosphorylation. Strikingly, Tyr125 phosphorylation is diminished 

during the normal aging process in both humans and flies, and cortical tissue from patients 

with DLB showed reduced phosphorylation at Tyr125120. Taken together, these results 

suggest that Ser129 may promote the formation of toxic -synuclein oligomers, while 

Tyr125 phosphorylation may inhibit its formation. 

Nitration. Several studies have demonstrated that nitrated -synuclein is also 

present in LB and LN of PD brains38, 122, 123, and may play a role in the pathogenesis of PD. 

According to this idea, nitration of human recombinant -synuclein induced by exposure 

to nitrating agents (e.g. peroxynitrite/CO2 or myeloperoxidase/H2O2/nitrite) promoted the 

formation of -synuclein oligomers124. In addition, the nitration of -synuclein occurs in 

the mouse striatum and ventral midbrain following MPTP intoxication125. Although the 

significance of -synuclein tyrosine nitration remains unclear, tyrosine nitration induces 
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secondary and tertiary structural alterations, which may critically modify protein function125 

and could facilitate interactions with other proteins, thereby promoting protein 

aggregation. Moreover, nitration decreases the binding capacity of -synuclein to lipid 

vesicles and provides -synuclein with heightened resistance to proteolysis126. Because 

nitration is an oxidative modification promoted by peroxynitrite (i.e. an oxidizing and 

nitrating agent that results from the combination of superoxide and nitric oxide), 

impairment of cellular antioxidative mechanisms or overproduction of reactive oxygen 

species may be a primary event leading to the onset and progression of neurodegenerative 

synucleinopathies. Further supporting this idea, antioxidant compounds (such as tannic 

acid, curcumin and rosmarinic) inhibited the formation of -synuclein fibrils and 

destabilized preformed -synuclein fibrils in vitro127. 

Truncation. Another modification that may be important in the pathogenesis of 

PD is the carboxy-terminal (C-terminal) truncation of -synuclein, which leads to 

fragments lacking part or all of the acidic tail40. Like phosphorylation, -synuclein 

truncation is a normal event in the adult human brain114. However, C-terminal truncation 

may have a pathological role, as evidenced by: (i) the enhanced accumulation of C-

terminal-truncated -synuclein in the SH-SY5Y cell line and transgenic mice expressing 

familial PD-linked mutants40, (ii) the enrichment of C-terminal-truncated -synuclein in 

aggregates from human brains with -synuclein pathology40, (iii) a C-terminal-enhanced 

ability to aggregate in a cell-free in vitro self-assembly assay compared to full-length -

synuclein128, and (iv) enhanced neurotoxicity in vivo, since the expression of C-terminal-

truncated -synuclein in Drosophila showed increased aggregation into large inclusion 

bodies, increased accumulation of high molecular weight -synuclein species, and increased 

loss of dopaminergic neurons in the dorsomedial cluster compared with flies expressing 
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wild-type -synuclein128. In particular, lysosomes may have a role in the truncation of -

synuclein at the C-terminal, since lysosomal inhibition in SH-SY5Y cells expressing human 

-synuclein blocked the formation of truncated forms of -synuclein114.  

 

2.5 Interaction between membranes and -synuclein 

Although the exact function of -synuclein is still unclear, substantial evidence now 

exists to suggest that it interacts directly with lipids and membranes, both physiologically as 

well as pathologically.  

-Synuclein and neurotransmismitter release 

The presynaptic location of synuclein in addition to its capacity to interact with 

membranes, strongly suggests a role of -synuclein in transmitter release. Indeed, it has 

been suggested that -synuclein normally acts to regulate the pool of vesicles available in 

the synaptic bouton (Box 4). Supporting this idea, in mice lacking -synuclein, 

dopaminergic synapses inappropriately release excessive quantities of neurotransmitter in 

response to multiple stimuli129. Moreover, in primary hippocampal neuronal cultures, 

antisense RNA knockdown of -synuclein induced a marked reduction (50%) in the 

number of vesicles present in the distal pool, while the number of vesicles docked at the 

synaptic plasma membrane was unchanged130. These results suggest that -synuclein may 

have a role in regulating the store of vesicles available for transmitter release. Consistent 

with this idea, hippocampal synapses prepared from mice lacking -synuclein showed a 

marked decrease in the pool of undocked synaptic vesicles, whereas the number of docked 

vesicles was not affected131. In particular, it has been suggested that -synuclein can 

function as a negative regulator of DA release. Using adrenal chromaffin cells from 
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transgenic mice and PC12 cell lines overexpressing human wild-type or mutant A30P -

synuclein, Larsen and coworkers132 hypothesized that -synuclein inhibits the “priming” 

step, a reaction that transfers morphologically-docked vesicles to a fusion-competent state 

(Fig. 6). Both chromaffin cells and PC12 cells exhibited a significant decrease in the 

amount of stimulation-dependent DA released, which was not attributable to decreased 

Ca2+ entry or decreased sensitivity to Ca+. Moreover, the number of molecules released per 

fusion event (quantal size) in chromaffin cells was unaffected by -synuclein expression. In 

contrast, the number of fusion events in cells from -synuclein-expressing mice was 

significantly decreased. Electron microscopy studies revealed that -synuclein-

overexpressing cell lines exhibited a marked accumulation of morphologically-docked 

association with membranes, which together provide 
‘smart’ interaction surfaces to spatiotemporally organize 
protein–protein interactions (FIG. 2) or enzymatic activi-
ties. Examples of CAZ components include the giant 
proteins bassoon and piccolo, Rab6 interacting pro-
tein (ELKS; also known as CAST1), mammalian rela-
tives of the Drosophila melanogaster protein bruchpilot 
(BRP), liprin and GIT family proteins, Rab3 interacting 
molecules (RIMs), and the SNARE regulator Munc13 
(FIG. 3a). Munc13, for example, regulates efficient neuro-
transmitter release28 by forming an interaction web with 
the active zone components piccolo, bassoon, CASTs 
and RIMs28 (FIG. 3a).

The importance of the CAZ in orchestrating neu-
rotransmitter release is further exemplified by the fact 
that flies with null alleles of BRP29 show loss of the 
electron-dense active zone cytomatrix, a morphologi-
cal defect that is correlated with impaired clustering of 
voltage-gated Ca2+ channels and with desynchronization 
of glutamate release. Alterations in activity-dependent 
synaptic vesicle exocytosis are also seen upon knock-
down of the giant CAZ protein piccolo30.

Although ultra-structure and composition of the 
presynaptic cytomatrix are quite variable at different 
synapse types, it is likely that at all synapses, CAZ com-
ponents play important parts in the organization of the 
machinery associated with synaptic vesicle exocytosis 
and endocytosis, including Ca2+ channels (FIG. 2). As 
detailed below, we argue that CAZ components (FIG. 3) 
may be an important element in coupling exocytic syn-
aptic vesicle fusion and clearance of release sites with 
endocytic retrieval of synaptic vesicle membranes near 
the active zone and at the surrounding periactive zone.

Closing the cycle: synaptic vesicle endocytosis and recy-
cling. Synapses usually contain a limited number of syn-
aptic vesicles, often less than one hundred. As synapses 
are usually located at a great distance from the protein 
synthesizing machinery in the cell body, this organiza-
tion necessitates rapid local recycling of synaptic vesicle 
membranes within the nerve terminal6–8 under condi-
tions of fast neurotransmission. Physiological studies 
(BOX 2) on nerve terminals and sensory systems, includ-
ing retinal bipolar cells31 and the calyx of Held in the 

Figure 1 | An overview of the synaptic vesicle cycle. Docked and primed synaptic vesicles (a) constitute the readily 
releasable pool. Following Ca2+ influx they undergo exocytosis (b) and release neurotransmitter into the synaptic cleft, 
where these neurotransmitter molecules can activate postsynaptic receptors. Exocytosis occurs preferentially at release 
sites within specialized areas of the presynaptic membrane, called active zones, which are defined by their spatial proximity 
to voltage-activated Ca2+ channels and, presumably, by the presence of cytoplasmic matrix of the active zone (CAZ) 
scaffolding proteins. To maintain the availability of release sites for subsequent fusion reactions, release sites have to 
undergo clearance (c), an enigmatic step connecting the exocytic and endocytic limbs of the synaptic vesicle cycle. 
Endocytosis of synaptic vesicle membranes, including transmembrane synaptic vesicle cargo proteins, preferentially occurs 
within the periactive zone that surrounds the active zone area, and may be connected to it via protein–protein interactions. 
Synaptic vesicle endocytosis is predominantly mediated by a clathrin- and dynamin-dependent pathway involving 
endocytic scaffolds and specialized synaptic vesicle sorting adaptors (d). Following clathrin uncoating and concomitant 
neurotransmitter uptake, synaptic vesicles return to the recycling pool, where they undergo clustering (e).
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Docked and primed synaptic vesicles (a) constitute the readily releasable pool. Following Ca2+ influx 

they undergo exocytosis (b) and release neurotransmitter into the synaptic cleft where these 

neurotransmitter molecules can activate postsynaptic receptors. Exocytosis occurs preferentially at release 

sites within specialized areas of the presynaptic membrane, called active zones, which are defined by their 

spatial proximity to voltage-activated Ca2+ channels and, presumably, by the presence of cytoplasmic 

matrix of the active zone (CAZ) scaffolding proteins. To maintain the availability of release sites for 

subsequent fusion reactions, release sites have to undergo clearance (c), an enigmatic step connecting the 

exocytic and endocytic limbs of the synaptic vesicle cycle. Synaptic vesicle endocytosis is predominantly 

mediated by a clathrin- and dynamin-dependent pathway involving endocytic scaffolds and specialized 

synaptic vesicle sorting adaptors (d). Following clathrin uncoating and concomitant neurotransmitter 

uptake, synaptic vesicles return to the recycling pool, where they undergo clustering (e). Haucke V. et al., 

(2011) Nat. Rev. Neurosci. 

Box 4: Overview of the synaptic vesicle cycle. 
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vesicles. Taken together, these data indicate that -synuclein overexpression inhibits 

evoked transmitter release, which is consistent with the previous finding that -synuclein 

can inhibit membrane fusion133, 134, independently of SNARE proteins134. In particular, it 

has been suggested that -synuclein’s membrane association and dissociation cycle is 

regulated by Rab3a machinery135. Rab pull-down assays using brain homogenates from 

mice overexpressing mutant A30P -synuclein confirmed that -synuclein interacts with 

Rab3a protein136. 

The possible role of -synuclein in regulating synaptic homeostasis is not 

exclusively related to its direct interaction with synaptic vesicles. For instance, -synuclein 

may have a role as a chaperone, very similar to that of the presynaptic chaperone cysteine 

string protein (CSP)137. Knockown of CSP in mice does not affect synaptic transmission 

immediately after birth but eventually results in rapidly progressive synaptic degeneration 

Figure 6: Model for -synuclein (-syn) as a regulator of vesicle priming. (a), In the presence of wild-type levels 

of -synuclein, vesicles dock with the plasma membrane but are not yet fusion competent (unprimed pool) until 

primed (releasable pool). -Synuclein functions as a regulator of this priming step (green arrow). (b), In the presence of 

high levels of -synuclein, vesicles continue to dock with the plasma membrane but now linger in a fusion-incompetent 

state because of an inhibition of priming. Consequently, the unprimed pool of vesicles increases, and the releasable 

pool of vesicles decreases, leading to an increase in the number of docked vesicles and a decrease in exocytosis. (c), In 

the absence of -synuclein (e.g., mouse knock-out), vesicles dock with the plasma membrane, but priming is 

dysregulated, leading to excessive priming and a build-up in the releasable pool of primed vesicles, potentially 

explaining the increased evoked neurotransmitter release observed in neurons from -synuclein -deficient mice. From 

Gitler AD & Shorter J. (2007) J. Neurosci. 
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and death within 2 months138. CSP thus does not itself appear required for transmitter 

release, but rather serves to maintain the function of the nerve terminal over a longer time 

frame. Remarkably, the overexpression of -synuclein greatly delays degeneration due to 

the loss of CSP, while the loss of synuclein exacerbates the CSP knockout phenotype137. 

This suggests that -synuclein may have a very similar role to that of CSP as a chaperone 

in maintenance of the nerve terminal rather than in transmitter release. Further support for 

the role of -synuclein in terminal maintenance was provided by the fact that -synuclein 

showed a delayed onset of expression in primary hippocampal neurons compared with 

other presynaptic proteins130. In addition, a lack of gross morphological deficits in the 

brains of -synuclein knockout mice129 strengthens the concept that -synuclein is not 

essential for neuronal development and differentiation. Moreover, the role of -synuclein 

in the synapse is also associated with phospholipase D2 (PLD2), since -synuclein is a 

specific, potent inhibitor of PLD2139. PLD2 catalyzes the hydrolysis of phosphatidylcholine 

to form phosphatidic acid (PA) and diacylglycerol (DAG)139, 140, both of which are 

intracellular modulators of neurotransmitter release.  

-Synuclein and mitochondria  

The connection between mitochondria and PD stems from the observation that a 

defect in the activity of respiratory chain protein complex I was identified in the SN141, the 

striatum142, the frontal cortex143, platelets144 and leukocytes145 of PD patients. Mitochondrial 

alterations are now well recognized as forming part of PD (Box 5) and since -synuclein 

and mitochondrial dysfunction are both associated with PD, an interaction between the 

two may underlie PD pathogenesis. Supporting this idea, overexpression of -synuclein in 

a hypothalamic neuronal cell line gave rise to structural mitochondrial alterations, as 

reflected by the presence of enlarged mitochondria and abnormal cristae, impaired 
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mitochondrial function and increased oxidative stress87. Consistent with these results, mice 

overexpressing human A53T mutant -synuclein exhibited (i) mitochondrial structural 

abnormalities, including shrunken, swollen or vacuolated mitochondria146, (ii) impaired 

complex I activity147 and (iii) mitochondrial DNA damage, frequently in the absence of 

nuclear DNA damage in brain stem neurons146, suggesting that -synuclein-induced 

mitochondrial DNA damage could precede neuronal cell death146.  

Indeed, -synuclein is imported into mitochondria via a mechanism dependent on 

mitochondrial transmembrane potential and mitochondrial ATP148. The N-terminal region 

Box 5. Mitochondrial dysfunction in PD 

Alterations in several aspects of mitochondrial biology have been linked to the pathogenesis of PD, such 

as: (a) reduced complex I activity, (b) increased production of mitochondria-derived ROS, (c) ROS-

mediated mtDNA damage, (d) bioenergetic failure, (e) Bax-mediated cytochrome c release and activation 

of mitochondria-dependent apoptotic pathways, (f) defective mitophagy, or (g) increased mitochondrial 

Ca2þ-buffering burden. Many of the mutated nuclear genes linked to familial forms of PD, including 

PINK1, Parkin, a-synuclein, DJ-1, or LRRK2, have been shown to affect many of these mitochondrial 

features (see main text for details). CL, cardiolipin; Cyt. c, cytochrome c; HTRA2, high temperature 

requirement A2; IMM, inner mitochondrial membrane; IMS, intermembrane space; LRRK2, leucine-rich-

repeat kinase 2; OMM, outer mitochondrial membrane PINK1, phosphatase, and tensin homolog-induced 

kinase 1; ROS, reactive oxygen species; TRAP1, tumor necrosis factor receptor-associated protein 1; a-syn, 

alpha-synuclein. Perier C. and Vila M. (2012) Cold Spring Harb Perspect Med 2012;4a009332 
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of -synuclein is critical for its mitochondrial targeting148. Moreover, human fetal DA 

primary neuronal (DAN) cultures overexpressing human wild-type or mutant -synuclein 

exhibited a time-dependent accumulation of -synuclein in the mitochondria, which 

induced oxidative stress and impaired complex I activity148.  

The relevance of mitochondrial targeting and accumulation of -synuclein were 

also studied in mitochondria purified from human fresh postmortem PD and normal 

brains148; compared with normal brains from control subjects, an accumulation of -

synuclein in mitochondria of the SN and striatum was evident in the PD brains. 

Furthermore, there was a significant correlation between the accumulation of 

mitochondrial -synuclein levels and decreased complex I activity in the basal ganglia of 

PD brains. It is worth noting that mitochondria from the SN, striatum and cerebellum of 

control subjects exhibited low levels of -synuclein, suggesting the constitutive presence of 

-synuclein in the mitochondria. Consistent with these observations, control DAN cells 

also exhibited low but detectable levels of mitochondrial -synuclein. Moreover, the 

siRNA-mediated knockdown of -synuclein in DAN cells resulted in decreased complex I 

activity148. Taken together, these results demonstrated that constitutively low levels of 

mitochondrial -synuclein may be important for the normal functioning of mitochondrial 

complexes, whereas mitochondrial accumulation of -synuclein may contribute to the 

impairment of complex I function148. The inhibitory effect of an increased -synuclein 

concentration on complex I activity was also confirmed in rats, which normally express 

mitochondrial -synuclein in several brain regions, including the olfactory bulb (OB), 

hippocampus, striatum and thalamus149. 

Recent studies suggested that -synuclein might play a role in mitochondrial 

dynamics (fusion and fission) (Box 6). Overexpression of wild-type or mutant (A30P or 
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A53T) -synuclein in neuronal SH-SY5Y cells blocked mitochondrial fusion, which in turn 

caused increased mitochondrial fragmentation133. Conversely, downregulation of -

synuclein with siRNA in SH-SY5Y cells promoted mitochondrial fusion133. Mitochondrial 

fragmentation was also reported in Hela cells overexpressing human wild-type or mutant 

(A30P or A53T) -synuclein and in midbrain neurons from transgenic mice overexpressing 

human -synuclein150, although unlike previous work, this mitochondrial fragmentation 

was associated with a role for -synuclein in fission rather than fusion. In line with these 

observations on cultured cells, expression of -synuclein in C. elegans also led to 

mitochondrial fragmentation and alterations of mitochondrial morphology133. In addition, 

-synuclein seems to play a role in mitophagy (lysosome-mediated mitochondrial 

autophagy), since mice overexpressing high levels of mutant A53T -synuclein exhibited 

 

a) The mitochondrial life cycle starts with growth and division of pre-existing organelles (biogenesis) and 

ends with degradation of impaired or surplus organelles by mitophagy (turnover). In between, 

mitochondria undergo frequent cycles of fusion and fission that allow the cell to generate multiple 

heterogeneous mitochondria or interconnected mitochondrial networks, depending on the physiological 

conditions. b) Fusion and fission of mitochondria are important for many biological functions. Division is 

required for inheritance and partitioning of organelles during cell division, for the release of pro-apoptotic 

factors from the intermembrane space, for intracellular distribution by cytoskeleton-mediated transport 

and for turnover of damaged organelles by mitophagy. Fused mitochondrial networks are important for 

the dissipation of metabolic energy through the transmission of membrane potential along mitochondrial 

filaments and for the complementation of mitochondrial DNA (mtDNA) gene products in heteroplasmic 

cells to counteract the decline of respiratory functions in ageing (X and Y depict alleles of different 

mitochondrial genes). Adapted from Westermann B (2010) Nat. Rev. Mol. Cell Biol. 
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unify the mitochondrial compartment, whereas fission 
generates morphologically and functionally distinct 
organelles. These processes have important conse-
quences for mitochondrial functions in cell life and 
death (FIG. 4b).

Mitochondrial inheritance. Mitochondria are essential 
organelles that must be inherited during cell division. 
It is obvious that the number of mitochondria must 
increase during proliferation of cells. Accordingly,  
the mitochondrial network of mammalian interphase 
cells in culture was observed to fragment before the cells  

enter mitosis and undergo cytokinesis75,85. This allows 
partitioning of organelles to the daughter cells in a sto-
chastic manner. Cell cycle-dependent mitochondrial 
morphology changes are much less pronounced in 
yeast. Instead, mitochondria are inherited in an ordered 
manner by cytoskeleton-dependent bud-directed trans-
port86. Surprisingly, yeast mutants lacking Dnm1 do 
not show a significant growth defect, even though their 
interconnected mitochondrial network must split in 
two parts during cell division. Similarly, knockout of 
Drp1 does not affect the progression of cytokinesis in 
mouse embryonic fibroblasts85. It is not known whether 
mitochondrial division in mutant cells is mediated by 
mechanical forces imposed on the organelle during 
cytokinesis or by an as-yet-unidentified Dnm1- or 
DRP1-independent division machinery. However, mice 
that lack mitofusins28 or DRP1 (REFS 85,87) die before 
birth, which indicates that mitochondrial dynamics is 
essential in mammalian development.

Mitochondrial fusion is important for inheritance 
and maintenance of mtDNA. In yeast, fusion-defective 
mutants rapidly lose their mitochondrial genome and 
consequently show defects in respiration88. This is  
pro bably because fragmentation of mitochondria pro-
duces multiple small organelles, most of which lack 
mtDNA, so partitioning of these organelles to daughter 
cells produces a significant number of progeny lacking 
mtDNA. As a result, mitochondrial genomes are lost 
from the population after several generations.

Disruption of fusion in mammalian cells also leads 
to mitochondrial heterogeneity and dysfunction,  
possibly as a consequence of nucleoid loss in individual 
mitochondria89,90. Thus, it seems that fusion serves as a 
fundamental mechanism to maintain a mitochondrial 
population with a full complement of nucleus- and 
mitochondrion-encoded gene products. Although 
mitochondrial fission inevitably generates organelles 
lacking nucleoids, fusion ensures that the mitochon-
drial genome and gene products are replenished before 
functionality is lost.

Mitochondrial distribution and morphology. Cells 
defective in mitochondrial division contain highly 
interconnected net-like mitochondria that typically 
accumulate in restricted areas, leaving large parts of 
the cell devoid of mitochondria. Proper mitochondrial 
distribution depends on division to split the mitochon-
drial network into transportable units. Obviously, this 
is particularly important in large and extended cells, 
such as neurons. Accordingly, DRP1 and OPA1 are 
crucial to establish proper mitochondrial content in 
dendrites. This, in turn, is essential for the maintenance 
of dendritic spines and synapses, which are neuronal 
structures with a particularly high energy demand91. 
Moreover, Drp1-knockout mice have severe develop-
mental abnormalities, particularly in the forebrain 
and the cerebellum85,87. Intriguingly, mutant neurons 
in primary cell culture show an accumulation of mito-
chondria in the cell body, with only a few clumped 
and irregularly distributed mitochondria in neurites; 
this indicates that DRP1 deficiency impedes proper 

Figure 4 | Biological functions of mitochondrial dynamics. a | The mitochondrial life 
cycle starts with growth and division of pre-existing organelles (biogenesis) and ends  
with degradation of impaired or surplus organelles by mitophagy (turnover). In between, 
mitochondria undergo frequent cycles of fusion and fission that allow the cell to generate 
multiple heterogeneous mitochondria or interconnected mitochondrial networks, 
depending on the physiological conditions. b | Fusion and fission of mitochondria are 
important for many biological functions. Division is required for inheritance and 
partitioning of organelles during cell division, for the release of pro-apoptotic factors  
from the intermembrane space, for intracellular distribution by cytoskeleton-mediated 
transport and for turnover of damaged organelles by mitophagy. Fused mitochondrial 
networks are important for the dissipation of metabolic energy through transmission of 
membrane potential along mitochondrial filaments and for the complementation of 
mitochondrial DNA (mtDNA) gene products in heteroplasmic cells to counteract decline 
of respiratory functions in ageing (X and Y depict alleles of different mitochondrial genes).
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unify the mitochondrial compartment, whereas fission 
generates morphologically and functionally distinct 
organelles. These processes have important conse-
quences for mitochondrial functions in cell life and 
death (FIG. 4b).

Mitochondrial inheritance. Mitochondria are essential 
organelles that must be inherited during cell division. 
It is obvious that the number of mitochondria must 
increase during proliferation of cells. Accordingly,  
the mitochondrial network of mammalian interphase 
cells in culture was observed to fragment before the cells  

enter mitosis and undergo cytokinesis75,85. This allows 
partitioning of organelles to the daughter cells in a sto-
chastic manner. Cell cycle-dependent mitochondrial 
morphology changes are much less pronounced in 
yeast. Instead, mitochondria are inherited in an ordered 
manner by cytoskeleton-dependent bud-directed trans-
port86. Surprisingly, yeast mutants lacking Dnm1 do 
not show a significant growth defect, even though their 
interconnected mitochondrial network must split in 
two parts during cell division. Similarly, knockout of 
Drp1 does not affect the progression of cytokinesis in 
mouse embryonic fibroblasts85. It is not known whether 
mitochondrial division in mutant cells is mediated by 
mechanical forces imposed on the organelle during 
cytokinesis or by an as-yet-unidentified Dnm1- or 
DRP1-independent division machinery. However, mice 
that lack mitofusins28 or DRP1 (REFS 85,87) die before 
birth, which indicates that mitochondrial dynamics is 
essential in mammalian development.

Mitochondrial fusion is important for inheritance 
and maintenance of mtDNA. In yeast, fusion-defective 
mutants rapidly lose their mitochondrial genome and 
consequently show defects in respiration88. This is  
pro bably because fragmentation of mitochondria pro-
duces multiple small organelles, most of which lack 
mtDNA, so partitioning of these organelles to daughter 
cells produces a significant number of progeny lacking 
mtDNA. As a result, mitochondrial genomes are lost 
from the population after several generations.

Disruption of fusion in mammalian cells also leads 
to mitochondrial heterogeneity and dysfunction,  
possibly as a consequence of nucleoid loss in individual 
mitochondria89,90. Thus, it seems that fusion serves as a 
fundamental mechanism to maintain a mitochondrial 
population with a full complement of nucleus- and 
mitochondrion-encoded gene products. Although 
mitochondrial fission inevitably generates organelles 
lacking nucleoids, fusion ensures that the mitochon-
drial genome and gene products are replenished before 
functionality is lost.

Mitochondrial distribution and morphology. Cells 
defective in mitochondrial division contain highly 
interconnected net-like mitochondria that typically 
accumulate in restricted areas, leaving large parts of 
the cell devoid of mitochondria. Proper mitochondrial 
distribution depends on division to split the mitochon-
drial network into transportable units. Obviously, this 
is particularly important in large and extended cells, 
such as neurons. Accordingly, DRP1 and OPA1 are 
crucial to establish proper mitochondrial content in 
dendrites. This, in turn, is essential for the maintenance 
of dendritic spines and synapses, which are neuronal 
structures with a particularly high energy demand91. 
Moreover, Drp1-knockout mice have severe develop-
mental abnormalities, particularly in the forebrain 
and the cerebellum85,87. Intriguingly, mutant neurons 
in primary cell culture show an accumulation of mito-
chondria in the cell body, with only a few clumped 
and irregularly distributed mitochondria in neurites; 
this indicates that DRP1 deficiency impedes proper 

Figure 4 | Biological functions of mitochondrial dynamics. a | The mitochondrial life 
cycle starts with growth and division of pre-existing organelles (biogenesis) and ends  
with degradation of impaired or surplus organelles by mitophagy (turnover). In between, 
mitochondria undergo frequent cycles of fusion and fission that allow the cell to generate 
multiple heterogeneous mitochondria or interconnected mitochondrial networks, 
depending on the physiological conditions. b | Fusion and fission of mitochondria are 
important for many biological functions. Division is required for inheritance and 
partitioning of organelles during cell division, for the release of pro-apoptotic factors  
from the intermembrane space, for intracellular distribution by cytoskeleton-mediated 
transport and for turnover of damaged organelles by mitophagy. Fused mitochondrial 
networks are important for the dissipation of metabolic energy through transmission of 
membrane potential along mitochondrial filaments and for the complementation of 
mitochondrial DNA (mtDNA) gene products in heteroplasmic cells to counteract decline 
of respiratory functions in ageing (X and Y depict alleles of different mitochondrial genes).
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increased mitophagy151, possibly as a compensatory attempt to remove defective 

mitochondria. 

A recent study demonstrated that -synuclein is present in mitochondria-associated 

endoplasmic reticulum (ER) membranes (MAM)152. MAM is a subregion of the ER with a 

unique lipid composition, enriched in cholesterol and anionic phospholipids, and involved 

in a number of key metabolic functions, including phospholipid and cholesterol 

metabolism (Box 7)153. In addition, MAM is also enriched in proteins related to the control 

of mitochondrial division154 and dynamics155. Interestingly, different types of cell lines (i.e. 

M17 and Hela) containing pathogenic mutations in -synuclein have an altered distribution 

of this protein between the cytosol and MAM, which was associated with a decreased 

MAM activity and ER-mitochondria apposition, along with an increase in mitochondrial 

fragmentation152. The localization of -synuclein at the ER-mitochondrial interface likely 

contributes to explaining the association between -synuclein and mitochondria. 

Figure 3.
Structure and function of the MAM. The ER communicates with mitochondria via the
MAM, a specialized subregion of the ER with the characteristics of a lipid raft. The MAM is
the regulatory site in the cell for phospholipid metabolism, cholesterol ester and fatty acid
metabolism, lipid droplet formation, calcium homeostasis, and mitochondrial dynamics.
Abbreviations: APP, amyloid precursor protein; CE, cholesteryl ester; ER, endoplasmic
reticulum; MAM, mitochondria-associated ER membrane; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PS, phosphatidylserine; TAG, triacylglycerol, VDAC, voltage-
dependent anion-selective channel. Original image courtesy of E. Area-Gomez, Columbia
University, NY, USA.
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The ER communicates with mitochondria via the MAM, a specialized subregion of the ER with the 

characteristics of a lipid raft. The MAM is the regulatory site in the cell for phospholipid metabolism, 

cholesterol ester and fatty acid metabolism, lipid droplet formation, calcium homeostasis, and 

mitochondrial dynamics. Abbreviations: APP, amyloid precursor protein; CE, cholesteryl ester; ER, 

endoplasmic reticulum; MAM, mitochondria-associated ER membrane; PC, phosphatidylcholine; PE, 

phosphatidylethanolamine; PS, phosphatidylserine; TAG, triacylglycerol, VDAC, voltage- dependent 

anion-selective channel. From Di Mauro et al., (2013) Nat. Rev. Neurosci). 

Box 7. Structure and function of the mitochondria-associated ER membranes (MAM) 
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-Synuclein and Endoplasmic Reticulum (ER) – to – Golgi trafficking. 

Using several in vitro and in vivo models, Lindquist and co-workers identified 

inhibition of ER–Golgi trafficking as a major component of synuclein-dependent toxicity. 

Much of Lindquist’s work was performed on an -synuclein yeast model, in which 

expression of wild-type -synuclein (Syn-WT) or disease-associated -synuclein (Syn-

A53T) induced early increments of ER 

stress. Cells expressing either Syn-WT 

or Syn-A53T exhibited impaired ER-

Golgi vesicular transport, which 

preceded the onset of ER stress156. In 

particular, in the presence of -

synuclein, vesicles efficiently bud from 

the ER but fail to dock and fuse with the 

Golgi membrane (Box 8)157. In addition, 

overexpression of the Rab GTPase 

Ypt1p protein, which is involved in ER-

Golgi trafficking, rescued cells from -

synuclein-induced toxicity156.  

The association between -synuclein and defects in ER-Golgi trafficking is not 

unique to yeasts, having also been demonstrated in worms, flies, and mammals. Flies 

expressing Syn-WT and Syn-A53T exhibited DA neuron loss, whereas coexpression of 

-synuclein and Rab1 (the murine YPT1 ortholog) fully rescued this loss156. In C. Elegans 

expressing -synuclein under the control of the dopamine transporter (DAT-1) gene 

promoter, which resulted in 60% of animals exhibiting reduced numbers of DA neurons at 
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Rab GTPases in vesicle motility
Directionality and efficacy of vesicle delivery are in part 
mediated by actin filaments and microtubules, which 
facilitate local and long-range vesicle transport, respec-
tively. Higher eukaryotes contain various motor proteins 
that are capable of powering directional vesicle transport 
along such molecular cables. This necessitates high spe-
cificity in the attachment of motors to vesicles, and there 
are several examples in which Rab GTPases and their 
effectors proofread these types of interactions (FIG. 3c). 
In particular, there is strong evidence from both yeast25 
and higher cells that actin motors of the myosin V family 

associate with cargo vesicles in a Rab-dependent manner26. 
A well-studied example involves RAB27A, which recruits 
an adaptor protein, melanophilin, to the membranes of 
melanosomes, thereby connecting the melanosomes to 
myosin Va27. Myosin Va then shuttles these RAB27A-
positive vesicles towards the cell periphery, which is cru-
cial for the proper functioning of melanocytes28. A second 
RAB27A effector, synaptotagmin-like protein 2 (SLP2; 
also known as SYTL2), is recruited after melanophilin 
to mediate the correct peripheral distribution of melano-
somes29. Another example of a Rab effector that func-
tions as a myosin V adaptor is RAB11 family-interacting 
protein 2 (RAB11FIP2), which links RAB11A-positive 
endocytic recycling vesicles to myosin Vb30. Interestingly, 
myosin Vb can also function as a direct effector of both 
RAB8A and RAB11A in endocytic recycling pathways31, 
which demonstrates that myosin motors can be both 
direct and indirect effectors of Rab GTPases.

Because microtubules are organized by the centro-
some, microtubule-dependent membrane traffic towards 
the cell periphery generally requires plus-end-directed 
motors of the kinesin superfamily. Conversely, minus-
end-directed motors, such as cytoplasmic dynein, power 
microtubule-dependent vesicle traffic towards the peri-
centriolar region. Both types of microtubule-dependent 
motors are regulated by Rab GTPases. Kinesins can be 
direct effectors of Rab GTPases; for example, the cyto-
kinesis regulator rabkinesin 6 (also known as KIF20A) 
is an effector of the Golgi-localized RAB6 (REFS 32,33). 
Kinesins can also be indirectly regulated by Rab GTPases. 
For example, KIF16B, which is involved in endocytic 
recycling, is recruited to endosome membranes by bind-
ing to PtdIns-3-phosphate (PtdIns(3)P), the formation of 
which is controlled by RAB5 (REF. 34) (BOX 1). Although 
dynein has not yet been identified as a direct Rab effector, 
this minus-end-directed microtubule motor is an indirect 
effector for the late endosomal RAB7. The RAB7 effec-
tor Rab-interacting lysosomal protein (RILP) mediates 
minus-end-directed trafficking of late endosomes by 
recruiting a subunit of the dynactin complex, which is 
associated with dynein35. Likewise, the RAB6 effector 
bicaudal D1 mediates attachment of Golgi vesicles to the 
dynein–dynactin complex in Golgi-to-endoplasmic retic-
ulum (ER) transport36. The multiple ways by which Rab 
GTPases associate with motor proteins probably reflect 
the important role these proteins have in attaching the 
right transport vesicle to the right motor.

Rab GTPases in vesicle fusion
The first evidence for a function of Rab GTPases in 
membrane traffic was the observation that mutation 
of the yeast Rab GTPase Sec4 causes accumulation of 
TGN-derived vesicles that are destined for the plasma 
membrane37. This raised the possibility that Rab GTPases 
might mediate vesicle docking or fusion, a concept that 
has proved correct (FIG. 3d), although, as outlined above, 
the Rabs also regulate additional aspects of membrane 
trafficking. The functional mechanism of Sec4 in the 
fusion of TGN-derived vesicles with the plasma mem-
brane is a typical example of how these GTPases control 
membrane fusion — by recruiting elongated tethering 

Figure 3 | Rab GTPase functions in vesicle trafficking. Distinct membrane trafficking 
steps that can be controlled by a Rab GTPase and its effectors (indicated in orange).  
a | An active GTP-bound Rab can activate a sorting adaptor to sort a receptor into a 
budding vesicle. b | Through recruitment of phosphoinositide (PI) kinases or phosphatases, 
the PI composition of a transport vesicle might be altered (the conversion of PI-x into PI-y) 
and thereby cause uncoating through the dissociation of PI-binding coat proteins.  
c | Rab GTPases can mediate vesicle transport along actin filaments or microtubules 
(collectively referred to as cytoskeletal tracts) by recruiting motor adaptors or by binding 
directly to motors (not shown). d | Rab GTPases can mediate vesicle tethering by recruiting 
rod-shaped tethering factors that interact with molecules in the acceptor membrane. 
Such factors might interact with SNAREs and their regulators to activate SNARE complex 
formation, which results in membrane fusion. e | Following membrane fusion and 
exocytosis, the Rab GTPase is converted to its inactive GDP-bound form through 
hydrolysis of GTP, which is stimulated by a GTPase-activating protein (GAP). Targeting of 
the Rab–GDP dissociation inhibitor (GDI) complex back to the donor membrane is 
mediated by interaction with a membrane-bound GDI displacement factor (GDF). 
Conversion of the GDP-bound Rab into the GTP-bound form is catalysed by a guanine 
nucleotide exchange factor (GEF). 
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The ER – Golgi trafficking involves a series of 

steps consisting of a coat vesicle budding from the 

ER (a), uncoating of the vesicle (b), vesicle 

transport from the ER to Golgi (c), tethering and 

docking to Golgi membrane (d) and finally SNARE 

protein-dependent vesicle fusion. Adapted from 

Stenmark H. (2009) Nat. Rev. Mol. Cell Biol.< 
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the 7-day stage compared to controls, coexpression of -synuclein and Rab1 significantly 

rescued neurodegeneration in three independently established transgenic lines156. 

Furthermore, coexpression of -synuclein and Rab1 in primary cultures of rat midbrain 

neurons attenuated the toxicity induced by the overexpression of -synuclein alone (50% 

loss)156. Similar results in -synuclein-mediated disruption of ER–Golgi trafficking were 

also reported in HEK and PC12 cells overexpressing Syn-WT and Syn-A53T158; in the 

presence of -synuclein, vesicles budded from the ER but failed to fuse with their target 

Golgi membranes158. Further evidences supporting the role of -synuclein in ER-Golgi 

trafficking was provided when -synuclein from mice overexpressing mutant A30P -

synuclein was found to coimmunoprecipitate with Rab8, which is associated with the trans-

Golgi network136. 

 

2.6 -Synuclein impaired degradation in PD  

The presence of LB in PD suggests that defective protein handling, in particular of 

-synuclein, may contribute to the pathogenesis of the disease. Under physiological 

conditions, normal -synuclein can be selectively degraded by the ubiquitin-proteasome 

system (UPS) or in lysosomes, where it can be delivered by means of macroautophagy, 

chaperone-mediated autophagy and endocytosis (Box 9)159-165. It has been shown that 

alteration of these degradation pathways results in the abnormal accumulation of -

synuclein. In addition some pathological -synuclein species (i.e. PD-related mutant, 

oligomeric or aggregated) can, in turn, impair the efficiency of cellular proteolytic systems. 
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-Synuclein and the UPS. The UPS is essential for the degradation of the 

majority of short-lived and misfolded proteins. The proteasome is a multicatalytic 

enzymatic complex formed by the combination of a barrel-shaped catalytic core (the 20S 

proteasome) and different regulatory subunits (19S and 11S) that can give rise to various 

types of intracellular proteasomes, 26S being the best characterized. This degradative 

pathway is highly regulated (Box 10). An initial link between UPS, -synuclein and PD 

came from the observation that inhibition of the UPS could recapitulate some pathogenic 

features of PD, both in vitro and in vivo, such as dopaminergic cell death and cytoplasmic -

synuclein -positive inclusions166-173, although some research groups have failed to reproduce 

Substrate proteins are delivered to lysosomes from the extracellular media (heterophagy) or from inside the 

cell (autophagy). The best-described heterophagic pathway is endocytosis. Three different types of 

autophagy have been described in mammalian cells: macroautophagy, microautophagy, and chaperone-

mediated autophagy (CMA). In macroautophagy, intracellular components are sequestered by a limiting 

membrane to form an autophagic vacuole that then fuses with lysosomes. In microautophagy, substrates are 

directly internalised through invaginations of the lysosomal membrane. In contrast to this “in-bulk” 

degradation, in CMA, selective substrate proteins are translocated into the lysosomes one by one after 

binding to a lysosomal receptor (LAMP-2A). The ubiquitin-proteasome system (UPS) is the other major 

pathway for degradation of intracellular proteins inside cells. Substrates are tagged with a small protein 

(ubiquitin) that is recognised by the proteasome, the protease of this pathway. Martinez-Vicente M. And 

Cuervo A.M. (2007) Lancet Neurol. 

Box 9. Proteolytic systems in mammalian cells 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these results. A more specific connection between these three components came from the 

identification of familial PD cases caused by mutations in UPS-linked genes, such as parkin 

and ubiquitin C-terminal hydrolase-L1 (UCH-L1)174, 175. Parkin is a component of a 

multiprotein E3 ubiquitin ligase that catalyzes the addition of ubiquitin chains to target 

proteins to be degraded by the proteasome while UCH-L1 cleaves polyubiquitin chains 

into monomeric ubiquitin176, 177. Different reports showed that PD-linked mutations in 

parkin and UCHL1 genes lead to alterations in -synuclein degradation by the 

proteasome174, 175. It has also been reported that -synuclein itself, under some conditions, 

can impair UPS activity. In particular, several studies have shown that the direct interaction 

of -synuclein with the proteasome complex can inhibit the activity of the 26S proteasome 

by occluding this complex and thus blocking the entry of other substrates into the catalytic 

pore of the proteasome178. This -synuclein-mediated impairment of the proteasome has 

(1) Most proteins are targeted for degradation through the covalent attachment of 4–5 ubiquitins via a 

lysine residue in their sequence. Ubiquitinization requires the coordinated action of catalytic enzymes (E1, 

E2 and E3) that act sequentially to activate the ubiquitin and ligate it to the substrate presented by the E3. 

(2) The proteolytic component, the proteasome or 26S, has a catalytic core (the 20S) formed by four rings 

containing two types of catalytic subunits (a and b), and a regulatory complex (the 19S). (3) Polyubiquitin 

chains are recognized by components of the regulatory subunit, where deubiquitinases reverse the 

covalent conjugation, releasing free ubiquitin for recycling. The substrate is unfolded by unfoldases in the 

regulatory lid and ATPases in this complex provide the energy required for the injection of the substrate 

protein into the catalytic barrel or 20S proteasome. Koga H., et al. (2011) Ageing Res. Rev. 

Box 10. Schematic model of the ubiquitin/proteasome system. 
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been shown to precede the formation of inclusions in different cellular models179-182. 

Although there is some controversy concerning this point, most reports indicate that PD-

linked mutant and oligomeric -synuclein are the main species able to interfere with 

proteasomal activity181-184, while other studies indicate that wild-type -synuclein may also 

be able to impair UPS178, 179.   

-Synuclein and the autophagy/lysosomal system. Lysosomes are able to 

eliminate all types of -synuclein species through different pathways (Box 9)163, 164. 

Lysosomes are cellular organelles that contain acidic hydrolases able to break up all types of 

intracellular and extracellular components and macromolecules185, 186. In mammalian cells, 

various types of autophagy exist which differ in their mechanisms, substrate specificities, 

regulation and functions159. These are summarized as follows: 

Macroautophagy and α-synuclein: macroautophagy is responsible for the degradation of 

most intracellular components, including entire organelles, to maintain cellular homeostasis 

and the appropriate balance between protein synthesis and degradation. During 

macroautophagy, a portion of the cytosol is surrounded by an intracellular membrane to 

form a double-membrane-bound structure known as an autophagosome (AP) that contains 

the sequestered components. The AP later fuses with lysosomes to form single-membrane-

bound autophagolysosomes, the contents of which are then degraded by lysosomal 

hydrolases. Macroautophagy is particularly important for -synuclein clearance since it is 

the only intracellular proteolytic system capable of eliminating misfolded -synuclein once 

this protein has become insoluble or aggregated. In contrast, other proteolytic systems, like 

UPS and chaperone-mediated autophagy (CMA; see below) can only handle soluble 

substrates. The selective degradation of aggregates by macroautophagy (known as 

aggregophagy or aggrephagy) involves the selective ubiquitination of these aggregates and 
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subsequent recognition by adapter proteins (e.g. p62, NBR1 among others), which bind 

both the ubiquinated aggregates and LC3-II, which is the main component of the AP187-190. 

This interaction allows the formation of autophagic membranes around the aggregate until 

the latter is completely engulfed within an AP structure, which then fuses with lysosomes 

for its degradation188-191. Several groups have shown that activation of macroautophagy can 

enhance the degradation of different types of pathological -synuclein species, both in vitro 

and in vivo192, 193. Conversely, the selective inhibition of macroautophagy increases 

mutant/pathological α-synuclein levels in different PD models163, 194. Recently, it has been 

reported that -synuclein, in turn, can directly impair macroautophagy, both in vitro and in 

vivo195. The inhibitory effect of -synuclein on macroautophagy seems to be exerted by a 

loss of function of Rab1, a protein involved in the cellular secretory pathway. As a 

consequence, AP formation is impaired, thereby resulting in an accumulation of 

undegraded autophagic substrates195. Relevant to PD, a reduced number of intraneuronal 

lysosomes, decreased levels of lysosomal-associated proteins, and accumulation of 

undegraded AP are observed in PD patients [i.e. post-mortem brain samples196, 197, 

fibroblasts198, 199 and induced pluripotent stem cell (iPSC)-derived dopaminergic neurons111] 

as well as in toxic and genetic rodent models of PD [i.e. MPTP-treated mice and rats 

overexpressing mutant -synuclein197]. Mechanistic studies in the MPTP mouse model 

revealed that PD-linked lysosomal deficiency is secondary to abnormal lysosomal 

membrane permeabilization (LMP)196, 200. In particular, MPTP-induced LMP results in a 

decreased number of lysosomes and impaired AP-lysosome fusion, leading to a defective 

clearance and subsequent accumulation of undegraded AP within affected neurons196, 200. In 

addition, LMP can directly participate in MPTP-induced dopaminergic cell death by the 

leakage of lysosomal proteases into the cytosol, some of which, such as cathepsin B and 

D, can remain active at neutral cytosolic pH and cause the digestion of vital proteins or the 
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activation of additional hydrolases, including caspases196, 200. Supporting a pathogenic role 

for PD-related LMP, genetic or pharmacological enhancement of lysosomal biogenesis and 

function with transcription factor EB (TFEB) or rapamycin, respectively, are able to 

restore lysosomal-mediated degradation, reverse AP/synuclein accumulation, and attenuate 

dopaminergic neurodegeneration in toxic and genetic PD models in vivo196,201, 202. 

Chaperone-mediated autophagy (CMA) and α-synuclein. In CMA, specific cytosolic 

proteins are directly translocated into the lysosomes through the lysosomal membrane, 

without the participation of any vesicular trafficking (Box 11). All CMA substrates contain 

a CMA-motif with a KFERQ-like sequence203, which targets the substrate to the 

lysosome’s membrane with the help of cytosolic chaperones by binding the substrate to the 

membrane receptor protein LAMP-2A. The substrate protein is then translocated into the 

lysosomal matrix where it is rapidly degraded by the hydrolytic lysosomal enzymes204.  -

Synuclein contains a KFERQ-like motif needed for CMA-targeting, and is thus recognized 

by cytosolic-hsc70 chaperone, which delivers -synuclein to LAMP-2A, resulting in its 

translocation into the lysosomal lumen for its degradation. Measurement of the half-life for 

-synuclein in rat ventral midbrain cultures in the presence of different types of lysosomal 

inhibition confirmed that CMA was the main lysosomal pathway that degrades soluble 

Box 11. Steps and regulation of chaperone-mediated autophagy (CMA) 

Steps and regulation of CMA. Steps: (a) 

Recognition of substrate proteins by hsc70/co-

chaperones; (b) binding of substrate–chaperone 

complex to LAMP-2A; (c) unfolding of the 

substrate; (d) LAMP-2A multimerization, 

substrate translocation, and subsequent 

degradation; (e) disassembly of LAMP-2A 

multimer/translocon.. Abbreviations: CMA, 

chaperone-mediated autophagy; EF1alpha, 

elongation factor 1 a; GFAP, glial fibrillary acidic 

protein; hsc70, heat shock cognate protein of 70 

kDa; LAMP-2A, lysosome-associated membrane 

protein type 2A; lys-hsc70, lysosome-associated 

hsc70. From Kaushik and Cuervo 2012 Trends 

Cell Biol 
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synuclein205. Remarkably, the A30P and A53T mutant forms of -synuclein cannot be 

degraded by CMA in PC12 cells, although they are still recognized by their CMA-motif and 

targeted to lysosomes, where the motif binds to the LAMP-2A receptor with an even 

higher affinity than that of wild-type protein205. However, the translocation of mutant 

forms of -synuclein across the lysosomal membrane is impaired, resulting in the block of 

not only their own degradation but also the degradation of other cytosolic CMA205. 

Subsequent studies confirmed that CMA is an important pathway for -synuclein also in 

neurons as well, and confirmed the pathogenic effects of mutant -synuclein on CMA 

activity on this type of cell206, 207. More recently, in vivo studies using genetic and toxic PD 

mouse models provided evidence of lysosomal degradation of -synuclein by CMA under 

basal and pathological (i.e. increased α-synuclein levels) conditions, thus confirming the 

relevance of -synuclein neuronal degradation by CMA in vivo161. In addition to PD-linked 

mutations, various -synuclein post-translational modifications can also impair the CMA-

mediated degradation of this protein and other CMA substrates208. For instance, 

phosphorylated, nitrated and oxidized forms of -synuclein decreased the capacity of -

synuclein to be translocated and eliminated via the CMA pathway208. Similarly, when -

synuclein interacts with oxidized DA it becomes misfolded and can no longer be 

internalized into the lysosome208. Although DA-modified -synuclein can bind to LAMP-

2A, it is retained on the surface of the lysosomal membranes, forming clusters that impair 

its own lysosomal translocation, as well as the internalization and degradation of other 

CMA substrates208. Consistent with this finding, decreased levels of CMA markers have 

been reported in post-mortem nigral samples from PD patients209.  

Endocytosis and -synuclein: endocytosis is a process by which cells internalize 

extracellular components with a coat assembly, by invagination of the membrane and 
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subsequent formation of a vesicle called endosome. There are many types of endosomes 

and the final destiny of these vesicles and their contents can vary depending on the 

receptors and proteins present in the endosomal membrane, the type of molecules trapped 

inside the endosome, the cell type and many other factors. One possible destination of 

endosomes is the lysosome, in which all the intraendosomal material can be degraded210. It 

has been recently reported that -synuclein associated with lipid membranes can be 

degraded by the endosomal-lysosomal pathway162. In particular, it was shown that Nedd4, a 

ubiquitin ligase enzyme involved in the ubiquitination of membrane-associated proteins, 

can ubiquitinate -synuclein for its specific degradation in lysosomes via a process 

involving endocytosis162. In the mentioned study, it was postulated that the endosomal-

lysosomal pathway may specifically catalyze the degradation of a membrane-associated 

pool of -synuclein, whereas the proteasome and autophagy pathways may degrade the 

soluble and aggregated forms of -synuclein, respectively162. 

 

2-7 Extension of -Synuclein pathology in PD 

The notion that -synuclein lesions in PD may self-propagate and spread 

progressively between interconnected brain regions via a cell-to-cell transmission 

mechanism, which has recently been strongly promoted, is based on the followings: (i) the 

discovery that PD patients exhibit accumulations of pathological -synuclein in different 

brain regions, which has been hypothesized to follow a caudo-rostral progression pattern41, 

211, 212 and, (ii) the finding that embryonic mesencephalic neurons grafted into the striatum 

of PD patients develop LB many years after grafting, suggesting a host-to-graft 

transmission of the LB pathology in the human brain213, 214.  
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Widespread -synuclein pathology in PD.  

In 2003, Braak et al. suggested the possibility that sporadic PD might progress in 

six stages that follow a caudo-rostral pattern based on the presence of -synuclein 

accumulations in different brain regions (Fig. 7)211. In the first stage, -synuclein lesions are 

found in the OB and/or the dorsal motor nucleus of the glossopharyngeal and vagal 

nerves, suggesting that PD begins in the gastrointestinal and olfactory systems. In stage 2, 

-synuclein lesions are found in the pontine tegmentum, especially in the caudal RN, 

gigantocellular reticular nucleus, and coeruleus-subcoeruleus complex. In stages 1 and 2, 

affected subjects are not usually diagnosed with PD, but exhibit some of the typical PD 

non-motor symptoms, such as hyposmia and constipation. It is unknown whether these 

individuals will develop PD later on. It is not until stage 3 that the midbrain is affected, and 

subjects are clinically diagnosed with PD. The principal characteristic of stage 3 is the 

Figure 7. Six stages of PD pathology. Cases with -synuclein inclusions fall into one of six stages according to the 

brain regions involved. Progression between stages involves additional brain areas and worsening of pathology in 

previously affected brain regions. A) Rostrocaudal progression of the pathology process (arrows). Variable red shading 

reflects the ascending disease process and increasing severity of pathology. B) Stage 1: lesions occur in the olfactory 

bulb, the anterior olfactory nucleus and/or the dorsal motor nuclei of the vagal and glossopharyngeal nerves in the 

brainstem. Stage 2: lesions are observed in the pontine tegmentum (locus coeruleus, magnocellular nucleus of the 

reticual formation, and lower raphe nuceli). C) Stages 3 and 4: lesions reach the pedunculopontine nucleus, the 

cholinergic magnocellular nuclei of the basal forebrain, the pars compacta of the subtantia nigra (stage 3), the 

hypothalamus, portions of the thalamus and, as the first cortical region, the anteromedial temporal cortex (stage 4). First 

clinical symptoms of PD appear during stage 3 or early stage 4. D) Stages 5 and 6: lesions reach neocortical high-order 

association areas (stage 5), followed by first-order association areas and primary fields (stage 6). Abbreviation: PD, 

Parkinsons’ disease. From Goedert et al., (2013) Nat. Rev. Neurol. 
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dementia, than do PD patients without GBA mutations. 
At autopsy, all cases with GBA mutations and PD exhibit 
abundant Lewy bodies and Lewy neurites, many of which 
also contain glucocerebrosidase.88 Current models sug-
gest that GBA mutations enhance, but do not initiate, 
the aggregation of α-synuclein.89 This work has estab-
lished a link between lysosomal dysfunction, α-synuclein 
ag gregation and PD.

Heterozygous mutations in the leucine-rich repeat 
kinase 2 (LRRK2) gene are a common cause of PD.90,91 
The Gly2019Ser mutation in LRRK2 is estimated to 
account for up 1% of idiopathic PD cases and 4% of 
familial PD cases. Although the physiological substrates 
of LRRK2 are not known, the Gly2019Ser mutation in 
the kinase domain is believed to increase its kinase activ-
ity. Disease penetrance in individuals with this mutation 
is age-dependent and ranges from 30–74%.

The neuropathology resulting from the presence  
of LRRK2 mutations can be variable.30,92 The major-
ity of Gly2019Ser carriers with PD have typical Lewy 
bodies and Lewy neurites. However, some individuals 
with Gly2019Ser or other mutations in LRRK2 develop 
a progressive supranuclear palsy-like syndrome with fila-
mentous tau inclusions, and a third group with LRRK2 
mutations exhibits dopaminergic nerve cell death in the 
substantia nigra in the apparent absence of filamentous 
deposits.

Defects in mitochondrial damage repair cause reces-
sive forms of juvenile-onset parkinsonism.93,94 These 

forms of disease progress slowly, and the patients 
experi ence symptomatic improvements after sleep. 
The associated proteins Parkin (an E3 ubiquitin ligase) 
and PINK1 (a mitochondrial protein kinase) function 
in the same pathway.95,96 Following the depolarization 
of mito chondria, PINK1 is stabilized and activated. It 
then recruits, phosphorylates and activates Parkin on the 
surface of mitochondria,97 which results in the ubiquit-
ination of a number of target proteins and the removal of 
defective mitochondria by autophagy.98 In juvenile par-
kinsonism, this pathway is defective because of homo-
zygous and compound heterozygous loss-of-function 
mutations in Parkin or PINK1.

Loss-of-function mutations in the DJ1 gene also cause 
juvenile parkinsonism.99 DJ1 may function in the same 
pathway as Parkin and PINK1, since it has been shown 
to translocate to mitochondria and to protect against 
oxidative stress.100

Most cases of juvenile parkinsonism with Parkin 
mutations lack α-synuclein inclusions. Of the nine cases 
examined, six lacked Lewy bodies, two had typical Lewy 
bodies, and one had Lewy body-like inclusions in the 
pedunculopontine nucleus and the anterior horn of  
the lumbar spinal cord.30 All but the two cases with 
Lewy body pathology had more-severe nerve cell loss 
in the substantia nigra than in the locus coeruleus, in 
contrast to the typical pattern in idiopathic PD.101 Only 
one autopsy case with a compound heterozygous muta-
tion in PINK1 has been reported.102 Lewy body pathology 
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Figure 7 | Six stages of PD pathology. Cases with α-synuclein inclusions fall into one of six groups according to the brain 
regions involved. Progression between groups involves additional brain areas and worsening of pathology in previously 
affected brain regions. a | Rostrocaudal progression of the pathological process (arrows). Variable red shading reflects the 
ascending disease process and increasing severity of pathology. b | Stage 1: lesions occur in the olfactory bulb, the anterior 
olfactory nucleus and/ or the dorsal motor nuclei of the vagal and glossopharyngeal nerves in the brainstem. Stage 2: lesions 
are observed in the pontine tegmentum (locus coeruleus, magnocellular nucleus of the reticular formation, and lower raphe 
nuclei). c | Stages 3 and 4: lesions reach the pedunculopontine nucleus, the cholinergic magnocellular nuclei of the basal 
forebrain, the pars compacta of the substantia nigra (stage 3), the hypothalamus, portions of the thalamus and, as the first 
cortical region, the anteromedial temporal mesocortex (stage 4). First clinical symptoms of PD appear during stage 3 or early 
stage 4. d | Stages 5 and 6: lesions reach neocortical high-order association areas (stage 5), followed by first-order 
association areas and primary fields (stage 6). Abbreviation: PD, Parkinson disease.
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involvement of the SN, although macroscopically there is no detectable depigmentation of 

the SN. At stage 4, marked degeneration of the NM-containing neurons of the SN is 

found, and mesocortical areas begin to be affected. During stages 5 and 6, -synuclein 

lesions appear in the neocortical areas.  

The Braak et al. study211 supported the idea that the key lesions in PD begin 

developing a considerable time prior to the appearance of motor dysfunction.  It is now 

well known that non-motor symptoms usually pre-date the PD-associated motor 

dysfunctions by many years. Some of these non-motor symptoms include an impaired 

sense of smell years prior to motor manifestations of PD, as well as several autonomic 

dysfunctions. The presence of -synuclein lesions in the areas affected during stages 1 and 

2 may be related to the appearance of these non-motor symptoms. In contrast, motor 

symptoms appear around stages 3 and 4, when the midbrain, particularly the SN, is 

affected. Finally, during stages 5 and 6 important limbic structures, including the amygdala, 

hippocampal formation and anteromedial temporal mesocortex, are affected. The presence 

of -synuclein lesions in these areas may be related to the declining intellectual faculties 

that are frequently seen in advanced PD. Although other groups have confirmed some of 

these PD stages215-217 not all sporadic PD cases follow this theoretical caudo-rostral pattern 

of progression. Moreover, this staging does not explain the absence of clinical symptoms in 

subjects who on autopsy have widespread -synuclein pathology. Regardless of the validity 

of Braak staging, this model has the merit of showing that -synuclein lesions in PD are 

not only present in the SN, but in several other brain areas, and in both the PNS and CNS, 

indicating a widespread accumulation of -synuclein lesions. Another important 

observation of Braak’s work is that the majority of -synuclein lesions are found in neuritic 

processes rather than in the cell body. 
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According to the Braak staging hypothesis, PD might originate outside of the CNS 

by a causative pathogen capable of entering the CNS by way of retrograde axonal and 

transneuronal transport, with misfolded -synuclein being a possible candidate for such a 

pathogen. In fact, -synuclein pathology is abundant in the peripheral ANS (pANS) of 

patients with LB diseases218. In particular, the more-affected pANS regions in PD patients 

are the stellate and sympathetic ganglia, the vagus nerve, gastrointestinal tract, adrenal gland 

and/or surrounding fat and heart. Interestingly, epicardial fat tissue obtained during cardiac 

surgery from patients without parkinsonism but with some premotor symptoms such as 

constipation and acting dreams, exhibited -synuclein pathology219. These results 

strengthen the concept that pANS involvement is an intrinsic component of PD and 

suggest that the presence of -synuclein pathology in the pANS of patients without PD 

could represent a pre-clinical stage of the disease  

Host-to-graft -synuclein transmission.   

Embryonic mesencephalic neurons grafted into the striatum of PD patients can 

develop LB many years after grafting, suggesting a host-to-graft transmission of the LB 

pathology in the human brain. In particular, 3 out of 4 patients who died a decade after 

transplantation (11-16 years after) exhibited LB and LN pathology in the grafted neurons. 

In contrast, patients who died 4-9 years after transplantation did not exhibit LB pathology, 

suggesting that the development of LB pathology is a slow process, which may require 

more than a decade to manifest.  
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 The mechanism by which -synuclein lesions spread in grafted cells is currently unknown. 

One hypothesis is that grafted neurons are exposed to an unfavorable microenvironment, 

where inflammation, oxidative stress, excitotoxicty and/or failure of neurotrophic factors 

may induce protein misfolding within grafted neurons (Fig. 8)220. Host-to-graft 

transmission of -synuclein might also explain the presence of LB in recipient cells. In this 

scenario, -synuclein could be released by living cells (via an active process such as 

exocytosis), or by dying cells into the surrounding extracellular milieu. Thereafter, grafted 

 

Figure 8. Potential mechanisms of -synuclein host-to-graft transmission. This diagram illustrates cellular 

mecanisms that might underlie the spread of Parkinson’s disease (PD) pathology from the host brain to grafted neurons. 

Neurotrophic factors have been reported to be deficient in the striatum of PD patients. Certain neurotrophic factors are 

known to counteract oxidative stress, and one could speculate that they normally also promote the molecular defence 

against misfolded proteins. A relative lack of these growth factors could therefore lead to the accumulation and 

aggregation of misfolded -synuclein in the grafted cells. Inflammatory mediators (including tumour necrosis factor- 

(TNF), interleukin-1 (IL1), IL6, inducible nitric oxide synthase (iNOS) and cyclooxygenase 2 (COX2) are 

upregulated in the parkinsonian brain. Some of them have been shown experimentally to promote upregulation of -

synuclein and -synuclein nitrosylation, and could thereby promote the generation of Lewy bodies (LBs) in grafted 

neurons. There is ample evidence for oxidative stress in the PD brain. Free radicals from the host brain migh attack 

grafted neurons, leading to modifications of -synuclein and increasing its propensity to misfold. Excitotoxicity, 

potentially triggered by excessive glutamate in the PD striatum, could lead to increased free-radical stress inside grafted 

neurons. Host cells adjacent to the grafted neurons might also be a source of misfolded, LB-generating -synuclein. -

Synuclein can be released from living cells into the surrounding extracellular milieu, and dying neurons in the PD brain 

could conceivably also release -synuclein. Recent studies have shown that neurons take up different molecular forms 

of -synuclein through different pathways, one of which is endocytosis. Once inside the grafted neurons, the exogenous 

-synuclein could act as a template that promotes misfolding of endogenously produced -synuclein, ultimately leading 

to LB formation. NMDA, N-methyl-D-aspartate. From Brundin P. et al. (2008) Nat. Rev. Neurosci.  
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neurons could take up this released -synuclein through different pathways, including 

endocytosis. Once inside the grafted neurons, the exogenous -synuclein could act as a 

template that promotes misfolding of endogenously-produced -synuclein, ultimately 

leading to the formation of LB. 

Cell-to-cell transmission of -synuclein  

The potential cell-to-cell transmission of -synuclein implies that -synuclein can 

be secreted and internalized by cells (Fig. 9). Since -synuclein lacks an ER signaling 

sequence that would direct it to secretory pathways, it was initially though that -synuclein 

was exclusively an intracellular protein. However, the finding that -synuclein species can 

be detected in human plasma and cerebrospinal fluid (CSF)221, 222 suggests that -synuclein 

can be secreted by cells. Indeed, it has been demonstrated that -synuclein can actually be 

secreted into the culture medium by several types of cultured neuronal cells221, 223-226. 

Although the mechanism of -synuclein release has not been fully elucidated, recent results 

point towards a non-classic secretory pathway. In particular, it seems that -synuclein may 

Figure 9. Potential mechanisms mediating 

cell-to-cell transmission of -synuclein. (a,b) 

Misfolded -synuclein seeds first in the 

cytoplasm of the releasing neuron (left), where 

soluble native monomers are recruited into large 

intracellular aggregates and a positive feedback 

loop can be initiated by generation of more seed 

through fragmentantion or secondary nucleation. 

A small amount of protein aggregates can be 

released into the extracellular space in the 

“naked” form (a) or via membrane-bound 

vesicles such as exosomes (b). Free-floating seed 

may directly penetrate the plasma membrane of 

the recipient neurons (1) or enter by fluid-phase 

endocytosis (2) or receptor-mediated endocytosis 

(3), whereas exosomes containing seeds may fuse 

with the membrane of the receipient neuron (4). 

Intercellular transfer of seeds may also occur by 

nanotubes that directly connect the cytoplasm of 

two cells (5). Internalized seeds then nucleate the 

fibrilliation of native monomers in the cytoplasm 

of the recipient neuron. From Guo J.L & Lee 

V.M. (2014) Nat. Med. Rev.  
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be released by exosomes in a calcium-dependent manner223, 226. Interestingly, exosomes 

have been previously shown to play a role in the secretion of prion proteins and -amyloid 

peptides227-229.  

In addition, several studies demonstrated that -synuclein can be internalized by 

cells when this protein is added to the culture medium230-236; this probably occurs via a 

classical endocytic mechanism235, 237-239 that could include dynamin-dependent receptor-

mediated endocytosis238, 240. However, considering the size of -synuclein fibrillar 

aggregates, receptor-mediated endocytosis, which requires specific interactions between 

ligands and cell-surface receptors, seems unlikely to be the principal mode of fibril 

internalization. Other mechanisms could potentially mediate the transcellular movement of 

cytosolic -synuclein aggregates (Fig. 9), although these have not been fully demonstrated. 

Such mechanisms include nanotubes (tunnel-like structures connecting two cells), which 

have been shown to be involved in the spreading of prionic proteins241. Finally, -synuclein 

monomers could potentially enter cells via passive diffusion by interacting with membranes 

and lipids237, 242, 243 

Recently, in vitro studies demonstrated that synthetic recombinant preformed -

synuclein fibrils (PFFs) could be internalized by cells (overexpressing -synuclein, or not) 

and act as a seed to induce the recruitment of endogenous soluble -synuclein into 

insoluble pathologic aggregates232, 238, 239. The formation of these -synuclein aggregates 

within recipient cells leads to alterations in synaptic functions, compromises neuronal 

excitability and connectivity, and culminates in neuronal death. 

One of the first in vivo studies demonstrating that -synuclein can be spread via a 

cell-to-cell transmission mechanism was by Desplats et al.240. GFP-labeled mouse cortical 

neuronal stem cells (MCNSCs) were injected into the hippocampus of transgenic mice 
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expressing human -synuclein under the control of the Thy-promoter. Four weeks after 

transplantation, 15% of the grafted GFP-labeled MCNSc exhibited human -synuclein 

immunoreactivity. Interestingly, few of these cells exhibited inclusion bodies within the 

cytoplasm. Furthermore, 4 weeks after transplantation, about 20% of the transplanted 

MCNSC exhibited caspase-3 activation. In a separate study, 5% of fetal post-mytotic 

dopaminergic neurons grafted into the striatum of mice overexpressing human -

synuclein, exhibited human -synuclein immunoreactivity six months after 

transplantation238, thus confirming the transfer of human -synuclein from host-to-graft in 

vivo. In addition, this study also demonstrated that different forms of human -synuclein, 

including monomers, oligomers and fibrils, could be taken up by neurons in vivo by 

endocytosis238. Host-to-graft transmission of human -synuclein has also been reported in 

rats244, although in a less-physiological situation. In this case, embryonic ventral 

mesencephalic rat neurons were grafted into the dopamine-depleted striatum of rats that 

had previously received 6-OHDA. One month after the transplant, human -synuclein was 

virally overexpressed in a striatal region distal to the graft. Five weeks after viral infusion, 

grafted cells exhibited human -synuclein, supporting the concept of a cell-to-cell -

synuclein transmission from host-to-graft in rats.  

Once demonstrated that -synuclein could be transmitted in vivo between cells, the 

next step was to explore the potential pathogenic effect of -synuclein transmission in vivo. 

In this context, it was reported that both synthetic and murine disease-associated forms of 

-synuclein are able to induce a PD-like -synuclein pathology in vivo245. Indeed, the 

intracerebral injection of brain homogenates derived from old -synuclein transgenic mice 

(which exhibited -synuclein pathology) into the neocortex and striatum of young 

asymptomatic transgenic mice induced a widespread accumulation of pathological -



 

 

45 

synuclein throughout the anterior/posterior extent of the neural axis spanning the CNS, 

from OB to the spinal cord. These effects were mostly observed by 90 days post-injection 

(dpi), although at 30 dpi some -synuclein pathology was already evident. Similar results 

were obtained after the injection of synthetic recombinant -synuclein PFFs (Fig. 10), 

providing the first evidence that PFFs alone are sufficient to initiate and propagate the -

synuclein pathology in vivo. Surprisingly, although inoculations were performed unilaterally, 

-synuclein lesions were observed bilaterally. Furthermore, the inoculation of either 

symptomatic brain lysates or -synuclein PFFs accelerated and increased the accumulation 

of -synuclein in these transgenic mice and reduced their lifespan. Some of these results 

were reproduced by Mougenot et al.,246. The injection of brain homogenates from 

symptomatic -synuclein transgenic mice into the brains of healthy transgenic mice 

accelerated the characteristic clinical signs of paralysis observed in this mouse model and 

reduced the lifespan of injected animals. Insoluble phosphorylated -synuclein at Ser129 

was also found in the brains of inoculated mice.  

Pathological spreading of -synuclein was also reported in wild-type mice247. 

Indeed, the injection of synthetic recombinant -synuclein PFFs into the striatum of wild-

type mice induced a pathological time-dependent accumulation of endogenous -synuclein 

Figure 10. Recombinant -Syn PFFs induce -synuclein pathology in the CNS. (A) pSyn 

immunohistochemistry of various CNS regions in young -synuclein transgenic mice 90 d after intracerebral injection 

with WT -Syn PFFs. Asterisks indicate level of injection sites. Bottom panels show phosphorylated -synulcein 

staining in aged symptomatic transgenic mice. Immunohistochemial analyses were performed on multiple transgenic 

mice after injection with PFFs assembled from -Syn1-120Myc (30d, n=3; 90 d, n=10) or from WT -Syn (n=4). Luk 

KC. et al., (2012) J. Exp. Med 
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(Fig. 11) that was associated with cell loss in the SN and impaired motor coordination. The 

formation of an LB/LN-like pathology in PPF-inoculated mice occurred upstream of 

SNpc DA neuron loss, indicating that the -synuclein pathology is sufficient to induce the 

cardinal behavioral and pathological features of sporadic PD. The injection of PFFs 

directly into the SN of wild-type mice also induced a time-dependent widespread 

accumulation of -synuclein 

pathology248, although no neuronal 

loss in the SN or motor impairment 

were found in this case.  

Peripheral transmission of -synuclein pathology to the brain 

While the studies mentioned above involved a direct intracerebral inoculation of 

pathological -synuclein, other studies have addressed the possible transmission of -

synuclein pathology from the periphery to the brain. For example, rAAV expressing 

human -synuclein were injected into the left vagus nerve in the neck of rats212. This 

induced a strong expression of human -synuclein expression in the medulla oblongata 

(MO), leading to a caudo-rostral spreading of the -synuclein pathology into other 

interconnected brain regions, such as the pontine coeruleus-subcoeruleus complex, the 

dorsal raphe, the hypothalamus and the amygdala (Fig. 12). In addition, -synuclein 

accumulation present in the aforementioned areas was accompanied by morphological 

evidence of neuronal abnormalities (i.e. thread-like axons with irregularly spaced, densely 

labeled varicosities). Surprisingly, the transmission of -synuclein did not reach the SN, 

and neuronal damage was not induced in this brain region at least 18 weeks after the 

injection. 

Figure 11. Dense LB-like 

inclusions (black arrows) in the 

SNpc,  90 days after the injection of 

-synuclein PFFs into the striatum 

of wild-type mice .Adapted from 

Luk KC. et al (2012) Science 
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In another study, Brundin et al. examined if -synuclein can transfer from the OB 

to other brain structures through neuronal connections249. In this way, different molecular 

species (monomers, oligomers composed of soluble high molecular weight species, and 

fibrils) of recombinant human -synuclein were injected into the OB of normal mice. The 

authors reported that cells in different layers of the OB (i.e. the glomerular layer, mitral cell 

layer and granule cell layer) readily take up recombinant monomeric and oligomeric -

synuclein. Fibrillar -synuclein was also taken up, but to a much lesser extent within the 

time frame of the experiments. Soon after the injection (1.5h and 3h), soluble and 

oligomer, but not fibrillar, -synuclein species were detected in several interconnected 

brain regions, including the anterior olfactory nucleus, the frontal cortex, the tenia tecta, 

the olfactory tubercle, the periform cortex, the striatum and the amygdala. At these time 

points, few microglial cells in the OB, anterior olfactory nucleus and frontal cortex were 

positive for human -synuclein. More than 12h after injection into the OB, -synuclein in 

microglial cells was present only locally, and not in other brain regions. In contrast, at later 

time points (12h and 72h post injection), -synuclein was extensively detected in microglial 

cells, suggesting that microglia might clear the human -synuclein released into the 

extracellular space by the neurons. 

Figure 12. Human -synuclein (h-syn) progressively spreads from the medulla oblongata to more rostral 

brain regions. Topographical plot of the distribution and spreading of h-syn-labeled neurites. Neuronal fibers from 

representative brain sections are shown as red dtos. Bregma values indicate the caudo-rostral value. cMB: caudal 

midbrain; rMB: rostral midbrain; FB: forebrain.  From Ulusoy A. et al. (2013) EMBO Mol. Med. 
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In this context, Pan-Montojo and colleagues reported that intragastric 

administration of the environmental toxin rotenone induced -synuclein accumulation in 

both the ENS and CNS following the same pattern of progression as hypothesized by 

Braak250. Firstly, they reported -synuclein accumulations in ENS neurons as soon as 1-5 

months after rotenone treatment. Next, they determined whether the local effect of 

rotenone on the ENS could lead to alterations in the synaptically connected ANS centers 

in the spinal cord and brainstem (i.e. in the intermediolateral nucleus in the spinal cord 

(IML) and DMV). Both the IML and DMV exhibited accumulation and aggregation of -

synuclein 1.5 and 3 months after rotenone treatment, although -synuclein pathology in 

these areas was not associated with neuronal death.  Interestingly, the SN also exhibited -

synuclein accumulation, phosphorylation and inflammatory signs 3 months after rotenone 

treatment. Unlike the DMV and IML, -synuclein increments in the SN were associated 

with neuronal loss. After intragastric rotenone administration, pesticide was not detected in 

the blood or brain, and no inhibition of complex I activity in muscle or brain was found, 

suggesting that the reported alterations in the mentioned brain regions were not due to a 

systemic effect of rotenone. Remarkably, the rotenone-induced -synuclein pathology was 

specific, as only neuronal subpopulations with direct connections to the ENS showed 

alterations, while nearby areas (such as the striatum, cerebellum and cortex) remained 

unaffected. This specificity together with the fact that the appearance of -synuclein 

accumulations in the SN were only detected at the last treatment time-point (i.e. 3 months), 

raised the possibility of a direct mechanism between cells being responsible for this pattern 

of progression of the -synuclein pathology. To confirm this hypothesis, Pan-Montojo and 

colleagues severed some of the connecting nerves between the CNS and the gut (i.e. the 

sympathetic and parasympathetic nerves)251, which delayed the appearance of motor 

symptoms after oral rotenone treatment. This treatment also stopped the progression of -
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synuclein pathology into the IML and DMV, and prevented cell death in the SN251. These 

finding thus supported the idea that the -synuclein pathology can be transmitted via a 

cell-to-cell mechanisms. 

-Synuclein transmission and neuroinflammation 

The secretion of -synuclein by neurons may not only induce toxicity once inside 

the cytoplasm of neighboring cells, but also in the extracellular space; this may activate glial 

cells and induce chronic inflammation (i.e. a common pathological feature of PD), thereby 

contributing to the progression of the pathology throughout the brain. Supporting this 

idea, glial cells (i.e. astrocytes and microglia) are able to take up and degrade synthetic 

recombinant -synuclein aggregates even more efficiently than neurons252. Indeed, -

synuclein can be transmitted between neurons and glial cells in vitro253, 254. Interestingly, the 

exposure of neuron-derived -synuclein induced an inflammatory reaction in rat primary 

astrocytes254 and microglia236, 253, 255, suggesting that accumulation of the neuron-derived -

synuclein within astrocytes and microglia leads to an inflammatory response. Moreover, -

synuclein-activated microglia promoted neurotoxicity both in rat mesencephalyc primary 

cultures and in a MES23 dopaminergic cell line. The direct transfer of -synuclein from 

neurons to astrocytes was demonstrated in vivo using transgenic mice overexpressing 

human -synuclein under the neuronal promotor (PDGF). In these transgenic mice, 

abundant human -synuclein accumulation was observed not only in neurons but also in 

glial cells254. Consistent with these results, recombinant -synuclein oligomers and 

monomers injected into the neocortex of wild-type mice were taken up by 

oligodendrocytes256. Similarly, in rAAV-treated rats overexpressing human -synuclein, 

embryonic oligodendrocytes grafted into the striatum were found to contain this human -
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synuclein, thus further demonstrating the neuron-to-astrocyte transmission of -

synuclein256.  

Cell-to-cell transmission of proteinophaties in other neurodegenerative diseases.  

At almost the same time that a self-propagating pathology was demonstrated for -

synuclein, a collection of recent studies has provided convincing evidence that this same 

self-propagating mechanism may be applicable to a wide range of disease-associated 

proteins, including A, tau, huntingtin with polyQ repeats, superoxide dismutase 1 (SOD1) 

and TDP-43 (Table 3). For each of these proteins, aggregate-containing lysates and/or 

synthetic fibrils assembled from recombinant proteins were shown to act as a template or 

seed that could efficiently recruit their soluble counterparts into elongating fibrils in 

cultured cells and/or living animals.   

 

Table 3. Summary of studies demonstrating the transmissibility of protein aggregates in other 

neurodegenerative diseases. From Guo J.L & Lee V.M. (2014) Nat. Med. Rev.  

Protein Type of  seed Non-neuronal 
cells

Neuronal 
cells Mice References

Aβ Synthetic fibrils Not tested Not tested Yes Stöhr, J. et al. Proc. Natl. Acad. Sci USA  (2012)

Mouse brain lysates Not tested Not tested Yes Stöhr, J. et al. Proc. Natl. Acad. Sci USA  (2012)

Meyer-Luehmann, M. et al. Science (2006)

Eisele, Y.S. et al. Science (2010)

Human brain lysates Not tested Not tested Yes Meyer-Luehmann, M. et al. Science (2006)

Tau Synthetic fibrils Yes Yes Yes Guo, J. L & Lee, V. M. J. Biol. Chem. (2011)

Frost, B. et al. J. Biol. Chem (2009)

Guo, J. L & Lee, V. M. FEBS Lett (2013)

Nonaka, T. et al. J. Biol. Chem (2010)

Iba, M. et al. J. Neurosci (2013)

Mouse brain lysates Not tested Not tested Yes Clavaguera, F. et al. J. Biol. Chem. (2009)

Human brain lysates Not tested Not tested Yes Lasagna-Reeves, C.A. et al. Sci. Rep. (2012)

Clavaguera, F. et al. Proc. Natl. Acad. Sci USA  (2013)

TDP-43 Synthetic fibrils Yes Not tested Not tested Chen, A.K. et al. J. Am. Chem. Soc. (2010)

Human brain lysates Not tested Yes Not tested Nonaka, T. et al. Cell Rep. (2013)

SOD1 Synthetic fibrils Not tested Yes Not tested Münch, C. et al. Proc. Natl. Acad. Sci USA (2011)

PolyQ Synthetic fibrils Yes Not tested Not tested Ren, P.H. et al. Nat. Cell. Biol. (2009)

Seeded$aggregation$in$different$model$systems
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2.8 Summary of -synuclein pathogenic role in PD  

Although the exact mechanisms by which -synuclein induces cell death remains 

unknown, it is likely that -synuclein toxicity involves several -synuclein forms and 

affects several cellular process (Fig. 13): 

 -Synuclein mutations cause autosomal-dominant forms of PD, most likely by 

disturbing the normal structure of this protein (thus resulting in abnormal -

synuclein function) and promoting the formation of toxic oligomers. 

 -Synuclein can adopt several conformations, including oligomers and fibrils, 

which are associated with the pathogenesis of PD. In particular, oligomer toxicity 

is associated with an abnormal permeabilization of membranes. On the other 

hand, LB and LN may disrupt the normal cellular architecture to the extent that 

cell function is compromised, eventually leading to cell death. 

 Duplications and triplications in the SNCA gene cause familial PD, indicating that 

increased levels of -synuclein can cause PD. Therefore, alterations in the 

machinery underlying -synuclein synthesis and clearance could be toxic. 

 Post-translational -synuclein modifications could increase the pathogenic role of 

-synuclein by promoting the formation of toxic oligomers and disrupting the 

normal function of this protein.  

 -Synuclein toxicity is highly associated with this protein’s capacity to bind to 

membranes. In particular, the pathological -synuclein species (i.e. post-

translationally modified, mutant or oligomeric -synuclein forms), may induce 

toxicity by: (i) disrupting the normal function of -synuclein in neurotransmission 
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release, where it probably acts as a negative regulator of DA release, (ii) impairing 

mitochondrial structure and complex I activity, as well as mitochondrial dynamics 

and mitophagy and (iii) disrupting ER-Golgi vesicular transport, which results in 

toxic ER stress.  

 The pathological -synuclein species impair the efficiency of some protein-

degradation mechanisms, thereby interfering with the normal physiology of the 

cell, and eventually leading to cell injury and death. In addition, the -synuclein-

Figure 13. Initiation, progression and extension of PD: role of -synuclein. Although the exact 

mechanism by which -synuclein causes cell death remains unknown, mounting evidence suggest that -

synuclein toxicity involves several toxic species (i.e. post-translationally modified, mutant and oligomeric 

forms) and impaired cellular functions. In particular, toxic -synuclein species can (i) disturb the normal 

function of -synuclein in neurotransmission release, where the protein probably acts as a negative regulator of 

DA release, (ii) impair mitochondrial structure and complex I activity, as well as mitochondrial dynamics and 

mitophagy, (iii) disrupt ER-Golgi vesicular transport, resulting in toxic ER stress, and (iv) impair the efficiency 

of some protein-degradation mechanisms, which in turn lead to toxic accumulations of -synuclein. All these 

-synuclein pathological functions interfere with the normal physiology of the cell, and can eventually lead to 

cell injury and death. In addition, -synuclein pathology can be propagated between neurons by a cell-to-cell 

transmission mechanism, thus contributing to the progresion of PD. The presence of extracellular -synuclein 

can also activate an inflammatory reaction, which might play a role in the progression of PD. AP: 

Autophagosome; CMA: chaperone-mediated autophagy; RE: endoplasmic reticulum; UPS: Ubiquitin-

proteasome system. 
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induced impairment of proteolytic systems in turn leads to toxic increments of -

synuclein. 

 Finally, -synuclein is secreted and internalized by cells, suggesting that -

synuclein pathology can be transmitted between cells. The cell-to-cell transmission 

of -synuclein pathology may contribute to the spread of the PD pathology 

throughout the brain. In addition, the presence of extracellular -synuclein can 

activate an inflammatory reaction, which in turn may play a role in the progression 

of the disease.  
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Hypothesis 1: Mounting evidence suggest that -synuclein, a major protein 

component of LB, may be responsible for initiating and spreading the pathological process 

in PD. Supporting this concept, intracerebral inoculation of synthetic recombinant -

synuclein fibrils can trigger -synuclein pathology in mice. However, it remains uncertain 

whether the observed pathogenic effects of recombinant synthetic -synuclein can actually 

apply to PD-linked human -synuclein and occur in species closer to human. Furthermore, 

it is not known whether LB material eventually released from affected neurons can 

propagate to intact neighboring neurons and thus contribute to the spreading of the disease 

process in PD. Here we hypothesize that LB-linked pathological -synuclein derived from 

PD patients is pathogenic and can participate to initiation and extension of the pathological 

process in PD. 

Objective 1: Assess the potential pathogenic effects of inoculating -synuclein-

containing nigral LB extracts from postmortem PD brains into the brains of wild-type mice 

and macaque monkeys. To achieve this goal we will perform the following steps: 

1. Purification and characterization of LB-enriched extracts obtained from 

freshly frozen postmortem SNpc tissue derived from patients with sporadic 

PD. 

2. Intracerebral injection of LB extracts into either the SN or striatum of wild-

type mice and monkeys. 

3. Evaluation of the integrity of the dopaminergic nigrostriatal pathway, both at 

the level of SNpc cell bodies and striatal axon terminals, at different time-

points following LB inoculations. 
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4. Assessment of -synuclein pathology (i.e. aggregation/accumulation, 

hyperphosphorylation) induced by the intracerebral injection of LB. 

5. Evaluation of the spread of -synuclein pathology into other brain regions 

induced by the intracerebral injection of LB. 

6. Determine the requirement of (i) human -synuclein present in LB extracts 

and (ii) host (endogenous) expression of -synuclein for the pathogenic 

effect of inoculating LB.  

 

Hypothesis 2: Mounting evidence indicates that -synuclein levels are increased in 

PD. Here we hypothesize that molecular tools able to reverse abnormal -synuclein 

expression back to basal physiological levels might provide therapeutic benefit in PD. 

Objective 2: develop a novel molecular approach to specifically decreases -

synuclein levels in PD-vulnerable neuronal populations. If successful, this approach will be 

tested in future studies as a potential disease-modifying strategy in experimental animal 

models of PD. To achieve this goal we will perform the following steps: 

1. Perform an in vitro screening of several -synuclein-directed siRNA sequences 

to assess their potential at knocking-down endogenous or overexpressed -

synuclein levels. Based on this assessment, the best candidate sequence will be 

selected for further studies in vivo.  

2. Validate in vivo the level of -synuclein downregulation after local infusion of 

the selected siRNA sequence into the SN of wild-type mice.  
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3. The selected siRNA sequence will be chemically modified by nLife 

Therapeutics to enhance its biostability (to be able to be delivered intranasally) 

and conjugated to the cell-specific ligand indatraline (IND-siRNA), to promote 

its selective delivery into aminergic neurons. 

4.  Validate in vitro and in vivo the specific delivery of IND-siRNA into aminergic 

neurons.  

5. Assess the degree of -synuclein downregulation in the SN obtained by the 

intranasal administration of IND-siRNA to mice.  

6. Determine whether downregulation of endogenous -synuclein levels in the 

SNpc of mice by intranasal administration of IND-siRNA is safe and does not 

induce nigrostriatal degeneration.  
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1. HYPOTHESIS 1: PATHOGENIC POTENTIAL OF PD-DERIVED LB 

EXTRACTS  

1.1 Human samples. 

Postmortem human brain samples and sucrose gradient purification of LB-enriched 

extracts. Human NM-containing SNpc tissue was dissected from fresh frozen postmortem 

midbrain samples from three patients with sporadic PD exhibiting abundant nigral LB pathology 

on neuropathological examination (mean age at death = 72  4.3 years, cold postmortem interval 

= 6.47  2.72 hours, frozen postmortem interval = 10.63  2.82 hours, see Table 4). The 

samples were obtained from the 

New York Brain Bank at 

Columbia University and the 

University of Barcelona Brain 

Bank.  

Tissue was homogenized in 9 vol (w/v) ice-cold MSE buffer (10 mM MOPS/KOH, pH 7.4, 1 

mM EGTA, 1 mM EDTA and 1 M sucrose) with protease inhibitor cocktail (Complete Mini; 

Boehringer Mannheim) with 12 strokes of a motor-driven glass/Teflon homogenizer. For LB 

purification, a sucrose step gradient was prepared by overlaying 2.2 M with 1.4 M and finally 

with 1.2 M sucrose in volume ratios of 3.5:8:8 (v/v)257. The homogenate was carefully layered on 

the gradient and then centrifuged at 160,000 x g for 3h using a SW32.1 rotor (Beckman). Twenty 

fractions of 500 l were collected from each gradient from top (fraction 1) to bottom (fraction 

20), which were further analyzed.  

Filter retardation assay (FRA). All the fractions were analyzed by FRA as previously 

described258. Briefly, after heating at 100ºC for 5min, samples (60 g) were diluted in 200 l of 

migration buffer (25 mM Tris-HClBase, 200 mM glycine, SDS 1%) and filtered through a 

Table 4. Postmortem human brain samples used in our studies. PD: 

Parkinson’s disease patient. 

Gender
Mean age at 

death
Frozen postmortem 

interval
PD #1 male 76 years old 13.58h

PD #2 male 75 years old 13.33h

PD #3 male 65 years old 5h
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cellulose acetate membrane (Schleicher & Schuell; 0.2 m pore size) using a Minifold-1 Dot-Blot 

System (Schleicher & Schuell). Membranes were saturated in 5% dried skimmed milk in PBS and 

probed with antibodies against -synuclein, phosphorylated -synuclein, ubiquitin or p62 (see 

Table 6 in page 82). Appropriated secondary antibodies coupled to peroxidase were revealed 

using a Super Signal West Pico Chemiluminescent kit (Pierce). Chemiluminescence images were 

acquired using the ImageQuant RT ECL Imager (GE Healthcare). This assay permits the 

detection and quantification of detergent- or urea-insoluble amyloid-like fibrils and high 

molecular weight insoluble protein aggregates based on their ability to be retained on cellulose 

acetate membranes with a 0.2 µm pore size258-260 (Fig. 14). 

 

Immunofluorescence analysis of LB fractions.  Indicated fractions from the sucrose gradient 

were spread over slides coated with poly-D lysine and fixed with 4% paraformaldehyde (PFA) in 

PBS for 30min. Fixed slides were stained with 0.05% thioflavin S for 8min and then washed 3 

times with 80% EtOH for 5min, followed by 2 washes in PBS for 5min. Finally, all samples were 

washed 3 times with PBS and blocked with 2% casein and 2% normal goat serum (NGS) for 

30min. For immunofluorescence analyses, samples were incubated with human -synuclein 

antibody Ab-2 (Table 6) for 30min, washed 3 times with PBS, incubated with goat-anti-mouse-

TRITC (Jackson, 1:500), before being coverslipped for microscopic visualization using 

fluorescence mounting medium. 

Figure 14. Filter retardation assay probed with a human -

synuclein antibody to assess the presence of insoluble -

synuclein aggregates in the different fractions obtained by 

sucrose gradient fractionation from freshly frozen post-

mortem nigral brain tissue from one control subject without 

-synuclein pathology at neuropathological examination (82 

years old) and one PD patient exhibiting abundant -

synuclein pathology (76years old). 
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Immunogold electron microscopy. Carbon-coated nickel grids were covered for 1min with 

corresponding fractions of interest prior to and 5min after bath-sonication and then washed 3 

times with distilled water. Grids were transferred for 30min to 4% normal goat serum (NGS) in 

PBS and then incubated for 2h at room temperature (RT) in a solution of PBS containing anti--

synuclein primary antibody supplemented with 1% NGS (Table 6). Grids were subsequently 

washed in PBS and incubated for 1h in PBS containing anti-mouse IgG secondary antibody 

conjugated to 15 nm gold particles (1:100; Aurion), washed in PBS and fixed with 2% 

glutaraldehyde in distilled water. They were then washed again in distilled water and stained for 

5min with 2% uranyl acetate, before being air-dried. Digital images were obtained with a 

computer linked directly to a CCD camera (Gatan) on a Hitachi-H-7650 electron microscope. 

Human brain sample preparation for animal inoculations. For stereotactic inoculations of 

mice and monkeys, LB-containing fractions from three sporadic PD patients were mixed 

together in the same proportion (PD #1, fractions 18 and 19; PD #2, fractions 15; PD #3, 

fractions 16; see Fig. 21 in page 86). Control-injected animals were inoculated with a mixture of 

non-LB fractions (Fractions 6) derived from the same three PD patients (which contain soluble 

-synuclein) or the corresponding buffer (vehicle) obtained from a sucrose gradient purification 

performed without the addition of any brain sample. In all cases, samples were bath-sonicated 

for 5 min prior to the in vivo inoculations.  

1.2. Mouse experiments.  

Animals and stereotactic inoculations. Male C57BL/6 mice (4-7 months old; Charles River, 

Lyon, France) were housed under controlled conditions (22ºC ± 1ºC; 12h light/dark cycle) with 

food and water available ad libitum. Animal procedures were conducted in accordance with 

standard ethical guidelines (EU regulations L35/118/12/1986) and approved by the local ethical 

committee. Mice received 2 l of either LB fractions, non-LB fractions or appropriated buffer 

(vehicle) by stereotactic delivery to the region immediately above the SN (-2.9 AP, 1.3 L and -4.5 
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DV) at a flow rate of 0.4 l/min. After each injection, the syringe was left in place for 10 min to 

prevent leakage along the needle track. Animals were euthanized at 24h, 4 weeks, 4 months and 

17 months post-inoculation and the position of the 30 G needle was determined histologically. 

Only animals with a correct placement of the needle were processed for further analyses. 

Pole test. This behavioral test was performed by the group of Isabel Fariñas (University of 

Valencia, Spain). The pole test has been previously validated in mice to assess motor alterations 

linked to striatal dopamine depletion or basal ganglia abnormalities261-265. This test was performed 

as previously described264 with minor modifications. Briefly, each mouse was placed head-

upward on the top of a vertical rough-surfaced wooden pole (1 cm diameter and 45 cm long) 

with a cardboard barrier to prevent upward traversal. When placed on the pole, mice oriented 

downward and descended the length of the pole. The time between the placement on the pole 

and the moment when the four paws touched the floor was measured, with a limit of up to 

90s266. A Motor Ability Scale (M.A.S) was defined to score the behavior of the animals in three 

degrees: 0 points for draggins or falling form the pole, 1 point for T-down between 7s and 49s 

and 2 points for T-down < 7s (which is the mean time in the control group to complete the test 

with a correct motor strategy). Therefore, the higher the score in the motor ability scale, the 

better motor performance in the pole test. Mice were subjected to the test on three consecutive 

trails. The average of those three trials was calculated and considered for statiscal analyses. 

Immunohistochemistry. Twenty-four hour to 17 months after LB inoculations, mice were 

euthanized by perfusion with 4% PFA and their brains were processed for immunohistochemical 

analyses. Immunostaining was performed on 20 m-thick free-floating sections. Sections were 

incubated with different primary antibodies (Table 6) for 24h at 4ºC. Biotinylated secondary 

antibodies, followed by signal amplification using the avidin-biotin complex (ABC) method, were 

used. Immunostaining was revealed using 3,3’-diaminobenzidine tetrahydrochloride (DAB, 

Sigma Aldrich). For Iba1 immunostaining, the Vector SG Peroxidase Substrate Kit (Vector 



 

 

67 

Laboratories) was used to reveal the staining. For immunofluorescence, sections were incubated 

with primary antibodies (Table 6) for 24h at 4ºC, washed in PBS incubated for 1h at RT with 

fluorescent secondary antibodies, incubated with Hoechst (1:2000; Invitrogen) for 10min at RT, 

washed in PBS again and finally mounted using DAKO Fluorescent Mounting Medium 

(DAKO). When mouse secondary antibodies were required, a Vector M.O.M Immunodetection 

kit (Vector Laboratories) was used, according to manufacturer’s instructions.  

Proteinase K digestion. 20 m-thick sections were washed with TBS and incubated in 

proteinase K (PK, Invitrogen; 1 g/ml in TBS) at RT for 10min. The sections were then washed 

in TBS and immunostained for -synuclein as indicated above.  

Quantitative morphology. To assess the integrity of the nigrostriatal pathway, TH 

immunohistochemistry was performed on SNpc and striatal sections.  

TH-positive SNpc neurons: The total number of TH-positive SNpc neurons was assessed by 

stereology in 12 regularly-spaced 20 m-thick sections spanning the entire SNpc using 

StereoInvestigator software (MBF Bioscience). The SNpc was delineated for each slide (Fig. 15) 

and probes for stereological counting were applied to the map obtained (size of counting frame 

was 50 x 50 µm spaced by 250 x 250 µm).  

< 

Figure 15. Coronal sections across the entire SNpc from caudal (A) to rostral (H). Photomicrograph in (A) 

corresponds to the first caudal section to consider for stereology. The brown color represents TH-positive neurons and 

the purple color, the Nissl staining.  
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Each TH-positive cell with its nucleus included within the counting frame was counted 

(Fig. 16). The optical fractionator method was finally used to estimate the total number of TH-

positive cells in the SNpc of each hemisphere.  

TH-positive striatal fibers: Striatal TH innervation was assessed by optical densitometry (OD) in 

4 regularly spaced 20 m-thick sections corresponding to different striatal anatomical levels (Fig. 

17). Sections were scanned in an Epson Perfection V750 PRO scanner and Sigma Scan software 

was used to analyze the grey intensity in the region of interest: striatum (Str) and cortex (Ctx). 

Intensity in Ctx was used as the blank. OD was assessed with the formula OD=-log10(Istr/Ictx).  

Alpha-synuclein: Alpha-synuclein expression levels were estimated after immunohistochemistry 

(Table 6), as follows: (i) OD at regional levels: 20 m sections mounted on slides were scanned 

with an Epson Perfection V750 PRO scanner, after which Image J software was used to quantify 

the grey level in each region of interest; (ii) intracellular densitometry: the intracellular OD of 

transmitted-light microscopy images of -synuclein-positive cells from the different brain 

regions of interest were analyzed using Sigma Scan. An average of 500 neurons per group, 

randomly selected among the differet animals, was analyzed as follows: each neuron was 

TH#DAB'Stainning'–'Striatum''
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Figure 17. TH-immunohistochemistry in 4-regularly 

spaced 20 m-thick section corresponding to 

different striatal anatomical levels. Ctx: cortex; Str: 

Striatum 

 

 

Figure 16. Stereological counting using optical fractionator. (A-D) 

illustrate the way we TH-positive cells with a bicolor 50 m-squared 

counting frame. Every nucleus of TH-positive cells inside the counting 

frame (asterisk in A and C) or touching the green line (asterisk in B) has 

to be count. Every nucleus of TH-positive cells touching the red line 

(pound sign in C) has to be excluded from the counting. (D) If the 

nucleus of TH-positive cell crosses both, green and red lines, the cell 

has to be excluded (pound sign in D). 
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delineated and the intensity of its area was measured by SigmaScan (Ineuron). An area without 

staining was used as a blank (Iblank). OD was assessed by the formula: OD=-log10(Ineuron/Iblank) 

Inflammatory reaction: For inflammatory reaction assessment, the total number of Iba1-positive 

cells in the SNpc was measured stereologically using StereoInvestigator software (MBF 

Bioscience). Astrocyte density was measured by OD at regional levels in GFAP-immunostained 

sections using Sigma Scan software.  

Alpha-synuclein enzyme-linked immunosorbent assay (ELISA). Total protein 

concentrations in the different sucrose extracts was determined using the bicinchoninic acid 

(BCA) assay (Thermo Scientific). Samples were diluted to 20 g/ml and analyzed in duplicate for 

total -synuclein protein level with a specific ELISA Kit against human -synuclein (Invitrogen) 

according to the manufacturer’s instructions.  

Immunodepletion of -synuclein. LB fractions (prepared as described above) were diluted 

1:10 in RIPA buffer supplemented with protease inhibitors (complete MP Inhibitor cocktail, 

Roche), and bath-sonicated for 5min. Diluted extracts were incubated overnight at 4ºC with a 

mouse monoclonal anti--synuclein antibody (Table 6). Immune complexes were then incubated 

with 40 l of protein G-agarose beads (Sigma), previously washed with PBS for 3h at 4ºC. 

Samples were centrifuged at 1000 x g for 1min at 4ºC and the resultant pellets (P1) were washed 

3 times in PBS by sequential sedimentation and resuspension. Finally, immunoprecipitated -

synuclein was eluted in 25 l of 2x Laemmli buffer by heating to 95ºC for 5min and the 

supernatant (S1) was subjected to a second immunoprecipitation. The final supernatant (S2) was 

used for inoculations whereas eluted material and supernatants from each step were collected for 

western blotting. Proteins were resolved by SDS-PAGE on 12% polyacrylamide gels and 

electrotransferred onto nitrocellulose membranes (GE Healthcare), which were blocked in 5% 

non-fat milk powder in PBS for 1h at RT and incubated overnight at 4ºC with the -synuclein 
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antibody (Table 6). Incubation with the anti-mouse secondary antibody coupled to horseradish 

peroxidase (dilution 1:5000; Amersham Biosciences) was performed at RT for 1h, followed by 

repeated washing with PBS. Immunoreactive bands were visualized using SuperSignal Femto 

Chemiluminescent Substrate (Pierce) according to the manufacturer’s instructions on an 

ImageQuant RT ECL imaging system (GE Healthcare).  

1.3. Monkey experiments. 

All the experiments in monkeys were perfomed in the laboratory of Erwan Bezard at the 

University of Bordeaux (Bordeaux, France) 

Animals. Four female rhesus monkeys (Macaca fascicularis; mean weight, 5.1 kg; mean age 7 years) 

were used, two of which had been treated three years earlier with MPTP hydrochloride (0.2 

mg/kg i.v.; Sigma-Aldrich) dissolved in saline according to a previously described protocol267. 

Animals were housed in individual primate cages under controlled conditions of humidity (50  

5%), temperature (24  1ºC), and light (12h light / 12h dark cycle, lights on at 8:00 A.M.); food 

and water were available ad libitum. Tissues from four additional untreated control animals and 

three additional MPTP-treated only monkeys were used for post-mortem experiments when 

needed. All experiments were carried out in accordance with the European Communities 

Council Directive of November 24, 1986 (86/609/EEC) revised in 2010 (2010/63/EU) for the 

care of laboratory animals in government-approved facilities. The study design was approved by 

the Ethics Committee of the Centre National de la Recherche Scientifique, Region Aquitaine, for 

primate experiments, and by the Ethics Committee for Animal Testing of the University of 

Navarra. Veterinarians skilled in the care and maintenance of non-human primates supervised 

their overall well-being. 

Stereotactic inoculations. For stereotactic delivery of LB fractions, the standard Horsley-

Clarke technique was improved by using sagittal and frontal ventriculography to locate the 
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borders of the third ventricle and the edges of the anterior and posterior commissures as 

previously described268-270. The intrastriatal injection of LB was performed at 2 rastrocaudal levels 

of the motor striatum (anterior commissure, -1 mm and -5 mm). The total injected volume per 

hemisphere was 100 µl. Intranigral LB inoculations of 10 µl were performed with 

electrophysiologial guidance considering the AC-posterior commissure line as a reference: -7 mm 

anterior; -4 depth, and  3 lateral. After each injection, the syringe was left in place for 10min to 

prevent leakage along the needle track. The Hamilton syringe was refilled between each track. 

Monkeys recovered from surgery for 6 weeks before the imaging experiments began. At the end 

of the experiment (14 months postinjection), all monkeys were euthanized by sodium 

pentobarbital overdose (150 mg/kg i.v.), followed by perfusion with saline solution (containing 

1% heparin) and 4% PFA, and brains were quickly removed and processed for histological 

studies.   

Positron emission tomography (PET) Scans. 11C-DTBZ PET studies were performed every 

3 months by the group of Jose Obeso at the Center for Applied Medical Research of the 

University Clinic of Navarra (Pamplona, Spain). The synthesis of radioligands was performed at 

the Cyclotron Unit of the Nuclear Medicine Department of the University Clinic of Navarra 

following standard protocols. On each study day, anesthesia was initially induced by 

intramuscular injections of ketamine (10 mg/kg) and midazolam (1 mg/kg) to facilitate the 

preparation and handling of the monkeys. Anesthesia was maintained during the scans with a 

mixture of ketamine (5 mg/kg) and midazolam (0.5 mg/kg). All PET studies were conducted 

during lighting hours and animals were fasted overnight prior to the PET scan. PET imaging was 

performed in a dedicated small animal Philips Mosaic tomography (Cleveland), with 2 mm 

resolution, 11.9 cm axial field of view (FOV) and 12.8 cm transaxial FOV. The standard 

acquisition protocol used has been previously described in detail271. In brief, anesthetized animals 

were placed on the bed in the prone position with the head centered in the FOV. A transmission 
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study prior to the emission scan was carried out with an external 137Cs source (370 MBq). 

Radiotracers were injected intravenously via the saphenous vein simultaneously with the 

beginning of a 40min list mode study for 11C-DTBZ. The mean (SD) injected activity was 2.15 

(0.46) mCi for 11C-DTBZ. For each study, a summed sonogram of the whole emission study and 

dynamic sonograms were created. From these sonograms, images were reconstructed in a 128 x 

128 matrix with a 1 x 1 x 1 mm3 voxel size using the 3D Ramla algorithm with two iterations and 

a relaxation parameter of 0.024. Dead time, decay, attenuation, random and scattering 

corrections were applied. To obtain parametric images, PET studies were analyzed by suitable 

tracer kinetic models using PMOD software (v.2.5; PMOD Technologies Ltd). The computed 

parameter was the binding potential (BD) of VMAT2 transporter for 11C-DTBZ. The Ichise 

Multilinear Reference Tissue Model272 was used for 11C-DTBZ quantification, using the striatum 

as a VMAT2 transporter-rich region and the occipital cortex as a transporter-poor region. The 

parametric images were transformed into standard stereotaxic space using a species-specific 

template for each radioligand271. After this, a ROI analysis was conducted using a volume of 

interest (VOI)-map template that delineated the striatum (i.e. caudate and putamen), caudate 

nucleus, and pre-commissural and post-commissural putamen defined in a single-subject MRI in 

the same sterotaxic space273. Values for specific 11C-DTBZ BP were obtained for each region. 

Imaging data were analyzed using PMOD software. 

Postmortem processing. At the end of the experiment (14 months post-injection), all animals 

were euthanized by sodium pentobarbital overdose (150 mg/kg i.v.), followed by perfusion with 

saline solution (containing 1% heparin) and 4% PFA performed in accordance with accepted 

European Veterinary Medical Association guidelines. Brains were removed quickly after death. 

Each brain was bisected along the midline and each hemisphere was divided into three parts. 

The two hemispheres were post-fixed overnight in the same fixative, cryoprotected in PBS 

containing 20% sucrose before being frozen by immersion in a cold isopentane bath (-45ºC) and 
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stored at -80ºC until sectioning. Medial regions containing the basal ganglia of each hemisphere 

were cut on a cryostat into 50 µm-thick free-floating serial sections and stored in PBS containing 

0.2% sodium azide at 4ºC until use.  

Quantitative morphology. To assess the integrity of the nigrostriatal pathway, TH 

immunohistochemistry was performed on SNpc and striatal sections. Briefly, sections from three 

representative levels of the striatum (anterior, medial and posterior) and serial sections (1/12) 

corresponding to the whole SNpc were incubated with a mouse monoclonal antibody raised 

against human TH (Table 6) overnight at RT and revealed by an anti-mouse peroxidase 

EnVisionTM system (DAKO) followed by DAB visualization. Free-floating SNpc sections were 

mounted on gelatinized slides, counterstained with 0.1% cresyl violet solution, dehydrated and 

coverslipped, while striatal sections were mounted on gelatinized slides and coverslipped.  

TH-positive SNpc neurons: TH-positive SNpc cells were counted by stereology using a Leica 

DM6000B motorized microscope coupled with Mercator software. The SNpc was delineated for 

each slide and probes for stereological counting were applied to the map obtained (size of 

counting frame was 100 x 80 µm spaced by 600 x 400 µm). Each TH-positive cell with its 

nucleus included within the counting frame was counted. The optical fractionator method was 

finally used to estimate the total number of TH-positive cells in the SNpc of each monkey 

hemisphere. 

TH-positive striatal fibers: The extent of the lesion in the striatum was quantified by OD. 

Sections were scanned in an Epson expression 10000XL high resolution scanner and images 

were used in ImageJ software to compare the grey level in each region of interest: i.e. caudate 

nucleus and putamen.  

Alpha-synuclein: Alpha-synuclein expression levels were estimated for different regions after 

immunohistochemistry. Sections of the striatum (anterior, median and posterior part), superior 
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frontal gyrus, prefrontal gyrus, entorhinal cortex, pallidum (external and internal part), 

subthalamic nucleus, and SN were incubated with a mouse monoclonal antibody raised against 

human -synuclein (Table 6)274-276 overnight at RT and revealed by an anti-mouse peroxidase 

EnVisionTM system (DAKO) followed by Vector SG Peroxydase incubation. Free-floating 

sections were mounted on gelatinized slides, and scanned using an Epson expression 10000XL 

high resolution scanner. ImageJ software was used to quantify the grey levels across the regions 

of interest.   

Satistical analysis. All values are expressed as the mean ± standard error of mean (S.E.M). For 

experiments in mice, differences among means were analyzed by using one- or two-way 

ANOVA. When ANOVA showed significant differences, pair-wise comparisions between 

means were subjected to Student-Newman-Keuls post-hoc testing. For experiments on 

monkeys, statistical analyses were carried out with Sigma Stat software (version 11.0). For 

normally distributed data, means between groups were compared with one-sample Students’ t-

test and Chi-squared analysis. In all analyses, the null hypothesis was rejected at the 0.05 level. 

All analyses were performed blinded to the researcher. 
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2. HYPOTHESIS 2: FEASIBILITY AND SAFETY OF INTRANASAL 

siRNA-MEDIATED -SYNUCLEIN DOWNREGULATION. 

2-1 Conjugated siRNA.  

The synthesis and purification of Indatraline-conjugated siRNA molecules (Fig. 18) directed 

against -synuclein (SNCA2-siRNA, MAYO2-siRNA, SNCA499-siRNA and IND-SNCA499-

siRNA) and nonsense (NS-siRNA and 

IND-NS-siRNA) were performed by 

nLife Therapeutics S.L. (Granada, Spain) 

as reported in patent application 

numbers EP12382414.6 and US 

61/719,284 (see Table 5 for sequences).  

In brief, siRNA (sense and antisense strands) synthesis was performed using ultramild-protected 

phosphoramidites (glen Research, Sterling) and H-B DNA/RNA Automatic synthesizer (K&A 

Laborgeraete GbR). Sense strand was amino-modified by performing a 5’-C6 amino 

modification and condensation with a succinimide active ester of Indatraline. Conjugated single 

strand oligonucleotides were purified by high performance liquid chromatography using a RP-

C18 column (4.6 x 150 mm, 5 µm) under a linear gradient condition of acetonitrile shifting the 

concentration from 5% to 35% for 30min in 100 mM TEAA (pH 7.0). The molecular weights of 

!

nLife Therapeutics, S.L.   -  May 2013  -      Confidential information 49

difference

Indatraline: Delivery expected to 3 
aminergic neurons (5-HT, DA and NA)

Indat raline (Lu 19- 005) is a non-selective monoamine 
transporter inhibitor that has been shown to block the 
reuptake of dopamine, norepinephrine, and serotonin with 
effects similar to those of cocaine.  Apparently, Lu 19-005 can 
be used to block the action of methamphetamine and 
MDMA

Sequence specific knockdownSpecificity

Sertraline

Parkinson´s Disease: Targeting SERT, DAT and NET. 
Transporters as entry point in selected neurons.

Figure 18. Schematic representation of the siRNA conjugated to 

the cell-specific ligand Indatraline to promote their selective 

delivery into aminergic neurons used in our experiments. 

siRNA Sequence References

AS: gcucccuccacugucuucuTT Han Y. et al., (2011) Brain Res.

SS: agaagacaguggagggagcTT Khodr C.E. et al. (2011) Brain Res. 

AS: gccuacauagagaacaccTT Fountaine T.M. et al. (2008)  Eur J Neurosci.

SS: gguguucucuauguaggcTT Gorbatyuk O.S. et al. (2009) Mol Ther .

AS: uuggucuucucagccacuguuTT Lewis, J. et al. (2008) Mol Neurodegener.

SS: aacaguggcugagaagaccaaTT

SNCA 499

SNCA 2

MAYO.2

Table 5. Sequences of the siRNA used in our study 
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the siRNA strands and the conjugate were confirmed by MALDI-TOF mass spectrometry 

(Ultraflex, Bruker Daltonics) as predicted. The yield of the conjugates was 

spectrophotometrically calculated on the basis of absorbance at 260 nm wavelength. 

Complementary strands were annealed in an isotonic RNA-annealing buffer (100 mM potassium 

acetate, 30 mM HEPES pH 7.4, 2 mM magnesium acetate), pre-incubated by 1min at 90ºC, 

centrifuged for 15s and incubated 1h at 37ºC. Duplex RNA formation was confirmed using 20% 

polyacrylamide gel electrophoresis (PAGE, 30 mA, 60min) and visualized by silver staining 

(DNA silver stain kit, GE Healthcare).  

To study in vitro and in vivo intracellular distribution of conjugated siRNA into aminergic neurons, 

conjugated NS-siRNA molecule was additionally bound to the fluorocrom dye Cy3 in the 

antisense strand. Stock solution of all siRNA molecules were prepared in RNAse-free water and 

stored at -20ºC until use.  

2.2 In vitro experiments.  

Cell culture. BE(2)-M17 cells stably expressing -synuclein or the corresponding empty vector 

were  grown in Optimem (Gibco) medium supplemented with 10% FCS and 0.5 mg/ml active 

Geneticin (Gibco). Transfection with 200 nM of the corresponding siRNAs was done in 24-well 

plates using lipofectamine RNAiMAX (Invitrogen). Equal transfection efficiency in independent 

experiments was controlled by using BLOCK-IG Fluorescent Oligo (Invitrogen). 

Primary culture. Postnatal (P1-P3) ventral midbrain neurons were cultured on rat astrocyte 

monolayers following the Sulzer Lab protocol (http://sulzerlab.org/). Briefly, to obtain the 

astrocyte monolayer, cortex of postnatal P1-P3 rat pups was mechanically disrupted in warmed 

M10C-G medium with a 10 ml syringe, and after diluting the homogenate in M10C-G medium it 

was plated on laminin-coating 24-well-plates. When glial culture was 70% confluent, it was 

maintained with MEM containing FDU. P1-P3 ventral midbrain was enzymatically digested with 

http://sulzerlab.org/
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papain and then mechanically tritured in SF1C-medium using different size tips. After 

centrifugation at 1000 x g for 5min, cells were resuspended in SF1C medium and plated above 

the astrocyte monolayer. To validate the targeting of the siRNA, primary culture was treated with 

non-sense siRNA conjugated to Cy3 with or without the cell-specific ligand indatraline, so-called 

IND-siRNA Cy3 and siRNA-Cy3 respectively, in a final concentration of 100 nM. Fluorescent-

inverted microscope was used to visualize the uptake of the siRNA 3h after transfection. At the 

selected time-point, the transfection medium was removed and substituted by PBS.  

mRNA extraction and reverse transcription PCR (RT-PCR). Isolation of mRNA was 

performed 24h post-transfection by the TRIZOLTM (Invitrogen) method following the 

manufacturer’s protocol. Briefly, cell pellets were lysed in 1 ml TRIZOLTM Reagent (Invitrogen) 

and frozen overnight to help homogenization. Then 0.2 ml chloroform was added and samples 

were centrifuged for 15min at 10000 rpm at 4ºC. The aqueous supernatant was mixed with 0.5 

ml isopropanol and centrifuged again for 20min at 15000 rpm at 4ºC. Finally, isopropanol was 

replaced by 0.9 ml of cold 75% ethanol and the samples were centrifuged for 5min at 10000 rpm 

at 4ºC. Air-dried samples were ressuspended in RNAse-free water and genomic DNA was 

removed by digestion with DNase I (Qiagen). Total mRNA concentration was measured on a 

Nanodrop 200 (Thermo Fischer Scientific). One g of total mRNA was reverse-transcribed with 

Oligo dT by using SuperScript IIITM first-strand synthesis system for RT-PCR (Invitrogen). After 

RNAse treatement, cDNA was diluted to 8 ng/ul in 10 mM Tris-HCl (pH = 8.0). 

Quantitative Real-Time PCR (RT-qPCR). RT-qPCR was performed on a 7900HT SDS 

(Applied Biosystems) with TaqMan Universal Master Mix II with UNG (Roche Applied 

Biosystems) for detection using 20 ng of cDNA per reaction in a total volume of 10 µl. The 

cycling conditions were as follows: 2min at 50ºC and 10min at 95ºC, followed by 40 cycles, each 

consisting of 15s at 95ºC and 1min at 60ºC. Fluorescence-labelled specific probes were used to 

detect the expression levels of the target genes alpha- (SNCA-FAM, #Hs00240907-m1), beta- 
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(SNCB-FAM, #Hs00608185-m1) or gamma-synuclein (SNCG-FAM, #Hs00268306-m1), 

normalized against the housekeeping genes beta-actin (FAM, #4333762F), RPLPO (VIC, 

#4326314E) and GADPH (FAM, #4333764F), all from Applied Biosystems. The threshold 

cycles (Ct) were calculated using the software ABI PRISM 7900HT SDS version 2.2 (Applied 

Biosystems). Relative quantification using the comparative Ct method was used to analyze the 

data output. Values were expressed as the fold-change over corresponding values for the control 

by the 2-ΔΔCt method. 

Immunoblot. Cells were recollected and centrifuged at 1500 rpm for 5min. Pellets were washed 

with PBS three times. Lysis buffer (Tris-HCl 50 mM pH=7.4, NaCl 150 mM, EDTA 1 mM, 

Triton X-100 1%) was added to the pellet and then incubated on ice for 30min. Total protein 

concentration was determined using the BCA assay (Thermo Scientific). Thirty g of protein 

were resolved by SDS-PAGE on 12% polyacrylamide gels and electrotransferred onto 

nitrocellulose membranes (GE Healthcare), which were blocked in 5% non-fat milk powder in 

PBS for 1h at RT and incubated overnight at 4ºC with the human -synuclein primary antibody 

(Table 6). Incubation with the anti-mouse secondary antibody coupled to horseradish peroxidase 

(dilution 1:5000; Amersham Biosciences) was performed at RT for 1h, followed by repeated 

washing with PBS. Immunoreactive bands were visualized using SuperSignal Femto 

Chemiluminescent Substrate (Pierce) according to the manufacturer’s instructions on an 

ImageQuant RT ECL imaging system (GE Healthcare).  

2.3. In vivo experiments. 

Animals. Male C57BL/6NCrl mice (10-14 weeks; Charles River, Lyon, France) were housed 

under controlled conditions (22ºC ± 1ºC; 12h light/dark cycle) with food and water available ad 

libitum. Animal procedures were conducted in accordance with standard ethical guidelines (EU 

regulations L35/118/12/1986) and approved by the local ethical committee.  
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Intracerebral siRNA infusion. Wild-type C57BL/6 mice were anesthetized (pentobarbital 40 

mg/kg, i.p.) and silica capillary microcannulae (110 mm-OD, 400 mm-ID; Polymicro 

Technologies, Madrid, Spain) were stereotaxically implanted into the SNpc (coordinates in mm: 

anteroposterior –AP, -2.9; mediolateral-ML, -1.3; dorsoventral-DV, -4.2). siRNA microinfusion 

was performed with a perfusion pump at 0.5 µl/min flow rate 20-24h after surgery in awake 

mice. siRNA targeting -synuclein or nonsense were prepared in artificial cerebrospinal fluid 

(aCSF, 125 mM NaCl, 2.5 mM KCl, 1.26 mM CaCl2 and 1.18 mM MgCl2 with 5% glucose) and 

infused at dose of 10 µg or 20 µg of siRNA per mouse. Intra-SNpc siRNA infusion was repeated 

24h later (1 µl aliquots; 2 administrations in total). Control mice received aCSF277-279. 

Intranasal siRNA administration. Wild-type C57BL/6 mice were anesthetized by 2% 

isofluorane inhalation and placed in a supine position, with the head supported at a 45 degree 

angle to the body277. A 5 µl drop of PBS or conjugated siRNA (IND-NS-siRNA and IND-

SNCA499-siRNA prepared in PBS) was applied alternatively to each nostril once daily. A total of 

10 µl of solution containing 30 µg (2.1 nmol/day) of conjugated siRNA was delivered for 4 days 

and, mice were euthanized at 1, 3 or 7 days after the last administration.  

In situ hybridization. In situ hybridization experiments were performed and analyzed at the 

laboratory of Analia Bortolozzi (IDIBAPS, Barcelona, Spain). At selected time points, mice were 

killed by pentobarbital overdose and brains rapidly removed, frozen on dry ice and stored at -

80ºC. Coronal tissue sections (14 µm thick-coronal) were cut using a microtome-cryostate, thaw-

mounted onto 3-aminopropyltriethoxysilane (Sigma-Aldrich)-coated slides and kept at -20ºC 

until use. Antisense oligoprobes were complementary to bases: -synuclein/441-447 (GenBank 

accession NM-001042451) and -synuclein/336-416 (NM-011430). The oligonulceotides were 

individually labeled (2 pmol) at the 3’-end with [33P]-Datp (<2500 Ci.mmol-1; DuPont-NEN) 

using terminal deoxynucleotidyltransferase (TdT, Calbiochem). The labeled oligoprobes were 

purified using QIAquick Nucleotide Removal Kit (QIAGEN GmbH). Sections were hybridized 
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as previously described277-279. Briefly, frozen tissue sections were first brought to RT, fixed for 

20min at 4ºC in 4% PAF in PBS, washed 3 times in PBS at RT, and incubated for 2min at 21ºC 

in a solution of predigested pronase (Calbiochem) at a final concentration of 24 UmL-1 in 50 mM 

Tris-HCl, pH 7.5, and 5 mM EDTA. The enzymatic activity was stopped by immersion for 30s 

in 2 mg/ml glycine in PBS. Tissues were finally rinsed in PBS and dehydrated through a graded 

series of ethanol. For hybridization, the radioactively labeled probes were diluted in a solution 

containing 50% formamide, 4x standard saline citrate, 1x Denhardt’s solution, 10% dextran 

sulfate, 1% sarkosyl, 20 mM phosphate buffer, pH 7.0, 250 µg/ml yeast tRNA, and 500 µg/ml 

salmon sperm DNA. The final concentrations of radioactive probes in the hybridization buffer 

were in the same range (~1.5 nM). Tissue sections were covered with hybridization solution 

containing the labeled probes, overlaid with Nescofilm coverslips (Bando Chemical Ind.), and 

incubated overnight at 42ºC in humid boxes. Sections were then washed 4 times (45min each) in 

a buffer containing 0.6 M NaCl and 10 mM Tris-Hcl (pH 7.5) at 60ºC. Hybridized sections were 

exposed to Biomax-MR film (Kodak, Sigma-Aldrich) for 1-4 weeks with intensifying screens. 

For specificity control, adjacent sections were incubated with an excess (50x) of unlabelled 

probes. The cytoarchitecture of different mouse brain areas were analyzed in an adjacent series 

of cresyl-violet stained frozen section. Autoradiograms were analyzed and the relative optical 

densites (ROD) were obtained using a computer assisted image analyzer (MCID). The slide 

background was substracted. ROD were evaluated in SNpc/VTA, DR and LC at the three 

antero-posterior coordinates by duplicate and averaged to obtain individual values. MCID 

system was also used to acquire pseudocolor images. Black and white photographs were taken 

from autoradiograms using a Wild 420 macroscope (Leica) equipped with Nikon KXM1200F 

digital camera and ACT-1 Nikon software (Soft Imaging System Gmbh). Images were processed 

with Photoshop (Adobe Systems, Mountain View) by using identical values for contrast and 

brightness.  
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Immunohistochemistry. Immunohistochemistry for -synuclein and TH were performed as 

previously described in pages 66-67.  

Quantitative morphology. Analysis of -synuclein levels and nigrostriatal integrity were 

performed as previously described in pages 67-69.  

Statistical analyses. In vitro: data are presented as mean ± S.E.M. Statistical analyses were 

performed by one-way analysis of variance (ANOVA) followed by a post-hoc Turkey test to 

determine the differences between the groups. Data were analyzed using SigmaStat software 

(version 3.0; Jandel Scientific Software). In vivo: all results are presented as the mean ± S.E.M. 

Data were analyzed using GraphPad Prism 6.0 (San diego, CA). For all experiments, one-way or 

two-way ANOVA with repeated-measure were applied to the data as appropriate. Significant 

main effects were followed by Turkey’s post-hoc test. In all analyses, the null hypothesis was 

rejected at the 0.05 level. All analyses were performed blinded to the researcher. 
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1 LEWY BODY EXTRACTS FROM PARKINSON’S DISEASE 

BRAINS TRIGGER –SYNUCLEIN PATHOLOGY AND 

NEURODEGENERATION IN MICE AND MONKEYS 

 

1.1 Purification of Nigral LB Extracts From PD Patients.  

LB-enriched fractions were obtained from freshly frozen postmortem SNpc tissue 

derived from 3 patients with sporadic PD exhibiting abundant LB pathology at 

neuropathological examination (Fig. 19). LB 

purification from these samples was achieved by 

sucrose gradient fractionation, as previously 

validated256,280, with LB-containing fractions 

being recovered at the 1.4/2.2M interface (Fig. 

20).  

To identify LB fractions, all recovered sucrose gradient fractions (19-20) were 

screened by FRA for the presence of insoluble -synuclein aggregates. This assay permits 

the detection and quantification of detergent- or urea-insoluble amyloid-like fibrils and 

high molecular weight insoluble protein aggregates based on their ability to be retained on 

cellulose acetate membranes with a 0.2 µm pore size258-260. Using this biochemical assay, LB 

fractions containing insoluble aggregated -synuclein are mostly sedimented within 

fractions 15 to 19 (Fig. 21).  

Figure 19. Immunohistochemistry images of -

synuclein-positive LB (arrows, in black) in nigral 

post-mortem brain sample of the PD #3 patient 

before sucrose gradient purification; brown 

pigments correspond to neuromelanin.  

Figure 20. Schematic representation of the sucrose gradient fractionation 

procedure used to purify LB-containing fractions from freshly frozen post-

mortem nigral brain tissue of three sporadic PD patients. 
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The presence of LB in these fractions was further confirmed by the 

immunodetection of hyperphosphorylated -synuclein (pSyn), ubiquitin and p62 (Fig. 22), 

all of which are known components of LB (see Table 1 page 5). 

In addition, examination of LB fractions by fluorescence microscopy confirmed the 

presence of immunolabeled -synuclein, which colocalize with the amyloid-binding dye 

thioflavine S (Fig. 23A). Ultrastructural examination of LB fractions by electron 

microscopy revealed the presence of spherical or amorphous aggregates with an -

synuclein immunoreactive filamentous structure as determined by immunogold labeling 

(Fig. 23B).  

Figure 22. Filter retardation assay probed with antibodies against 

phosphorylated -synuclein (pSyn), ubiquitin and p62 in the 

different fractions obtained by sucrose gradient fractionation from 

freshly frozen post-mortem nigral brain tissue from PD #3. Blue 

rectangles indicate the LB-containing fraction selected to prepare the 

mixture used for inoculations.  

 Figure 21. Filter retardation assay probed with a human 

-synuclein antibody to assess the presence of insoluble -

synuclein aggregates in the different fractions obtained by 

sucrose gradient fractionation from freshly frozen post-

mortem nigral brain tissue from three sporadic PD 

patients. Blue rectangles indicate the LB-containing 

fractions selected to prepare the mixtures used for 

inoculations. 
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For stereotactic inoculations in mice and monkeys, LB-containing fractions from 

the three PD patients were mixed together in the same proportion (PD #1, fractions 18 

and 19; PD #2, fraction 15; PD #3, fraction 16; see Fig. 21). Prior to inoculation, this 

mixture was sonicated for 5 min, resulting in the disruption of the aggregates into fibrillar 

fragments of different sizes (Fig. 23B)245, 281, 282. Indeed, the signal of -synuclein after FRA 

was decreased in the samples sonicated compared to non-sonicated samples, confirming 

that the levels of aggregated -synuclein were diminished after sonication (Fig. 24).  

Quantification by ELISA indicated that this mix contained 15ng of -synuclein 

per milligram of total protein (corresponding to 6pg of -synuclein per microliter of 

injected sample, see Table 7). Control-injected animals were inoculated with a mixture of 

non-LB fractions (i.e. fraction 6, at the beginning of the 1.2M interface) derived from the 

same three PD patients, which contains soluble or finely granular -synuclein but lacks 

large LB-linked -synuclein aggregates257, 280, 283. The amount of -synuclein in the non-LB 

Figure 24. (A) Filter retardation assay  (FRA) probed 

with a human -synuclein antibody to assess the 

presence of insoluble -synuclein aggregates in the LB-

fractions derived from PD #1 before and after 

sonication. (B) Bar graphs showing the densitometric 

quantification of the FRA.  

Figure 23. (A) Confocal examination of purified LB fractions with -synuclein immunofluorescence (red) and thioflavin 

S staining (green). Scale bar, 10 m. (B) Ultrastructural examination of LB fractions by electron microscopy (before and 

after sonication) and immunogold labeling 
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mixture, as quantified by ELISA, was 28ng per milligram of total protein (corresponding 

to 10pg of -synuclein per microliter of injected sample, Table 7). Additional control 

animals were injected with the corresponding buffers (i.e. vehicle) obtained from a sucrose 

gradient purification performed without the addition of any brain sample. 

 

1.2. Intracerebral Inoculation of Human LB Extracts Initiates 

Nigrostriatal Dopaminergic Neurodegeneration in Mice 

For the experiments on rodents, adult wild-type C57BL6 mice received a single 

unilateral stereotaxic inoculation of either LB fractions, non-LB fractions or vehicle 

immediately above the right SNpc (Fig. 25). Following inoculations, the animals were 

euthanized at different time-points (i.e., 24hrs, 4 weeks, 4 months and 17 months) after 

LB-inoculation and their brains were processed for histochemical examination.  

The integrity of the dopaminergic nigrostriatal system, at the level of both SNpc 

cell bodies and striatal axon terminals, was assessed by stereological cell counts of 

dopaminergic TH-positive SNpc neurons and by optical densitometry (OD) of striatal 

Figure 25. Schematic diagram indicating the site of 

nigral stereotactic LB inoculations in mice. 

Table 7. Concentration of total protein and soluble -synuclein protein in the 

LB- and Non-LB fraction measured by BCA and ELISA respectively.   

Fractions 
BCA results 

(µg/µl)

ng of  α-synuclein 

per mg of  total 

protein

pg of  α-synuclein 

per µl of  injected 

sample

LB-fraction 0,4 15 6

Non-LB fraction 0,36 28 10
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dopaminergic TH-positive fibers, respectively (Fig. 26A).  No evidence of nigrostriatal 

degeneration was observed in these animals in the first 4 weeks after LB inoculation. 

However, by 4 months, LB-injected mice exhibited a progressive loss of striatal TH-

positive fibers up to 17 months after LB inoculation (Fig. 26B, D). Concomitant with 

striatal dopaminergic denervation, some LB-injected mice began to exhibit SNpc 

Figure 26. (A) Representative photomicrographs of TH-positive SNpc neurons (Brown; thionin staining in purple) and 

TH-positive striatal terminals (Str, inset) in non-injected and LB-injected mice at different time-points after LB inoculations. 

Scale bars, 500m. (B-C) Quantification of TH-positive striatal terminals by optical densitometry (B) and the number of 

TH-positive SNpc neurons by stereology (C) in vehicle- and LB-injected mice, relative to non-injected animals. Histograms 

represent average  S.E.M. Non-injected mice, N=23-26; vehicle-injected mice, N = 13; LB-injected mice at 4 weeks, N = 

7; LB-injected mice at 4 months, N = 8-9; LB-injected mice at 17 months, N = 4. * p< 0.05 compared with non-injected 

mice; # p<0..05 compared with vehicle-injected mice; $ p<0.05 compared with LB-injected mice at 4 weeks post-

inoculations. (D-E) Point plot representation of the same quantifications shown in (B-C), in which the individual values per 

LB-injected animal are represented. Each point represents an individual animal with the horizontal line indicating the 

average value per group. Quantifications correspond to either striatal TH terminals by optical densitometry (D) or number 

of SNpc TH-positive neurons by stereology (E) in the different groups of LB-injected mice, relative to non-injected 

animals. *p<0.05 compared with either non-injected animals and to LB-injected animals at 4 weeks post-injections. 
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dopaminergic cell loss by 4 months, which increased and extended to all LB-injected 

animas by 17 months (Fig. 26C, E). LB-induced decreases in the number of SNpc TH-

positive neurons corresponded to an actual cell death and not to a mere downregulation of 

TH expression, as similar decreases were also observed in the number of thionin-stained 

SNpc neurons at 17 months after LB injection [12,500 ± 538.75 SNpc Nissl-positive 

neurons in non-injected mice vs 7,837.5 ± 259.9 in LB-injected mice; p<0.001, Student-t 

test]. In contrast, no nigrostriatal degeneration was observed in animals injected with either 

vehicle or non-LB fraction obtained from the same PD patients (Fig. 27).  

At 4 months, LB-injected animals exhibited astrogliosis in the SNpc, suggestive of 

ongoing, progressive neurodegeneration (Fig. 28).  

No gross motor or behavioral abnormalities were observed in LB-injected mice up 

to 17 months. However, at 4 months postinoculation, LB-injected animals exhibited 

Figure 27. Quantifications of TH-positive striatal terminals by optical 

densitometry (left) and the number of SNpc TH-positive neurons measured by 

stereology (right) in mice inoculated with either “non-LB” fractions (F6) 

containing non-aggregated (soluble or finely granular ) -synuclein, derived 

from the same PD patients from which LB fractions were extracted, or the 

corresponding buffer (vehicle), at 4 months post-inoculations. Histogram 

represent average  S.E.M. Non-injected mice, N=4-6; vehicle-injected mice, N 

= 5-6; Non-LB-injected mice, N = 10. No statistically significant differences 

were found between non-injected, vehicle-injected and animals injected with 

“non-LB”fractions.  

Figure 28. Inflammatory reaction in the substantia nigra (SN) of LB-injected mice. Quantifications (left) and 

representative photomicrographs (right) of Iba1-positive microglial cells (by stereology) and GFAP-positive astrocytic 

reaction (by regional densitometry) in the SN of LB-injected mice at 4 months post-inoculations. Histograms represent 

average  S.E.M. Non-injected mice, N=8; LB-injected mice, N=9. *p<0.05 compared with non-injected animals. 
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impaired motor ability when challenged with the pole test, which measures motor 

coordination and balance (Fig. 29)  

Our results indicate that nigral LB extracts derived from PD patients are able to 

initiate a slowly progressive nigrostriatal neurodegenerative process affecting initially and 

more extensively dopaminergic axon terminals in the striatum rather than SNpc cell bodies, 

which is consistent with the pattern of nigrostriatal degeneration occurring in PD patients15, 

21 

 

1.3. LB-Induced Pathogenic Effects in Mice are Associated with α-

Synuclein Pathology. 

We next assessed whether LB-induced neurodegeneration was associated with -

synuclein pathology in injected animals. Using an antibody that recognizes human but not 

murine -synuclein, we found that exogenously inoculated LB-linked -synuclein was 

internalized by host cells, including TH-positive SNpc neurons, by 24h post-injection, 

which is consistent with previous studies in which synthetic recombinant -synuclein was 

shown to be quickly taken up by cultured neurons via endocytosis (Fig. 30)235, 238-240. At this 

early time point, exogenous human -synuclein in LB-injected mice was detected as a 

punctuate, inclusion-like immunolabeling within the cytoplasm and processes of host cells. 

Figure 29. Motor performance of LB-injected mice in the pole test at 4 

months post-inoculation. Mice were subjected to the test on three 

consecutive trials. The average of those three trials was calculated and 

considered for statistical analyses. *p<0.05 compared with non-injected 

mice; #p<0-05 compared with vehicle-injected mice. Non-injected mice, 

N=5; vehicle-injected mice, N=7; LB-injected mice, N=7.  
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No exogenous human -synuclein immunosignal was detected in LB-inoculated animals at 

any of the later time-points, from 4 weeks to 17 months postinjection.  

 

In contrast, using an antibody that recognizes both human and murine -synuclein, 

LB-injected mice exhibited diffuse cytoplasmic accumulations of -synuclein within SNpc 

neurons, including TH-positive cells, at 4 months post-injection (Fig. 31). In the absence of 

any human-specific -synuclein immunohistochemical signal at this time-point, the 

observed cytoplasmic accumulation of -synuclein in LB-injected animals at 4 months can 

be exclusively attributed to endogenous murine -synuclein.  

 

Figure 31. (A) Quantification of intracellular levels of endogenous murine -synuclein within SNpc neurons by optical 

densitometry in mice injected with either vehicle, non-LB or LB fractions at 4 months after inoculations, relative to non-

injected animals. An average of 600 neurons per group was analyzed. *p<0.05 compared with non-injected mice;  #p<0.05 

compared with vehicle injected mice; $p<0.05 compared with non-LB injected mice. (B) Photomicrographs correspond to 

representative immunostaining images of endogenous -synuclein (brown or green) in dopaminergic TH-positive (red) 

SNpc neurons by confocal microscopy.  

Figure 30. Immunohistochemistry of human-synuclein (hSyn, in brown; thionin 

staining in purple) and double immunofluorescence for hSyn (green) and TH (red) 

in the SNpc of LB-injected mice at 24h post-injection. 
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Accumulated -synuclein in LB-inoculated mice became resistant to proteinase K 

(PK) digestion, indicating that endogenous murine -synuclein had adopted a pathological 

insoluble/aggregated -sheet conformation by 4 months after LB inoculation (Fig. 32). 

The pathological nature of accumulated endogenous -synuclein in LB-injected 

mice was further corroborated using and antibody recognizing pSyn (phosphorylated at 

serine 129), which is found abundantly in human LB aggregates and is widely used as a 

marker for pathological -synuclein39, although it can also be found at lower levels in 

nonpathological tissue114. At 4 months postinjection, mice inoculated with LB exhibited 

numerous pSyn-positive neurons in the SNpc, including TH-positive cells (Fig. 33). In 

affected neurons, pSyn immunolabeling mostly appeared as weakly diffuse within the 

neuronal cytoplasm, although in a few instances it adopted a more punctuate, inclusion-like 

conformation. No pSyn-positive cells were detected at later time-points (i.e. 17months 

after LB inoculation), once SNpc dopaminergic cell death was full established. In addition, 

no pathological alterations of murine -synuclein (i.e. cytoplasmic accumulation, PK 

resistance or phosphorylation) were found in the SNpc of mice injected with vehicle or 

non-LB fractions.  

Figure 32. Quantification of regional levels of endogenous murine -synuclein by optical densitometry in the SN of 

mice injected with either vehicle, non-LB or LB fractions at 4 months after inoculations, relative to non-injected 

animals, after proteinase K (PK) digestion. Non-injected mice, N=9; vehicle-injected mice, N=8; Non-LB-injected 

mice, N=9; LB-injected mice, N=5. *p<0.05 compared with non-injected mice; #p<0.05 compared with vehicle-

injected mice; $p<0.05 compared with non-LB injected mice. Photomicrographs correspond to representative 

immunostaining of endogenous -synuclein in the SN before and after PK treatment (SNpc, substantia nigra pars 

compacta; SNpr, substantia nigra pars reticulate).  
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As previous studies suggested that -synuclein pathology spreads into other brain 

regions, we studied the presence of pathological phosphorylated form of -synuclein in 

other brain areas. Remarkably, by 4 months post-inoculation, LB-injected mice also 

displayed increased levels of pSyn in distant brain regions such as striatum and neocortical 

areas (i.e. cingulate, motor and somatosensory cortices) (Fig. 34). These increases were 

revealed by regional densitometry of pSyn immunolabeling and corresponded mostly to 

presynaptic terminals innervating the affected regions, rather than cell bodies intrinsic of 

these regions.  

Figure 34. Quantification of regional level of pSyn by optical 

densitometry in the striatum and neocortical areas (i.e. cingulate, 

motor and somatosensory cortices) of LB-injected mice relative to 

non-injected animals at 4 months after LB inoculations. Non-

injected mice, N=12; LB-injected-mice, N=8, *p<0.05 compared 

with non-injected mice.  Histogram represents average  S.E.M. 

Figure 33. (A) Number of phosphorylated -synuclein (pSyn)-immunopositive cells in the SNpc of mice injected with 

either vehicle, non-LB or LB fractions at 4 months after inoculations, relative to non-injected animals. Non-injected 

mice, N=10; vehicle-injected mice, N=10; Non-LB-injected mice, N=9; LB-injected mice, N=5. *p<0.05 compared 

with non-LB-injected mice. (B) Photomicrographs correspond to representative immunostaining of pSyn (brown) in the 

SNpc of non-injected and LB-injected mice 4 months after inoculation. In LB-injected mice, some pSyn 

immunofluorescence signal (green) was detected within dopaminergic TH-positive neurons (red). Histogram represents 

average  S.E.M. Scale bar = 30m. 
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1.4. LB-Induced Pathogenic Effects in Mice are Dependent on Both 

Exogenous -Synuclein Present in LB and Host (Endogenous) 

Expression of -Synuclein 

Because LB extracts contain many components other than -synuclein257, we next 

determined whether the pathogenic effects induced by these extracts were mediated by -

synuclein. Supporting the later, the presence of human -synuclein within LB extracts 

appeared as a requirement to induce the pathological conversion of murine -synuclein, as 

no pSyn-positive cells were observed in mice inoculated with LB fractions that had been 

depleted of -synuclein by sequential immunoprecipitation prior to injection (Fig. 35)  

In addition, host expression of soluble -synuclein was a prerequisite for the 

pathogenic effects of LB fractions, as inoculation of these fractions into -synuclein-

deficient mice did not produce any -synuclein pathology or evidence of nigrostriatal 

lesion in these animals (Fig. 36)  

Figure 35. (A) Immunoblots for -synuclein in -synuclein-immunodepleted LB fractions detected by sequential 

immunoprecipitation. P1 and P2 correspond to eluted pellet fractions after the first and second depletion steps. S1and 

S2 correspond to immunodepleted supernatant fractions after the first and second depletion steps. Inputs: intact LB 

extract. Arrows indicate oligomeric -synuclein species. (B) Number of phosphorylated (pSyn)-immunopositive cells in 

the SNpc of mice injected with either LB fractions or -synuclein-immunodepleted LB fractions, relative to non-

injected animals. N = 4 mice per group. * p < 0.05 compared with non-injected mice; # p<0.05 compared with LB-

injected mice. Histogram represents average  S.E.M. 
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Overall, our results indicate that LB-linked -synuclein derived from PD patients is 

able to trigger the pathological conversion of endogenous murine α-synuclein, which 

correlates with PD-like, -synuclein-dependent nigrostriatal degeneration.  

 

1.5. Intracerebral Inoculation of Human LB Extracts Induce Nigro-

Striatal Dopaminergic Neurodegeneration and -Synuclein Pathology 

in Monkeys  

To assess whether the pathogenic effects of PD-derived LB extracts observed in 

mice could also be exerted in an experimental setting more relevant to humans, the same 

LB fractions used in the rodent experiments described above were inoculated in a total of 

four rhesus monkeys (Macaca fascicularis). Two monkeys received LB inoculations into the 

striatum, a region interconnected with multiple CNS nuclei including the SNpc, whereas 

two additional animals were inoculated directly into the SNpc (Fig. 37). The total injected 

volume was 100 µl for the striatum (derived between two different sites) or 10 µl for the 

SNpc. To help determine the potential contribution of the dopaminergic nigrostriatal 

projection in the eventual spread of LB-induced -synuclein pathology, one monkey of 

each group was treated with the neurotoxin MPTP to produce a severe lesion of this 

pathway prior to LB inoculations. Brains from four additional untreated control animals 

Figure 36. Quantification of striatal TH terminals by optical 

densitometry, and number of SNpc TH-positive neurons by 

stereology in LB-injected wild-type or -synuclein deficient 

(KO) mice relative to non-injected wild-type animals. N = 3-4 

for -synuclein-deficient mice and 8-10 for wild-type mice. 

*p<0.05 compared with non-injected wild-type mice; #p<0.05 

compared with LB-injected wild-type mice. Histogram 

represents average  S.E.M. 



 

 

97 

and three additional MPTP-treated monkeys (not receiving LB inoculations) were used as 

control when appropriate.  

LB-injected monkeys were examined at different times post-injection by PET with 

the radioligand 11C(+)-DTBZ, a marker of striatal vesicular monoamine transporter density 

that reflects nigrostriatal dopaminergic innervations. In particular, PET scan was 

performed 3, 9 and 12 months after LB inoculation. A basal PET scan was performed 

before LB inoculation (Fig. 38).  

Using this method, the monkey receiving striatal LB injections exhibited a ~34% 

reduction in striatal dopaminergic innervations starting at 9 months after LB injection that 

remained stable up to 12 months (Fig. 39).  

Figure 37. Schematic diagram indicating the site of LB 

inoculations in monkey 

Figure 39. Representative images 

(coronal planes) and quantification 

of PET scans performed in LB-

injected monkey 1 using 11C-(+) 

DTBZ. *p<0.05 compared with 

basal levels.

Figure 38. Schematic diagram indicating the overall 

experimental design in monkeys. 
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This was confirmed by neuropathological examination, performed 14 months post-

injection, by quantitative analysis of striatal TH immunoreactivity (Fig. 40). A similar 

degree of striatal dopaminergic terminal loss was also observed in the monkey receiving LB 

inoculations directly into the SNpc. No behavioral changes were detected in any of these 

animals over the 14-months post-injection period, which is consistent with a degree of 

nigrostriatal lesion below the threshold for appearance of parkinsonian signs267. 

Concomitant to striatal dopaminergic terminal loss, monkeys injected in either the striatum 

or SNpc exhibited dopaminergic cell loss in the SNpc (~40% and ~15%, respectively), as 

assessed by stereological counting of SNpc TH-positive neurons. The relatively sparse loss 

of nigral dopaminergic neuron cell bodies in SNpc-injected monkeys compared to their 

striatally injected counterparts suggests that the LB-induced neurodegenerative process 

may be progressing more slowly in these animals. 

LB-injected monkeys were subsequently analyzed for potential -synuclein 

pathology using and antibody (Syn211) that recognizes amino acid residues 121-125 in 

both soluble and pathological (LB-linked) -synuclein274. In the monkey receiving striatal 

injections of LB, -synuclein immunohistochemical signal measured by regional 

A" B"

Figure 40. Illustrative images (top) and quantifications (bottom) of TH-positive striatal terminals by optical 

densitometry (A) or of TH-positive SNpc neurons (B) by stereology, in non-injected and LB-injected monkeys. 

*p<0.05 compared with non-injected animals. Scale bars: 5mm (Striatum) and 250 m (SNpc). 
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densitometry was increased in several brain regions along the rostrocaudal axis that project 

to, or receive input from, the inoculation site, and which show -synuclein accumulation in 

PD211, including the putamen, SNpc, globus pallidus, precentral gyrus, superior frontal 

gyrus and entorhinal area in the temporal cortex (Fig. 41 A-B). In these regions, increased 

-synuclein immunolabeling mostly corresponded to presynaptic terminals, although some 

Figure 41. (A) Representative coronal brain sections of endogenous -synuclein immunostaining (green) in non-

injected and striatal LB-injected monkeys, with or without MPTP treatment. (B) Quantification of regional levels of 

endogenous -synuclein by optical densitometry in the caudate (Cd), putamen (Put), SNpc, subthalamic nucleus 

(STh), external Globus pallidus (GPe), internal globus pallidus (GPi), precentral gyrus (PrG), superior frontal gyrus 

(SFG) and entorhinal cortex (Ent) in non-injected and striatal LB-injected monkeys, with or without MPTP 

treatment. Histograms represent average  S.E.M. of the -synuclein level per region. *p<0.05 compared with non-

injected monkeys, # p<0.05 compared with striatal LB-injected monkey without MPTP. (C-G) Illustrative 

photomicrographs of endogenous -synuclein (c-e) and pSyn (f-g) immunostaining (blue) in the SNpc (c-e) and Ent 

(f-g) of non-injected (c,f) and striatal LB-injected (d,e,g) monkeys. Arrows in (e) indicate an -synuclein-positive 

neurite. Scale bars: 80m (c) and 20 m (c, inset).  
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of these regions, such as the SNpc and entorhinal cortex, also exhibited enlarged -

synuclein-positive neurites and intracytoplasmic diffuse accumulations of -synuclein that 

were associated with concomitant increases in phosphorylated -synuclein species, without 

the formation of definite LB-like inclusions (Fig. 41C-G). Supporting the retrograde 

transmission of the -synuclein pathology from the LB-injected striatum to the SNpc, 

striatal LB inoculation in the MPTP-treated monkey did not lead to any nigral -synuclein 

pathology, resulting instead in further increases in -synuclein within the injection site 

(striatum) and its efferently connected areas, such as the globus pallidus (Fig. 41 A-B).  

The increase of -synuclein in these areas in the MPTP-treated monkey after LB 

inoculation were not due to MPTP-inoculation, as no increments of -synuclein in these 

areas were observed in MPTP-treated monkey without LB injection (Fig. 42). These results 

Figure 42. (A) Illustrative images (top panels) and quantifications (bottom panels) of TH-positive striatal terminals 

by optical densitometry (A) and SNpc TH-positive neurons measured by stereology (B) in MPTP-treated monkeys. 

(B,Left) Representative coronal brain sections of endogenous -synuclein immunostaining (green) in saline- and 

MPTP-treated monkey in absence of LB inoculations at 12 months post-intoxication. (B,Right) Quantification of 

regional levels of endogenous -synuclein by optical densitometry (OD) in caudate (Cd), putamen (Put), SNpc, 

subthalamic nucleus (STh), external globus pallidus (GPe), internal globus pallidus (GPi), precentral gyrus (PrG), 

superior frontal gyrus (SFG) and entorhinal cortex (Ent) in saline- and MPTP-treated monkey. *p<0.05 compared 

with saline-treated animals. Histograms represent average  S.E.M. of levels of -synuclein in each anatomical region 
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indicated that LB-induced -synuclein pathology can extend to brain regions distant to the 

injection site.  

In contrast to the widespread increases in -synuclein signal observed in striatally-

injected monkey, inoculation of LB fractions into the primate SNpc mostly resulted in local 

intracellular diffuse accumulations of -synuclein within the SNpc, with the spread of -

synuclein pathology mostly limited to the entorhinal area of the temporal cortex (Fig. 43).  

The more conspicuous spreading effect observed in striatally-injected monkeys, compared 

to their SNpc-injected counterparts, may correspond to the higher anatomical connectivity 

of the striatum and/or to a slower progression of the neurodegenerative process in SNpc-

injected animals. 

 

 

Figure 43. (A) Representative coronal brain section of endogenous -synuclein immunostaining (green) in non-

injected and nigral LB-injected monkeys, with or without MPTP treatment. (B) Quantification of regional levels of 

endogenous -synuclein by optical densitometry in the caudate (Cd), putamen (Put), SNpc, subthalamic nucleus (STh), 

external globus pallidus (GPe), internal globus pallidus (GPi), precentral gyrus (PrG), superior frontal gyrus (SFG) and 

entorhinal cortex (Ent) in non-injected and nigral LB-injected monkeys, with or without MPTP treatment. Histograms 

represent average  S.E.M. of the -synuclein level per region. *p<0.05 compared with non-injected monkeys. (C) 

Illustrative photomicrographs of endogenous -synuclein immunostaining (blue) in the SNpc of non-injected (top) and 

nigral LB-injected (bottom) monkeys. Scale bars: 80m (C) and 20m (C, inset). 
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Although more extensive studies will be needed using a larger number of animals, 

our results in monkeys represent a proof-of-concept of the data generated in mice by 

showing that LB extracts derived from PD patients are also able to induce pathogenic 

effects in nonhuman primates, including nigrostriatal dopaminergic neurodegeneration and 

spreading of -synuclein pathology to distant brain regions, especially when inoculated into 

highly interconnected areas such as the striatum.   
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2. SELECTIVE SILENCING OF -SYNUCLEIN IN SNpc 

DOPAMINERGIC NEURONS IN VIVO BY THE INTRANASAL 

DELIVERY OF TARGETED SMALL INTERFERING RNA 

2.1 Screening of Various siRNAs Directed to Downregulate 

Endogenous or Overexpressed -Synuclein mRNA Levels in M17 Cells  

First, we assessed the ability of three different siRNA sequences directed against -

synuclein (SNCA499-siRNA, MAYO2-siRNA, SNCA2-siRNA) to downregulate 

endogenous -synuclein in M17 human neuroblastoma cells by quantitative real-time PCR 

(RT-qPCR). Cells were transfected with either (i) lipofectamine alone as a control, (ii) 

lipofectamine + non-sense siRNA (NS-siRNA), and (iii) lipofectamine + -synuclein 

directed siRNAs: SNCA499-siRNA; MAYO2-siRNA and SNCA2-siRNA. The analysis of 

-synuclein expression by RT-qPCR revealed that all the siRNA sequences suppressed -

synuclein mRNA expression in M17 neuroblastoma cells, 24h after transfection (Fig. 44). 

In particular, SNCA499-siRNA induced a 78% downregulation, SNCA2-siRNA 76% and 

MAYO2-siRNA 86%. In contrast, NS-siRNA did not affect the expression of -synuclein 

expression. Similarly, lipofectamine treatment alone did not induce changes in -synuclein 

expression 

Figure 44. Quantification of -synuclein mRNA expression by 

RT-qPCR in M17 cells 24h after transfection with various siRNA 

directed against -synuclein: SNCA499-siRNA, SNCA2-siRNA 

and MAYO2-siRNA. Controls cells were transfected with 

lipofectameine alone (control) or with NS-siRNA. Control cells, 

N=39; NS-siRNA, N=34; 499-siRNA, N=13; MAYO2-siRNA, 

N=10; SNCA2-siRNA, N=11. ***p<0.001 compared with control 

cells; +++ p<0.001 compared with NS-siRNA. Histogram 

represents average  S.E.M. 
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Because we wanted to downregulate -synuclein expression after intranasal 

administration without decreasing - and -synuclein expression, the specificity of our 

three siRNAs candidates was studied in vitro by RT-qPCR (Fig. 45). The results obtained 

revealed that MAYO2-siRNA significantly suppressed -synuclein expression (58% 

downregulation). Although no statistically different, MAYO2-siRNA also suppressed the 

expression of -synuclein (67% downregulation), 24h post-transfection. Transfection with 

SNCA499-siRNA and SNCA2-siRNA did not downregulated the expression of either - 

or -synuclein Indeed, SNCA499-siRNA increased the expression of -synuclein, probably 

as a compensatory effect.  

Since PD is associated with increased levels of -synuclein, we wanted to validate 

that our siRNA sequences would be able to downregulate increased -synuclein expression 

into basal levels in a model with increased levels of -synuclein, which would be closer to a 

pathological PD situation. For these reason, we studied the effect of the different siRNAs 

in the neuroblastoma M17 overexpressing wild-type -synuclein (M17 -Syn). M17 -Syn 

Figure 45. Quantification of β- (left) and -synuclein (right) mRNA expression in M17 cells by RT-qPCR, 24h after 

the transfection with: (i) lipofectamine alone (control), (ii) siRNA-NS, (iii) -synuclein directed siRNA: SNCA499; 

SNCA2 and MAYO2. Control cells, N=14-28; NS-siRNA transfected cells, N=16-25; SNCA499-siRNA transfected 

cells N=4-6; MAYO2-siRNA transfected cells, N=5-11; SNCA2-siRNA transfected cells, N=5-11. ***p<0.001 

compared with control cells; +++p<0.001 compared with NS-siRNA. Histogram represents average  S.E.M. 
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cells highly overexpress -synuclein compared to wild-type M17 at both mRNA and 

protein levels (Fig. 46). 

RT-qPCR analysis revealed that all the siRNA sequences were able to downregulate 

the increased expression of -synuclein in M17 -Syn cells, 24h after transfection: 

SNCA499-siRNA induced a 74% of downregulation, MAYO2-siRNA 74% and SNCA2-

siRNA 69% (Fig. 47). As in wild-type cells, MAYO2-siRNA decreased the expression of - 

and -synuclein in M17 -Syn cells. Although no statistically significant, SNCA2-siRNA 

also decreased the expression of -synuclein (25% downregulation). In contrast, SNCA499-

Figure 47. Quantification of - (left), - (middle) and -synuclein (right) mRNA expression by RT-qPCR in M17 cell 

line overexpressing -synuclein (M17 -Syn), 24h after the transfection with: (i) lipofectamine alone (control), (ii) NS-

siRNA, (II) -synuclein directed siRNA: SNCA499; SNCA2 and MAYO2. Control, N=19-34; NS-siRNA transfected 

cells, N=13-24; SNCA499-siRNA, N=6-19; SNCA2-siRNA, N=5-12; MAYO2-siRNA, N=6-8. ***p<0.001 compared 

with control; +++p<0.001 compared with NS-siRNA. Histogram represents average  S.E.M. 

 

Figure 46. (A) -Synuclein mRNA expression of M17 overexpressing -synuclein(M17--syn) compare to wild-type 

M17 (M17) assessed by RT-qPCR; M17 cells, N=5 ; M17--syn cells, N=4; ***p<0.001 compared with M17 cells; (B) 

Quantification (left) and immunoblot (right) of -synuclein protein levels expression in wild-type M17 cells and M17-

-syn.  Histogram represents average  S.E.M. 
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siRNA did not decrease the expression of either - or -synuclein. According to these 

results, SNCA499-siRNA was the only sequence able to specifically downregulate -

synuclein expression without decreasing - and -synuclein expression. Therefore, 

SNCA499-siRNA was selected for further analyses in vivo. 

2.2 Selective -Synuclein Silencing by Local Infusion of SNCA499-

siRNA in Mice 

The candidate SNCA499-siRNA was administrated locally in SN/VTA to confirm 

that it could downregulate the expression of basal -synuclein levels in vivo. Adult mice 

received ipsilaterally: (i) vehicle, (ii) NS-siRNA or (iii) SNCA499-siRNA at 10 or 20 g/l 

for 2 consecutive days into right SNc/VTA and were euthanized 24h after last 

administration (Fig. 48).  

Local infusion of SNCA499-siRNA was able to downregulated -synuclein mRNA 

expression(25-30%), as assessed by in situ hybridization (Fig. 49). No significant 

differences were obtained between both doses of siRNA. In contrast, no -synuclein 

suppression was obtained after the administration of either vehicle or NS-siRNA (Fig. 49).  

Figure 48. Schematic representation of siRNA 

local administration in the mice substantia nigra. 

Adult mice (C57BL/6NCrl) received ipsilaterally: 

i)vehicle, ii) NS-siRNA or iii) SNCA499-siRNA at 

10 or 20 µg/µl for 2 days into right SNc/VTA and 

were euthanized 24h after last administration. 
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In addition, the local infusion of 10 g or 20 g of SNCA499-siRNA into 

SN/VTA did not induce changes in - or -synuclein expression (Fig. 50). These results 

confirmed that SNCA499-siRNA suppressed specifically the expression of -Synuclein 

expression in mice when injected directly into the SN.  

 

Figure 49. (A) Representative coronal brain sections showing the reduction of -synuclein expression in SNc/VTA at 

different anteroposterior coordinates (AP -2.92 to -3.98 mm, taken from bregma) after local infusion of the SNCA499-

siRNA in the SN assessed by in situ hybridization. The boxes indicate areas of SNc/VTA shown the decreased α-

synuclein mRNA levels. Scale bar: 2mm. (B) Densitometric quantification of -synuclein mRNA levels in SNc/VTA of 

mice (n=4 mice/group). ***p<0.001 versus ipsilateral SNc/VTA of vehicle and NS-siRNA-treated mice; +++p<0.001 

versus contralateral SNc/VTA of SNCA499-siRNA-treated mice. Histograms represent average ± S.E.M. Results 

provided by Analia Bortolozzi (IDIBAPS – CSIC) 

Figure 50. Densitometric quantification of γ- (left) and β-synuclein (right) mRNA levels in the SNc/VTA of mice (n=4 

mice/group) after local infusion of SNCA499-siRNA in the SN. No group differences were detected for γ- and β-

synuclein mRNA expression in the SNc/VTA (n=4 mice/group). Histograms represent average mean ± S.E.M. Results 

provided by Analia Bortolozzi (IDIBAPS – CSIC) 
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2.3 Indatraline Targeting Validation in Rat Ventral Midbrain Primary 

Culture  

Since we wanted to downregulate -synuclein expression specifically in affected PD 

brain regions and not in the whole brain, siRNA sequences were conjugated to the cell-

specific ligand indatraline, which has a high affinity for DA, NE and 5-HT transporters 

(DAT, NET and SERT), in order to promote their selective delivery into PD vulnerable 

neuronal populations, including SNpc, LC and DR. This selective delivery was tested in 

vitro using rat postnatally-derived ventral midbrain primary culture. This primary culture 

consists in a monolayer of glial cells above which ventral midbrain neurons are grown. 

Although several neuronal populations are found in this primary culture, the protocol used 

allowed us to obtain 20-70% of dopaminergic neurons. The primary culture was incubated 

with 100nM of siRNA conjugated with both indatraline and the fluorescent dye Cy3 (IND-

siRNA-Cy3). Control cultures were treated with siRNA-Cy3 without the Indatraline target. 

Three hours after incubation, cultures were examined using an inverted fluorescent 

microscope (Fig. 51). Cultures treated with IND-siRNA-Cy3 exhibited Cy3-positive 

neuronal cells, suggesting that IND-siRNA-Cy3 was taken up by these neurons. In 

contrast, glial cells were not positive for Cy3. In addition, siRNA-Cy3 (without targeting) 

was not internalized by neurons, as no Cy3-positive neurons were detected after siRNA-

!

nLife Therapeutics, S.L.   -  May 2013  -      Confidential information

Parkinson´s Disease: Targeting DAT
Primary culture of Dopaminergic neurons . Indatraline-NS-siRNA labeled with Cy3. 

We checked 3 hrs. later.  Endosome like labeling  (yellow arrows).

51

Cy3

un-published results

Figure 51. Rat postnatally-derived ventral midbrain primary culture was incubated with siRNA conjugated to both 

indatraline and Cy3 (IND-siRNA-Cy3). The images illustrated the uptake of the IND-siRNA-Cy3 (red) in neurons 3 

hours after incubation 
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Cy3 treatment. These results in vitro demonstrated that the ligand indatraline promotes the 

specific siRNA penetrance in neurons but not in glial cells.   

  

2.4 Intranasal Administration of IND-499-siRNA Suppresses -

Synuclein Expression Selectively in SN Dopaminergic Neurons 

Once demonstrated that the SNCA499-siRNA sequence downregulated -

synuclein expression both in vitro and in vivo and that Indatraline promoted the selective 

penetrance of the siRNA into neurons, IND-SNCA499-siRNA was intranasally 

administrated in mice. A 5µl drop of PBS or conjugated siRNA (IND-SNCA499-siRNA) 

was applied alternatively to each nostril once daily. A total of 10 µl containing 30 µg (2.1 

nmol/day) of conjugated siRNA was delivered for 4 consecutive days and mice were 

euthanized at 1, 3 or 7 days after last administration (Fig. 52).  

The downregulation of -synuclein expression within SN after intranasal 

administration was confirmed at mRNA level by in situ hybridization (Fig. 53). This 

technique revealed that IND-SNCA499-siRNA administrated intranasally induced the 

suppression of -synuclein mRNA expression (20%) within the SN 1 day after last 

administration. After this time point, -synuclein mRNA expression levels were 

Figure 52. (Left) Schematic representation of the siRNA linked to indatraline administrated intranasally. (Right) 

Schematic representation of the intranasal administration treatment. Adult mice (C57BL/6NCrl) received i.n: i) vehicle, 

ii)IND-NS-siRNA or iii) IND-SNCA499-siRNA at 30 µg/day for 4 days and were killed a 1, 3 or 7 days after last 

administration. 
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subsequently recovered to basal levels. Intranasal administration of IND-NS-siRNA or 

PBS did not induce changes in the mRNA expression of -synuclein (Fig. 53) 

Consistent with the mRNA results, siRNA administrated intranasally was also able 

to downregulate -synuclein protein expression within the SN, as assessed by 

immunohistochemistry. Twelve sections representative of all the SN for each animal were 

stained with an antibody against -synuclein (Table 6, page 82) and the number of -

synuclein-positive cells within SN and the intracellular -synuclein levels (by densitometry) 

were analyzed at 1, 3 and 7 days after last siRNA administration. One day post-

administration, animals treated with siRNA exhibited a significant decrease in the number 

of SNpc -synuclein positive cells (22% decrease)  (Fig. 54A-B). Three days post-

administration, animals still exhibited a reduction in the number of -synuclein-positive 

cells, although it was no longer statistically significant. Similarly to the mRNA results, the 

number of -synuclein positive cells was recovered to basal levels 7 days after last 

administration. Mice treated with IND-SNCA499-siRNA also exhibited a decrease in the 

intracellular -synuclein levels within SN neurons at day 3 after last intranasal 

Figure 53. (Left) Representative coronal brain sections showing reduced -synuclein expression in the SNc/VTA of 

mice treated with intranasal administration of PBS or IND-SNCA499-siRNA (four doses) assessed by in situ 

hybridization. Scale bar: 500µm. (Right) Bar graphs showing densitometric quantification of -synuclein mRNA levels in 

SNc/VTA of mice treated with either (i) PBS, (ii) IND-NS-siRNA and (iii) IND-SNCA499-siRNA (n=4-5 mice/group). 

*p<0.01 versus PBS-treated mice, +p<0.05 versus IND-NS-siRNA-treated mice. Histograms represent average mean ± 

S.E.M. Results provided by Analia Bortolozzi (IDIBAPS – CSIC). 
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administration (23% of decrease) (Fig. 54C). Seven days after last administration, 

intracellular -synuclein OD was recovered to basal levels.  

The downregulation of -synuclein protein levels after intranasal IND-SNCA499-

siRNA was confirmed by Western Blot (Fig. 55). In particular, IND-SNCA499-siRNA 

produced a significant decrease in -synuclein protein levels within SN at day 1 after last 

administration (29% decrease), and -synuclein levels were recovered 3 days after last 

administration (Fig. 55). In contrast, IND-NS-siRNA or PBS did not reduce the expression 

of -synuclein at any time (Fig. 55). 

Figure 54. (A) Representative immunostaining images of -synuclein (brown) positive cells in the SNpc of PBS and 

IND-499-siRNA mice, 1 day after last siRNA-administration. Scale bar = 30µm. (B) Bar graphs showing the number 

of α-synuclein immunopositive cells in the SNpc of mice injected with either PBS or IND-499-siRNA 1 day, 3 days 

or 7 days after last administration. PBS, N=15; IND-SNCA499-siRNA 1day, N=5; IND-SNCA499-siRNA 3 days, 

N=3; IND-SNCA499-siRNA 7days, N=5. *p<0.05 compared with PBS; $ p<0.05 compared with IND-SNCA499-

siRNA 7 d. (C) Quantification of intracellular levels of α-synuclein within SNpc neurons by optical densitometry in 

mice administrated with either PBS or IND-SNCA499-siRNA 1 day, 3 days or 7 days after last administration. An 

average of ~1200 neurons per group was analyzed. ***p<0.01 compared with PBS; # p<0.001 compared with IND-

499-siRNA 3days; +p<0.001 compared with IND-SNCA499-siRNA 7days. Histograms represent average ± S.E.M. 

SNpc SNpc 

Figure 55. (Left) Representative immunoblot images of α-synuclein and -actin protein levels in the SN of mice 

treated with intranasal administration of: (i) PBS, (ii) IND-NS-siRNA and (iii) IND-SNCA499-siRNA mice, 1day (d), 

3d and 7d after last administration. (Right) Densitometric quantification of the immunoblot. N = 6-8 in each group. 

*p<0.05 compared with PBS;.Histograms represent average ± S.E.M. Results provided by Raquel Revilla (nLife 

Therapeutics) 
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2.5. Intranasal Administration of IND-SNCA499-siRNA Did Not 

Induce Nigrostriatal Dopaminergic Degeneration in Mice 

Because other studies have shown that knockdown of -synuclein basal levels 

might be associated with dopaminergic cell loss284-286, we assessed whether downregulation 

of -synuclein by intranasal administration of IND-SNCA499-siRNA might affect the 

integrity of the dopaminergic nigrostriatal pathway. No loss of striatal TH-positive fibers 

was observed after the administration of intranasal siRNA administration up to 7 days, as 

assessed by immunohistochemistry (Fig. 56A). Consistent with the striatal results, no loss 

of cell bodies in the SNpc was observed up 7 days post-administration (Fig. 56B). These 

results indicate that downregulation of -synuclein levels by IND-SNCA499-siRNA 

intranasal administration does not affect the integrity of the nigrostriatal system in wildtype 

mice.  

Overall, our results set the stage for the use of the intranasal IND-SNCA499-

siRNA delivery as a potential therapeutic strategy in in vivo models of PD associated with 

increased levels of -synuclein, such as MPTP or -synuclein overexpressing models (i.e. 

transgenic and/or AAV-models).  

Figure 56. Integrity of the dopaminergic nigrostriatal system after IND-SNCA499-siRNA intranasal 

administration. (A-B) Quantification of TH-positive striatal terminals by optical densitometry (A, left) and 

number of TH-positive SNpc neurons by stereology (B) in PBS and IND-SNCA499-siRNA treated mice 

mice, relative to PBS-treated mice. No group differences were detected between groups. N=5 mice/group. 

Histograms represent average mean ± S.E.M. (A, right) Representative photomicrographs of TH-positive 

striatal terminals in PBS and IND-SNCA499-siRNA-treated mice at different 7days after administration.  
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1- Lewy body extracts from Parkinson’s disease brains trigger –

synuclein pathology and neurodegeneration in mice and monkeys. 

Our study unravels a pathogenic effect of disease-associated, LB-linked human -

synuclein derived from sporadic PD patients in both rodents and non-human primates. In 

particular, we show here that LB-derived -synuclein can trigger the pathological 

conversion of endogenous -synuclein – including phosphorylation, proteinase K 

resistance and diffuse cytosolic accumulation. LB-induced -synuclein pathology is 

dependent on both the exogenous -synuclein contained in LB and on host (endogenous) 

-synuclein expression, and is associated with progressive PD-like neurodegeneration. In 

addition, the LB-induced -synuclein pathology can spread to brain regions distant to the 

injection site, especially in striatally-inoculated animals.  

These results confirm that the intracerebral injection of LB-linked human -

synuclein causes the pathogenic effect seen with recombinant synthetic -synuclein fibrils 

as previously reported247, 248. However, in contrast to those previous studies, the formation 

of definite LB-type inclusions/aggregates was not observed in LB-injected animals, but 

rather what was seen was diffuse cytosolic and presynaptic accumulations of pathological 

(i.e. phosphorylated or aggregated/PK-resistant) -synuclein. This could potentially be 

attributed to the much lower amount of LB-derived fibrillar -synuclein injected into our 

animals compared with the amount of recombinant synthetic -synuclein used in previous 

studies247, 248. Despite the much lower levels of pathological -synuclein used in this study, 

the extent and temporal dynamics of -synuclein pathology and neurodegeneration 

observed in LB-injected animals was remarkably similar to that obtained previously with 

recombinant synthetic -synuclein fibrils247, 248, thus suggesting that PD-derived 
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pathological -synuclein may in fact be more pathogenic than recombinant synthetic -

synuclein fibrils as it may harbor certain “pathologic” physico-chemical features not fully 

mimicked by synthetic -synuclein. Supporting this concept, brain lysates from 

symptomatic mice containing small amounts of aggregated -synuclein propagated the 

pathology with the same potency as high doses of synthetic -synuclein fibrils, suggesting 

that pathological -synuclein generated in vivo has enhanced templating effiency245. 

Alternatively, additional components present in LB other than -synuclein might 

contribute to the pathogenic effects of LB-inoculations. 

Some contradictory results regarding -synuclein-induced neurodegeneration were 

forthcoming from this study. Luk KC et al.,247 first demonstrated that striatal injections of 

synthetic -synuclein fibrils induced cell loss in the SN. In contrast, the injection of -

synuclein fibrils directly into the SN did not induce nigrostriatal degeneration248. Masuda et 

al justified these contradictory results on the basis of differences in the injection site. 

However, our results demonstrate that both striatal and nigral injections of LB-linked 

human -synuclein induced nigrostriatal degeneration in mice and monkeys. It is worth 

noting, nevertheless, that the striatal injection of LB into monkeys induced a more 

important SN cell loss compared with the nigral LB injection, supporting the concept that 

differences in the injection site might have an effect upon induction of the 

neurodegenerative process. Another possibility could be related with the amount of LB 

injection, as monkeys injected in SN received 10 l of LB-fraction, while monkeys injected 

in striatum receive a ten-fold higher dose of LB-fraction (i.e., 100 l). 

The time-course and pattern of LB-induced neurodegeneration induced by either 

PD-derived material or recombinant -synuclein fibrils are compatible with pathological -

synuclein triggering a slowly progressive neurodegenerative process instead of acute 
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neuronal loss, probably by disrupting neuronal function. Suggestive of the latter, we found 

here that, whether injected into the striatum or the SNpc, LB-induced neurodegeneration 

was detected earlier and more extensively at the level of striatal dopaminergic axon 

terminals compared with SNpc cell bodies. This is consistent with the pattern of 

nigrostriatal degeneration that is believed to take place in PD patients as evidenced by 

human postmortem studies, functional neuroimaging, genetic causes of the disease, and 

neurotoxin animal models15, 21. In agreement with this, the LB-induced accumulation of 

pathological -synuclein in different regions of the brain in mice and monkeys was mostly 

observed in presynaptic terminals, which might be potentially linked to synaptic pathology. 

Supporting the latter, it has been reported that the majority of -synuclein aggregates in the 

cortex of patients with DLB are located in the presynaptic terminals, which correlates with 

severe synaptic dysfunction (i.e. loss of dendritic spines in the postsynaptic area) and 

cognitive impairment in these patients280. Along this line, the widespread accumulation of 

pathological -synuclein in different brain regions of PD patients is not necessarily 

associated with cell loss43, but may instead cause impaired neuronal function287. These 

observations support the concept that novel therapeutic strategies for PD should be aimed 

preferentially at the maintenance of synaptic structure and function rather than at the mere 

preservation of neuronal cell bodies.  

Since this project commenced, two different groups have published the results of 

studies in which samples derived from patients with -synucleinopathies were injected into 

mice. Firstly, Masuda et al.,248 injected samples obtained from DLB patients into wild-type 

mice, while more recently the group of Nobel laureate Professor S. Prusiner injected 

samples from multiple system atrophy (MSA) patients into -synuclein transgenic mice 

expressing human -synuclein containing the familial PD-associated A53T mutation288. 

PD, DLB and MSA are all neurodegenerative diseases characterized by intracellular protein 
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deposits containing aggregated -synuclein – the so-called “synucleinopathies”. The 

injection of DLB and MSA homogenates triggered -synuclein pathology in mice. While 

the DLB homogenate did not induce a glial response or neuronal loss, mice injected with 

MSA exhibited prominent astrocytic and microglial activation and developed progressive 

signs of neurologic disease as early as 100 days post-inoculation. These contradictory 

results concerning human -synuclein-induced neurodegeneration might be explained by 

differences in: (i) mouse strain (wild-type vs. transgenic), (ii) injection site (SN vs. parietal 

lobe) and (iii) sample sonication (non-sonicated vs. sonicated). Bearing in mind the results 

of the present study, a further possibility is that different -synuclein strains might exist in 

each disease, thus explaining the differences observed after the injection of each 

synucleinopathic sample. In addition, the existence of various -synuclein strains may 

explain differences between PD patients. Supporting this concept, distinct -synuclein 

strains generated through repetitively seeded fibrillization in vitro (i.e. strain A and B) 

exhibited different seeding properties both in vitro (i.e. primary hippocampal neurons from 

mouse embryos overexpressing human mutant P301S tau) and in vivo (i.e. mice 

overexpressing human P301S mutant tau). In particular, strain B displayed an enhanced 

capacity for promoting tau aggregation compared to strain A. On the other hand, strain A 

induced a higher -synuclein pathology (i.e. -synuclein aggregation) compared to strain B 

both in vitro and in vivo. Moreover, strain A was more toxic than strain B to primary 

hippocampal neurons as evidenced by significantly increased lactate dehydrogenase (LDH) 

release and reduced metabolic activity. Importantly, two conformational variants of 

pathological -synuclein have been described in PDD brains289. Taken together, these 

studies indicate that human disease-associated -synuclein is pathogenic when injected 

intracerebrally into mice.  
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Interestingly, intracerebrally injectied non-LB fraction, containing soluble or finely 

granular -synuclein but lacking LB-linked -synuclein aggregates, obtained from the same 

PD patients did not induce nigrostriatal degeneration or -synuclein pathology. This is in 

agreement with previous work248 in which the intracerebral injection of soluble -synuclein 

into the SN did not induced -synuclein pathology, in contrast to findings obtained with 

synthetic recombinant fibrils. These results suggest that the structural conformation of -

synuclein is critical for its pathogenic effect, and support the idea that oligomeric or 

aggregated -synuclein species rather than soluble -synuclein are the toxic forms of this 

protein. 

Although various studies have been published demonstrating the pathogenic role of 

-synuclein in mice, we show here for first time that human pathological -synuclein could 

also trigger a pathogenic process in non-human primates, including nigrostriatal 

dopaminergic neurodegeneration and spread of the -synuclein pathology to distant brain 

regions. Thus, an important step forward has been taken in our understanding of the 

pathological role of -synuclein in PD. However, it is important to note that the results in 

monkeys only represent a proof-of-concept of the data generated in mice, as a limited 

number of monkeys were used and therefore, extensive studies are needed using a larger 

number of animals. Our group, in collaboration with the group of Erwan Bezard in 

Bordeaux, have started a new project funded by the Michael J. Fox Foundation in which a 

total of 50 monkeys are being used. In particular, monkeys receive injections of LB into 

the: (i) striatum, (ii) cortex, in order to study if the spread of -synuclein pathology is 

specific to the nigrostriatal track, and (iii) duodenum ventral wall, to study the effects of 

local LB-injection in the PNS and the possible progression of the LB-induced -synuclein 

pathology from the PNS into the CNS. After injection, the behavior of the animals is 
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followed up every three months, with monkeys sacrificed at different time-points, from 6 

to 24 months. 

Based on the results presented here and in previous studies of a similar nature, 

several groups have proposed that -synuclein might be a prion and that PD is a prion-like 

disease (Box 12). This prion-like hypothesis implies that native -synuclein, under certain 

unknown conditions, undergoes a conformational change that promotes misfolding of the 

wild-type protein in a chain reaction, thus leading to the formation of toxic oligomers that 

polymerize to form amyloid plaques, eventually causing neuronal dysfunction and 

neurodegeneration. Furthermore, aggregated -synuclein from affected neurons could be 

transferred to unaffected neurons, thus contributing to the spread of the neurodegenerative 

process, and ultimately leading to the clinical features of PD. Supporting this hypothesis, 

-synuclein, as for the PrPC prion protein, assumes an alpha-helical configuration when 

bound to membranes; this causes it to misfold and form beta-rich sheets, resulting in toxic 

Prions are infectious protein particles that lack nucleic acid and are comprised solely of aberrantly folded 

proteins. They cause disease by misfolding into a -sheet-rich conformation with the formation of toxic 

oligomers/filaments and amyloid agrgregates. The misfolded protein acts as a template to promote 

conformation change in the wild-type protein, causing a chain reaction that ultimately leads to 

neurodegeneration. Further, the abnormal protein can be transmitted from affected to healthy unaffected 

nerve cells, in which the sequence is repeated, thereby extending the neurodegenerarive process. In 

mammals, the most well-studied prion protein is PrPSc. It is formed from the precursor protein PrPC by a 

poorly understood process in which the -helix-rich native protein is refolded into the PrPSC protein with 

a high -sheet conformation. The accumulation of PrPSC triggers the additional misfolding of host PrPC 

(a prion conformer reaction), which join to form toxic oligomers/filaments, polymerize to form amyloid 

plaques, and ultimately lead to neurodegeneration with neurological dysfunction. Figure from Olanow W. 

and Prusiner SB. (2009) PNAS 

Box 12. Prion Disorders 
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oligomers and aggregates that are associated with neurodegeneration. These aggregates 

polymerize to form amyloid plaques (i.e. LB) and appear to spread from affected to 

unaffected neurons. While, there are several similarities between prion disease and PD 

(Table 7), several important questions however remain to be solved. For instance: (i) it is 

currently unknown whether the pathological conversion of endogenous -synuclein 

triggered by PD-derived material or recombinant -synuclein fibrils actually occurs directly 

through a seeding process or indirectly as a general response to cellular stress290; (ii) the 

association between pathological -synuclein accumulation and neuron cell death remains 

so far correlative, with further mechanistic studies needed to demonstrate a potential cause-

effect relationship; (iii) besides any potential pathogenic effect of intraneuronal -

synuclein, extracellular pathological -synuclein (or other LB components) may be able to 

activate a deleterious microglial response that could contribute to overall cell death and 

extension of the PD pathological process291.  In addition, in contrast to prion diseases, 

there is no evidence to support the idea that PD can spread from one person to another. A 

retrospective, postmortem study of recipients of cadaver-derived human growth hormone 

(hGH) found no reported incidence of PD, although the donors of pituitary glands used 

for hGH preparation probably included people with PD, and immunohistochemical 

examination revealed frequent accumulation of pathological -synuclein in the postmortem 

pituitary glands of people with PD292. In contrast, hGH administration has resulted in 

worldwide outbreaks of iatrogenic Creutzfeldt-Jakob disease (CJD)293 caused, presumably, 

by PrPSC contamination of the hGH preparation, despite the extremely low rate of CJD 

incidence in the population. 

Overall, the results presented here indicate that the insoluble -synuclein forms 

contained in PD-derived LB are pathogenic. In this context, LB formation in PD may 

represent a protective cellular mechanism to trap pathological -synuclein species, thereby 
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reducing the accessible toxic surface of these species and potentially removing them from 

more deleterious locations such as presynaptic terminals280. However, such pathogenic -

synuclein species could be eventually released or secreted from LB-containing neurons or 

extracellular LB material, which are observed in abundance in PD patients, and trigger a 

pathogenic process in unaffected neighboring cells, either directly or indirectly through 

activation of a deleterious microglial response, thereby contributing to the overall 

progression of the disease. The release of LB-derived -synuclein pathogenic species into 

the cerebrospinal fluid and blood, as has been shown in PD patients294 295, may represent 

additional routes for the potential spread of the -synuclein pathology within affected 

individuals. These results may have important implications for the development of disease-

modifying therapies for PD aimed at targeting expression levels, pathological conversion 

and/or cell-to-cell transmission of -synuclein species. Such approaches could include 

immunization therapy (i.e. active and passive immunization). Supporting this idea, it has 

Both prion disease and PD are age-dependent neurodegenerative disorders.

Both prion disease and PD illustrate selective vulnerability affecting specific subgroups of  neurons

Both disease are 90% sporadic and 10% familial aprox.

Point mutations in the α-synuclein and PrP genes causes inherited forms of  PD and prion diseases.

Familial prion diseases can be caused by expanded octorepeat inserts in the PrP genes, and familial PD

can be caused by duplication and triplication of  the wild-type α-synuclein gene.

Protein deposits are characterisic features of  both disorders.

Proteins in both diseases undergo an α!β conformation transition (α-synuclein in PD and PrP in prion

diseases)

Proteins in the disease state acquire a high β-sheet conformation and readily polymerize into fibrils,

Lewy bodies in PD, and amyloid plaques in prion diseases.

Misfolded proteins can be taken up by neurons and transmitted to unaffected neurons.

Misfoled proteins are thought to migrate and spread across the neuraxis in both diseases: PrPsc prion

migrate along peripherial nerves and up the spinal cord, whereas it is postulated that α-synuclein 

migrates from the gut and olfactory regions to affect specific regions of  the CNS.

Table 7. Similarities between prion diseases and Parkinson’s disease. Adapted from Olanow W. and Brundin 

P. (2013) Mov. Disorders..  
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been demonstrated that passive immunization with -synuclein antibody promotes the 

clearance of extracellular -synuclein via microglial cells, thus preventing the cell-to-cell 

transmission of aggregates in -synuclein transgenic mice, resulting in reduced 

neurodegeneration and behavioral deficits associated with -synuclein overexpression282. 

Furthermore, active immunization with full-length recombinant human -synuclein has 

also been demonstrated to ameliorate the -synuclein pathology (i.e. decreased 

accumulation of -synuclein and reduced neurodegeneartion) in transgenic mice expressing 

human -synuclein under the control of the platelet-derived growth factor- (PDGF) 

gene promoter296. However, active immunization with full-length molecules could cause -

synuclein-specific T cell and autoimmune responses. More recently, active immunization 

with short peptides-AFFITOPEs® (i.e. short peptides that are too short to induce a T cell 

response) resulted in decreased accumulation of -synuclein oligomers in axons and 

synapses, reduced degeneration of TH fibers in the striatum and improvements in motor 

and memory deficits in two different transgenic mouse models of synucleinopathies (i.e. 

PDGF- and mThy1--synuclein transgenic mice), by promoting microglial -synuclein 

clearance and the production of anti-inflammatory cytokines297. In fact, AFFITOP® 

vaccine candidate P01 directed aginst -synuclein is being currently assessed in a 

monocentric phase I study in early PD patients 

(https://www.michaeljfox.org/foundation/grant-detail.php?grant_id=896).  

In addition to immunization therapy, agents that facilitate the clearance of 

misfolded -synuclein could serve as potential therapies for PD. Supporting this idea, 

overexpression of the enhancer of lysosomal biogenesis, called transcriptional factor EB 

(TFEB), or its activation by trehalose, attenuated MPP+-induced cell death in an M17 cell 

line by enhancing the number of lysosomes196. Moreover, it has been reported that 

https://www.michaeljfox.org/foundation/grant-detail.php?grant_id=896
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rapamycin, which induces autophagy, also attenuated cell death in vitro (i.e. in M17 cells and 

primary mesencephalic dopaminergic neurons) and in vivo (i.e. wild-type mice) induced by 

MPP+ and MPTP, respectively196, 201, 298.  

Finally, a third approach to inhibit or delay the progression of the disease could be 

the use of siRNAs or oligonucleotides that restore the host -synuclein expression to basal 

levels. To validate this approach, our group, in collaboration with the laboratory of Dr. 

Analia Bortolozzi (IDIBAPS, Barcelona, Spain) and nLife therapeutics (La Coruña, Spain) 

are studying the effectiveness of siRNAs directed against -synuclein administrated 

intranasally and chemically modified to selectively penetrate in affected regions of the PD 

brain as a potential therapy for this disease. 

2- Selective silencing of -synuclein in SNpc dopaminergic neurons in 

vivo by the intranasal delivery of targeted small interfering RNA. 

Our results demonstrate that the SNCA499-siRNA sequence conjugated to the cell-

specific target indatraline downregulate -synuclein expression in the SN in a time-

dependent manner after intranasal administration in wild-type mice.  

SNCA499-siRNA was selected as the best candidate among three differences 

sequences directed against -synuclein (SNCA499, SNCA2 and MAYO2) after an in vitro 

screening process using wild-type or -synuclein-overexpressing M17 cells. Although the 

three -synuclein-directed sequences were able to induce an important downregulation of 

-synuclein expression in both wild-type and -synuclein-overexpressing M17 cells, only 

SNCA499-siRNA specifically downregulated -synuclein expression without decreasing 

the expression of - or -synuclein. By local infusion directly into the SN of wild-type 

mice, we validated the fact that SNCA499-siRNA was also able to downregulate the 
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expression of -synuclein without affecting - or -synuclein expression in vivo. The 

specificity of this siRNA might have important therapeutic implications as it may avoid 

potential side effects induced by the downregulation of either - or -synuclein.  

Indatraline, a non-selective monoamine transporter inhibitor with high affinity for 

DAT, SERT and NET, was selected as a cell-specific target to promote specific delivery of 

the siRNA into affected PD brain regions such as the SN (which contains DA neurons), 

LC (i.e. NE neurons) and DR (i.e. 5-HT neurons). The indatraline target was validated 

both in vitro and in vivo. Using rat ventral midbrain primary cultures, which are enriched in 

dopaminergic neurons, we observed that siRNA conjugated with indatraline was mostly 

uptaken by neurons rather than glial cells. This is consistent with the fact that glial cells do 

not express (or at least not in detectable amounts) DAT299-301 or NET302, and only express 

low levels of SERT301, 303-307 compared to neurons. In contrast, siRNA without indatraline 

was taken up far less by neurons compared with the conjugated siRNA.  

Once the sequence and the target had been validated, the candidate IND-

SNCA499-siRNA was administrated intranasally into wild-type mice (Box 13). Intranasal 

administration of IND-SNCA499-siRNA during four consecutive days specifically 

downregulated -synuclein expression within the SN at both the protein and mRNA levels, 

without affecting the expression of -synuclein. In addition, the IND-SNCA499-siRNA-

induced -synuclein downregulation was not associated with neuronal loss within the 

nigrostriatal system. These results further demonstrate that indatraline promotes a selective 

targeting to affected PD areas. Taken together, these results validate the feasibility and 

safety of IND-SNCA499-siRNA administrated intranasally, and set the stage for testing 

these molecules as potential disease-modifying agents in animal models of PD 

accompanied by pathogenic increases in -synuclein.  
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Three other groups have published studies related to in vivo -synuclein knockdown 

using siRNA technology. Two of them used viral-vector technology284-286, 308 to 

downregulate -synuclein expression. The group of M. C. Bohn coinjected human SNCA 

(hSNCA) AAV2/8 (which induced forelimb motor deficit and loss of TH neurons in the 

SN at one month) and a short hairpin (sh) RNA targeting hSNCA into the rat SN. 

Although AAV-shRNA-SNCA silenced hSNCA and protected against the forelimb deficit, 

this approach also led to DA neuron loss284. To reduce this toxicity, they embedded the 

silent sequences in a mir30 transcript285. Although the mir30-embedded hSNCA was less 

toxic, they still reported several negative effects including the incomplete protection of TH 

neurons in the SN, an initial toxic effect on TH fibers in the striatum, and the presence of 

inflammation in the SN, as well as reduced total TH expression in the SN and reduced 

total ser40 phosphorylated TH in the striatum. Thus, they concluded that hSNCA-specific 

 

Intranasal administration is a practical, safe, convenient and non-invasive drug delivery technique with 

several advantages such as: circumvention of the BBB, and avoidance of hepatic first-pass metabolism. 

While the precise mechanisms underlying intranasal drug delivery to the CNS are not entirely understood, an 

accumulating body of evidence demonstrates that it could involve several pathways: 

 Olfactory nerve pathway. The different modes of drug transport across the nasal olfactory 

epithelium are: transcellular passive diffusion, paracellular passive diffusion, carrier-mediated transport, 

transcytosis and efflux transport. 

 Trigeminal nerve pathway, which innervates the respiratory and olfactory epithelium of nasal 

passages and enters the CNS via the pons.  

 Pathways involving cerebrospinal fluid and nasal lymphatics:  
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Figura 9. Posibles rutas de 
acceso desde la cavidad nasal 
hasta el sistema nervioso 
central37. 
 
 
 
 
 
 
 
 

 
 

nLife ha observado que administrando la molécula de ácido nucleico 
conjugada con el compuesto de direccionamiento a ratones, tanto 
directamente en el cerebro (administración intracerebroventricular, Figura 
7) o en la nariz (administración intranasal, Figuras 5 y 6), la molécula 
alcanza las neuronas seleccionadas y modula la expresión del gen diana. 
Además, en el año 2013, nLife ha podido validar que la molécula candidata 
en el programa de Parkinson, tras administración intranasal a monos del 
género Cynomolgus, es detectada en líquido cefalorraquídeo (CSF). Dicha 
molécula se detecta en CSF tan sólo 15 minutos después de su 
administración, alcanzando niveles máximos a la hora y disminuyendo con 
posterioridad hasta ser indetectable pasadas las 48h. Administraciones 
repetidas de la molécula en monos permite alcanzar niveles estables de la 
molécula en CSF a lo largo del tiempo, demostrando que no sólo en ratones 
el sistema nose-to-brain es viable, si no que también lo es en primates. 

Por tanto, esta vía de administración se podrá utilizar en humanos, ya que la 
disposición de los epitelios olfatorios son equivalentes con los roedores y los 
primates. 

 

Sinucleinopatías 

El término sinucleinopatías se utiliza para nombrar a un grupo de trastornos 
neurodegenerativos caracterizados por agregados fibrilares de la proteína 
alfa- sinucleína en el citoplasma de poblaciones selectivas de neuronas y 
células gliales . Estos trastornos incluyen la enfermedad de Parkinson, la 
demencia con cuerpos de Lewy, neurodegeneración con acúmulos de hierro, 
la enfermedad de Gaucher y la atrofia múltiple sistémica. Clínicamente , se 
caracterizan por una disminución crónica y progresiva en las funciones 
motoras , cognitivas , de comportamiento , y autonómicas , dependiendo de 
la distribución de las lesiones. Debido a la superposición clínica , diagnóstico 

Box 13: Intranasal administration 
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mir30-SNCA did not hold potential for development as a clinical therapy. Gorbatyu et al. 

reported that the injected -synuclein siRNAs embedded as short-hairpin RNAs (shRNAs) 

in AAV induced nigrostriatal degeneration as well as behavioral effects as soon as four 

weeks after inoculation286. In contrast, Lewis et al.,309 downregulated -synuclein expression 

in mice by using naked siRNA without viral vector technology. They infused siRNA into 

the hippocampus for 15 days using an osmotic pump, and found that -synuclein was 

reduced for at least one week following completion of the infusion and recovered to 

normal levels by week 3, without obvious toxicity in the treated area.  

Differences in neuronal loss induced by -synuclein knockdown might be 

explained by differences in the brain area where -synuclein expression is downregulated. 

It has been suggested that the SN is preferentially susceptible to reduced -synuclein286. 

However, we have demonstrated here that downregulation of -synuclein expression in the 

SN by intranasal administration of IND-SNCA499-siRNA did not induce neuronal loss. 

Indeed, all the studies that reported neurodegeneration have, as a common thread, the use 

of viral vectors to downregulate the -synuclein expression. This suggests that the use of 

viral vectors is a possible cause of the neurodegeneration process induced by -synuclein 

downregulation. The effect could be because the virus induced a chronic reduction of -

synuclein expression, in contrast to the time-limited reduction obtained by osmotic pumps 

and intranasal administration, in which -synuclein expression levels had recovered within 

3 weeks or 7 days respectively. Another possible explanation for the differences in 

neurodegeneration concerns the percentage of -synuclein downregulation achieved. 

Following IND-SNCA499-siRNA intranasal administration performed here, 22-29% and 

25% downregulation of -synuclein expression were found at the protein and mRNA 

levels, respectively. Gorbatyuk et al., reported 68-86% of -synuclein downregulation at 
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the protein levels and a 90-95% downregulation at the mRNA levels. These results suggest 

that there might exist a therapeutic window of -synuclein downregulation, and that a 

moderate -synuclein downregulation could be beneficial, whereas a strong -synuclein 

downregulation is toxic.  

Compared with the previous works, one of the weaknesses of IND-SNCA499-

siRNA intranasal administration is the quick recovery of -synuclein expression to basal 

levels. In fact, seven days after the last administration, -synuclein levels, at both the 

protein and mRNA levels, had fully recovered. These results suggest that IND-SNCA499-

siRNA would need to be administrated chronically; but it should be kept in mind that 

frequent use of intranasal mode of administration can cause degradation or irritation to the 

nasal mucosa310-312 

In summary, given the fact that PD patients have increased levels of -synuclein 

expression, we hypothesized that knocking down upregulated -synuclein back to basal 

levels by intranasal administration of IND-SNCA499-siRNA might provide therapeutic 

benefit. However, the relatively modest 25-30% reduction in -synuclein expression 

obtained here by IND-SNCA499-siRNA may prove insufficient to attain a therapeutic 

effect. While further studies may be needed to try to enhance IND-SNCA499-siRNA 

effect (e.g. by increasing the dose), it is worth noting that several studies estimate that PD 

patients exhibit a 25-50% increases of -synuclein protein levels at early stages of this 

disease313, 314. Therefore, the 25-30% -synuclein downregulation that we achieve after 

intranasal administration of IND-SNCA499-siRNA might be sufficient to virtually restore 

-synuclein expression back to basal levels in PD patients, with the additional advantage of 

not causing any detrimental effect to dopamine neurons.  
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In any event, the potential beneficial effect of IND-SNCA499-siRNA will be tested 

in future studies using experimental PD models coursing with increased -synuclein levels 

(such as MPTP or -synuclein transgenic mice and rats). If successful, we expect that this 

strategy might be translated into a disease-modifying therapy for PD. 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CONCLUSIONS
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1. Lewy body extracts from Parkinson’s disease brains trigger –

synuclein pathology and neurodegeneration in mice and monkeys. 

1a. Nigral LB extracts from postmortem PD brains are pathogenic when injected 

intracerebrally into rodents and non-human primates. 

1b. Intracerebral LB inoculations trigger the pathological conversion (i.e. phosphorylation, 

proteinase K resistance and diffuse cytosolic accumulation) of endogenous -synuclein in 

host mice and monkeys, which is associated with progressive PD-like nigrostriatal 

degeneration starting at the striatal terminals. 

1c. Intracerebral injection of LB does not induce the formation of definite, LB-like -

synuclein inclusions but rather diffuse -synuclein accumulations, both in cell bodies and 

pre-synaptic terminals. 

1d. PD-like pathogenic effects induced by LB inoculations are dependent on both 

exogenous -synuclein present in LB and on host (endogenous) -synuclein expression. 

1e. LB-induced -synuclein pathology can spread to brain regions distant to the injection 

site both anterogradely and retrogradely, especially in striatally-inoculated animals. 

 

2. Selective silencing of -synuclein in SNpc dopaminergic neurons in 

vivo by intranasal delivery of targeted small interfering RNA. 

2a. All the siRNA candidates directed against -synuclein (SNCA499-siRNA, SNCA2-

siRNA, Mayo2-siRNA) were able to downregulate the expression of -synuclein in both 

wild-type and -synuclein-overexpressing M17 cells. However, only the SNCA499-siRNA 
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candidate was able to specifically downregulate -synuclein expression without decreasing 

- or -synuclein expression.  

2b. SNCA499-siRNA was able to downregulate the mRNA expression of -synuclein in 

mice after local infusion in the SN, without affecting - or -synuclein expression. 

2c. Conjugation of siRNA with the cell-specific ligand indatraline (IND) promoted its 

selective penetrance into SNpc dopaminergic neurons. 

2d. The intranasal administration of IND-SNCA499-siRNA produced a transient, time-

dependent downregulation of endogenous -synuclein in SNpc at both protein and mRNA 

levels.  

2e. Downregulation of endogenous -synuclein levels in the SNpc by intranasal 

administration of IND-SNCA499-siRNA is not associated with nigrostriatal degeneration. 



 

 

 
 
 
 
 
 

 

 

 

REFERENCES



 

 

  



 

 

137 

 

[1] de Lau LM, Breteler MM: Epidemiology of Parkinson's disease. Lancet neurology 2006, 5:525-35. 

[2] de Rijk MC, Tzourio C, Breteler MM, Dartigues JF, Amaducci L, Lopez-Pousa S, Manubens-Bertran JM, 
Alperovitch A, Rocca WA: Prevalence of parkinsonism and Parkinson's disease in Europe: the 
EUROPARKINSON Collaborative Study. European Community Concerted Action on the Epidemiology of 
Parkinson's disease. Journal of neurology, neurosurgery, and psychiatry 1997, 62:10-5. 

[3] Obeso JA, Rodriguez-Oroz MC, Goetz CG, Marin C, Kordower JH, Rodriguez M, Hirsch EC, Farrer M, 
Schapira AH, Halliday G: Missing pieces in the Parkinson's disease puzzle. Nature medicine 2010, 16:653-61. 

[4] Kieburtz K, Wunderle KB: Parkinson's disease: evidence for environmental risk factors. Movement 
disorders : official journal of the Movement Disorder Society 2013, 28:8-13. 

[5] Tolosa E, Gaig C, Santamaria J, Compta Y: Diagnosis and the premotor phase of Parkinson disease. 
Neurology 2009, 72:S12-20. 

[6] Tolosa E, Poewe W: Premotor Parkinson disease. Neurology 2009, 72:S1. 

[7] Hawkes CH, Del Tredici K, Braak H: A timeline for Parkinson's disease. Parkinsonism Relat Disord 2010, 
16:79-84. 

[8] Lim SY, Fox SH, Lang AE: Overview of the extranigral aspects of Parkinson disease. Archives of 
neurology 2009, 66:167-72. 

[9] Savica R, Rocca WA, Ahlskog JE: When does Parkinson disease start? Archives of neurology 2010, 
67:798-801. 

[10] Schapira AH, Tolosa E: Molecular and clinical prodrome of Parkinson disease: implications for 
treatment. Nature reviews Neurology 2010, 6:309-17. 

[11] Langston JW: The Parkinson's complex: parkinsonism is just the tip of the iceberg. Annals of neurology 
2006, 59:591-6. 

[12] Chaudhuri KR, Schapira AH: Non-motor symptoms of Parkinson's disease: dopaminergic 
pathophysiology and treatment. Lancet neurology 2009, 8:464-74. 

[13] Dauer W, Przedborski S: Parkinson's disease: mechanisms and models. Neuron 2003, 39:889-909. 

[14] Marsden CD: Neuromelanin and Parkinson's disease. Journal of neural transmission Supplementum 
1983, 19:121-41. 

[15] Burke RE, O'Malley K: Axon degeneration in Parkinson's disease. Experimental neurology 2013, 246:72-
83. 

[16] Fearnley JM, Lees AJ: Ageing and Parkinson's disease: substantia nigra regional selectivity. Brain : a 
journal of neurology 1991, 114 ( Pt 5):2283-301. 

[17] Pakkenberg B, Moller A, Gundersen HJ, Mouritzen Dam A, Pakkenberg H: The absolute number of 
nerve cells in substantia nigra in normal subjects and in patients with Parkinson's disease estimated with an 
unbiased stereological method. Journal of neurology, neurosurgery, and psychiatry 1991, 54:30-3. 

[18] Bernheimer H, Birkmayer W, Hornykiewicz O, Jellinger K, Seitelberger F: Brain dopamine and the 
syndromes of Parkinson and Huntington. Clinical, morphological and neurochemical correlations. Journal of 
the neurological sciences 1973, 20:415-55. 

[19] Kish SJ, Shannak K, Hornykiewicz O: Uneven pattern of dopamine loss in the striatum of patients with 
idiopathic Parkinson's disease. Pathophysiologic and clinical implications. The New England journal of 
medicine 1988, 318:876-80. 



 

 

138 

[20] Scherman D, Desnos C, Darchen F, Pollak P, Javoy-Agid F, Agid Y: Striatal dopamine deficiency in 
Parkinson's disease: role of aging. Annals of neurology 1989, 26:551-7. 

[21] Kordower JH, Olanow CW, Dodiya HB, Chu Y, Beach TG, Adler CH, Halliday GM, Bartus RT: 
Disease duration and the integrity of the nigrostriatal system in Parkinson's disease. Brain : a journal of 
neurology 2013, 136:2419-31. 

[22] Burke RE: Intracellular signalling pathways in dopamine cell death and axonal degeneration. Progress in 
brain research 2010, 183:79-97. 

[23] Cheng HC, Ulane CM, Burke RE: Clinical progression in Parkinson disease and the neurobiology of 
axons. Annals of neurology 2010, 67:715-25. 

[24] Lewy F: Paralysis agitans. I. Pathologische Anatomie. Handbuch der Neurologie 1912, 3. 

[25] Goedert M, Spillantini MG, Del Tredici K, Braak H: 100 years of Lewy pathology. Nature reviews 
Neurology 2013, 9:13-24. 

[26] Pappolla MA: Lewy bodies of Parkinson's disease. Immune electron microscopic demonstration of 
neurofilament antigens in constituent filaments. Archives of pathology & laboratory medicine 1986, 
110:1160-3. 

[27] Pappolla MA, Shank DL, Alzofon J, Dudley AW: Colloid (hyaline) inclusion bodies in the central 
nervous system: their presence in the substantia nigra is diagnostic of Parkinson's disease. Human pathology 
1988, 19:27-31. 

[28] Dale GE, Probst A, Luthert P, Martin J, Anderton BH, Leigh PN: Relationships between Lewy bodies 
and pale bodies in Parkinson's disease. Acta neuropathologica 1992, 83:525-9. 

[29] Gomez-Tortosa E, Newell K, Irizarry MC, Sanders JL, Hyman BT: alpha-Synuclein immunoreactivity in 
dementia with Lewy bodies: morphological staging and comparison with ubiquitin immunostaining. Acta 
neuropathologica 2000, 99:352-7. 

[30] Sakamoto M, Uchihara T, Hayashi M, Nakamura A, Kikuchi E, Mizutani T, Mizusawa H, Hirai S: 
Heterogeneity of nigral and cortical Lewy bodies differentiated by amplified triple-labeling for alpha-
synuclein, ubiquitin, and thiazin red. Experimental neurology 2002, 177:88-94. 

[31] Hansen L, Salmon D, Galasko D, Masliah E, Katzman R, DeTeresa R, Thal L, Pay MM, Hofstetter R, 
Klauber M, et al.: The Lewy body variant of Alzheimer's disease: a clinical and pathologic entity. Neurology 
1990, 40:1-8. 

[32] Gibb WR, Esiri MM, Lees AJ: Clinical and pathological features of diffuse cortical Lewy body disease 
(Lewy body dementia). Brain : a journal of neurology 1987, 110 ( Pt 5):1131-53. 

[33] Gibb WR, Lees AJ: The relevance of the Lewy body to the pathogenesis of idiopathic Parkinson's 
disease. Journal of neurology, neurosurgery, and psychiatry 1988, 51:745-52. 

[34] Dickson DW, Fujishiro H, DelleDonne A, Menke J, Ahmed Z, Klos KJ, Josephs KA, Frigerio R, 
Burnett M, Parisi JE, Ahlskog JE: Evidence that incidental Lewy body disease is pre-symptomatic Parkinson's 
disease. Acta neuropathologica 2008, 115:437-44. 

[35] Forno LS: Neuropathology of Parkinson's disease. Journal of neuropathology and experimental 
neurology 1996, 55:259-72. 

[36] Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, Goedert M: Alpha-synuclein in Lewy 
bodies. Nature 1997, 388:839-40. 

[37] Spillantini MG, Crowther RA, Jakes R, Hasegawa M, Goedert M: alpha-Synuclein in filamentous 
inclusions of Lewy bodies from Parkinson's disease and dementia with lewy bodies. Proceedings of the 
National Academy of Sciences of the United States of America 1998, 95:6469-73. 



 

 

139 

[38] Giasson BI, Duda JE, Murray IV, Chen Q, Souza JM, Hurtig HI, Ischiropoulos H, Trojanowski JQ, Lee 
VM: Oxidative damage linked to neurodegeneration by selective alpha-synuclein nitration in synucleinopathy 
lesions. Science 2000, 290:985-9. 

[39] Fujiwara H, Hasegawa M, Dohmae N, Kawashima A, Masliah E, Goldberg MS, Shen J, Takio K, 
Iwatsubo T: alpha-Synuclein is phosphorylated in synucleinopathy lesions. Nature cell biology 2002, 4:160-4. 

[40] Li W, West N, Colla E, Pletnikova O, Troncoso JC, Marsh L, Dawson TM, Jakala P, Hartmann T, Price 
DL, Lee MK: Aggregation promoting C-terminal truncation of alpha-synuclein is a normal cellular process 
and is enhanced by the familial Parkinson's disease-linked mutations. Proceedings of the National Academy 
of Sciences of the United States of America 2005, 102:2162-7. 

[41] Dickson DW, Braak H, Duda JE, Duyckaerts C, Gasser T, Halliday GM, Hardy J, Leverenz JB, Del 
Tredici K, Wszolek ZK, Litvan I: Neuropathological assessment of Parkinson's disease: refining the 
diagnostic criteria. Lancet neurology 2009, 8:1150-7. 

[42] Braak H, Del Tredici K: Neuroanatomy and pathology of sporadic Parkinson's disease. Advances in 
anatomy, embryology, and cell biology 2009, 201:1-119. 

[43] Sulzer D, Surmeier DJ: Neuronal vulnerability, pathogenesis, and Parkinson's disease. Movement 
disorders : official journal of the Movement Disorder Society 2013, 28:715-24. 

[44] Dickson DW: Parkinson's disease and parkinsonism: neuropathology. Cold Spring Harbor perspectives 
in medicine 2012, 2. 

[45] Annerino DM, Arshad S, Taylor GM, Adler CH, Beach TG, Greene JG: Parkinson's disease is not 
associated with gastrointestinal myenteric ganglion neuron loss. Acta neuropathologica 2012, 124:665-80. 

[46] Ding ZT, Wang Y, Jiang YP, Hashizume Y, Yoshida M, Mimuro M, Inagaki T, Iwase T: Characteristics 
of alpha-synucleinopathy in centenarians. Acta neuropathologica 2006, 111:450-8. 

[47] Markesbery WR, Jicha GA, Liu H, Schmitt FA: Lewy body pathology in normal elderly subjects. Journal 
of neuropathology and experimental neurology 2009, 68:816-22. 

[48] Ueda K, Fukushima H, Masliah E, Xia Y, Iwai A, Yoshimoto M, Otero DA, Kondo J, Ihara Y, Saitoh T: 
Molecular cloning of cDNA encoding an unrecognized component of amyloid in Alzheimer disease. 
Proceedings of the National Academy of Sciences of the United States of America 1993, 90:11282-6. 

[49] Ulmer TS, Bax A, Cole NB, Nussbaum RL: Structure and dynamics of micelle-bound human alpha-
synuclein. The Journal of biological chemistry 2005, 280:9595-603. 

[50] Eliezer D, Kutluay E, Bussell R, Jr., Browne G: Conformational properties of alpha-synuclein in its free 
and lipid-associated states. Journal of molecular biology 2001, 307:1061-73. 

[51] Bartels T, Choi JG, Selkoe DJ: alpha-Synuclein occurs physiologically as a helically folded tetramer that 
resists aggregation. Nature 2011, 477:107-10. 

[52] Wang W, Perovic I, Chittuluru J, Kaganovich A, Nguyen LT, Liao J, Auclair JR, Johnson D, Landeru A, 
Simorellis AK, Ju S, Cookson MR, Asturias FJ, Agar JN, Webb BN, Kang C, Ringe D, Petsko GA, 
Pochapsky TC, Hoang QQ: A soluble alpha-synuclein construct forms a dynamic tetramer. Proceedings of 
the National Academy of Sciences of the United States of America 2011, 108:17797-802. 

[53] Fauvet B, Mbefo MK, Fares MB, Desobry C, Michael S, Ardah MT, Tsika E, Coune P, Prudent M, Lion 
N, Eliezer D, Moore DJ, Schneider B, Aebischer P, El-Agnaf OM, Masliah E, Lashuel HA: alpha-Synuclein 
in central nervous system and from erythrocytes, mammalian cells, and Escherichia coli exists predominantly 
as disordered monomer. The Journal of biological chemistry 2012, 287:15345-64. 

[54] Binolfi A, Theillet FX, Selenko P: Bacterial in-cell NMR of human alpha-synuclein: a disordered 
monomer by nature? Biochemical Society transactions 2012, 40:950-4. 



 

 

140 

[55] Maroteaux L, Campanelli JT, Scheller RH: Synuclein: a neuron-specific protein localized to the nucleus 
and presynaptic nerve terminal. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 1988, 8:2804-15. 

[56] George JM: The synucleins. Genome biology 2002, 3:REVIEWS3002. 

[57] Giasson BI, Murray IV, Trojanowski JQ, Lee VM: A hydrophobic stretch of 12 amino acid residues in 
the middle of alpha-synuclein is essential for filament assembly. The Journal of biological chemistry 2001, 
276:2380-6. 

[58] Mori F, Tanji K, Yoshimoto M, Takahashi H, Wakabayashi K: Demonstration of alpha-synuclein 
immunoreactivity in neuronal and glial cytoplasm in normal human brain tissue using proteinase K and 
formic acid pretreatment. Experimental neurology 2002, 176:98-104. 

[59] Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra A, Pike B, Root H, Rubenstein J, 
Boyer R, Stenroos ES, Chandrasekharappa S, Athanassiadou A, Papapetropoulos T, Johnson WG, Lazzarini 
AM, Duvoisin RC, Di Iorio G, Golbe LI, Nussbaum RL: Mutation in the alpha-synuclein gene identified in 
families with Parkinson's disease. Science 1997, 276:2045-7. 

[60] Spira PJ, Sharpe DM, Halliday G, Cavanagh J, Nicholson GA: Clinical and pathological features of a 
Parkinsonian syndrome in a family with an Ala53Thr alpha-synuclein mutation. Annals of neurology 2001, 
49:313-9. 

[61] Ki CS, Stavrou EF, Davanos N, Lee WY, Chung EJ, Kim JY, Athanassiadou A: The Ala53Thr mutation 
in the alpha-synuclein gene in a Korean family with Parkinson disease. Clinical genetics 2007, 71:471-3. 

[62] Choi JM, Woo MS, Ma HI, Kang SY, Sung YH, Yong SW, Chung SJ, Kim JS, Shin HW, Lyoo CH, Lee 
PH, Baik JS, Kim SJ, Park MY, Sohn YH, Kim JH, Kim JW, Lee MS, Lee MC, Kim DH, Kim YJ: Analysis of 
PARK genes in a Korean cohort of early-onset Parkinson disease. Neurogenetics 2008, 9:263-9. 

[63] Puschmann A, Ross OA, Vilarino-Guell C, Lincoln SJ, Kachergus JM, Cobb SA, Lindquist SG, Nielsen 
JE, Wszolek ZK, Farrer M, Widner H, van Westen D, Hagerstrom D, Markopoulou K, Chase BA, Nilsson 
K, Reimer J, Nilsson C: A Swedish family with de novo alpha-synuclein A53T mutation: evidence for early 
cortical dysfunction. Parkinsonism Relat Disord 2009, 15:627-32. 

[64] Athanassiadou A, Voutsinas G, Psiouri L, Leroy E, Polymeropoulos MH, Ilias A, Maniatis GM, 
Papapetropoulos T: Genetic analysis of families with Parkinson disease that carry the Ala53Thr mutation in 
the gene encoding alpha-synuclein. American journal of human genetics 1999, 65:555-8. 

[65] Kruger R, Kuhn W, Muller T, Woitalla D, Graeber M, Kosel S, Przuntek H, Epplen JT, Schols L, Riess 
O: Ala30Pro mutation in the gene encoding alpha-synuclein in Parkinson's disease. Nature genetics 1998, 
18:106-8. 

[66] Zarranz JJ, Alegre J, Gomez-Esteban JC, Lezcano E, Ros R, Ampuero I, Vidal L, Hoenicka J, Rodriguez 
O, Atares B, Llorens V, Gomez Tortosa E, del Ser T, Munoz DG, de Yebenes JG: The new mutation, E46K, 
of alpha-synuclein causes Parkinson and Lewy body dementia. Annals of neurology 2004, 55:164-73. 

[67] Markopoulou K, Wszolek ZK, Pfeiffer RF: A Greek-American kindred with autosomal dominant, 
levodopa-responsive parkinsonism and anticipation. Annals of neurology 1995, 38:373-8. 

[68] Michell AW, Barker RA, Raha SK, Raha-Chowdhury R: A case of late onset sporadic Parkinson's disease 
with an A53T mutation in alpha-synuclein. Journal of neurology, neurosurgery, and psychiatry 2005, 76:596-7. 

[69] Papapetropoulos S, Ellul J, Paschalis C, Athanassiadou A, Papadimitriou A, Papapetropoulos T: Clinical 
characteristics of the alpha-synuclein mutation (G209A)-associated Parkinson's disease in comparison with 
other forms of familial Parkinson's disease in Greece. European journal of neurology : the official journal of 
the European Federation of Neurological Societies 2003, 10:281-6. 

[70] Kruger R, Kuhn W, Leenders KL, Sprengelmeyer R, Muller T, Woitalla D, Portman AT, Maguire RP, 
Veenma L, Schroder U, Schols L, Epplen JT, Riess O, Przuntek H: Familial parkinsonism with synuclein 
pathology: clinical and PET studies of A30P mutation carriers. Neurology 2001, 56:1355-62. 



 

 

141 

[71] Biere AL, Wood SJ, Wypych J, Steavenson S, Jiang Y, Anafi D, Jacobsen FW, Jarosinski MA, Wu GM, 
Louis JC, Martin F, Narhi LO, Citron M: Parkinson's disease-associated alpha-synuclein is more fibrillogenic 
than beta- and gamma-synuclein and cannot cross-seed its homologs. The Journal of biological chemistry 
2000, 275:34574-9. 

[72] Conway KA, Harper JD, Lansbury PT: Accelerated in vitro fibril formation by a mutant alpha-synuclein 
linked to early-onset Parkinson disease. Nature medicine 1998, 4:1318-20. 

[73] Hashimoto M, Hsu LJ, Xia Y, Takeda A, Sisk A, Sundsmo M, Masliah E: Oxidative stress induces 
amyloid-like aggregate formation of NACP/alpha-synuclein in vitro. Neuroreport 1999, 10:717-21. 

[74] Giasson BI, Uryu K, Trojanowski JQ, Lee VM: Mutant and wild type human alpha-synucleins assemble 
into elongated filaments with distinct morphologies in vitro. The Journal of biological chemistry 1999, 
274:7619-22. 

[75] Yonetani M, Nonaka T, Masuda M, Inukai Y, Oikawa T, Hisanaga S, Hasegawa M: Conversion of wild-
type alpha-synuclein into mutant-type fibrils and its propagation in the presence of A30P mutant. The Journal 
of biological chemistry 2009, 284:7940-50. 

[76] Rospigliosi CC, McClendon S, Schmid AW, Ramlall TF, Barre P, Lashuel HA, Eliezer D: E46K 
Parkinson's-linked mutation enhances C-terminal-to-N-terminal contacts in alpha-synuclein. Journal of 
molecular biology 2009, 388:1022-32. 

[77] Kosaka K: Diffuse Lewy body disease in Japan. Journal of neurology 1990, 237:197-204. 

[78] Dickson DW, Crystal H, Mattiace LA, Kress Y, Schwagerl A, Ksiezak-Reding H, Davies P, Yen SH: 
Diffuse Lewy body disease: light and electron microscopic immunocytochemistry of senile plaques. Acta 
neuropathologica 1989, 78:572-84. 

[79] Marui W, Iseki E, Nakai T, Miura S, Kato M, Ueda K, Kosaka K: Progression and staging of Lewy 
pathology in brains from patients with dementia with Lewy bodies. Journal of the neurological sciences 2002, 
195:153-9. 

[80] Conway KA, Lee SJ, Rochet JC, Ding TT, Williamson RE, Lansbury PT, Jr.: Acceleration of 
oligomerization, not fibrillization, is a shared property of both alpha-synuclein mutations linked to early-onset 
Parkinson's disease: implications for pathogenesis and therapy. Proceedings of the National Academy of 
Sciences of the United States of America 2000, 97:571-6. 

[81] Volles MJ, Lee SJ, Rochet JC, Shtilerman MD, Ding TT, Kessler JC, Lansbury PT, Jr.: Vesicle 
permeabilization by protofibrillar alpha-synuclein: implications for the pathogenesis and treatment of 
Parkinson's disease. Biochemistry 2001, 40:7812-9. 

[82] Volles MJ, Lansbury PT, Jr.: Vesicle permeabilization by protofibrillar alpha-synuclein is sensitive to 
Parkinson's disease-linked mutations and occurs by a pore-like mechanism. Biochemistry 2002, 41:4595-602. 

[83] Nicotera P, Orrenius S: The role of calcium in apoptosis. Cell calcium 1998, 23:173-80. 

[84] Budihardjo I, Oliver H, Lutter M, Luo X, Wang X: Biochemical pathways of caspase activation during 
apoptosis. Annual review of cell and developmental biology 1999, 15:269-90. 

[85] Ziv I, Offen D, Barzilai A, Haviv R, Stein R, Zilkha-Falb R, Shirvan A, Melamed E: Modulation of 
control mechanisms of dopamine-induced apoptosis--a future approach to the treatment of Parkinson's 
disease? Journal of neural transmission Supplementum 1997, 49:195-202. 

[86] Winner B, Jappelli R, Maji SK, Desplats PA, Boyer L, Aigner S, Hetzer C, Loher T, Vilar M, Campioni S, 
Tzitzilonis C, Soragni A, Jessberger S, Mira H, Consiglio A, Pham E, Masliah E, Gage FH, Riek R: In vivo 
demonstration that alpha-synuclein oligomers are toxic. Proceedings of the National Academy of Sciences of 
the United States of America 2011, 108:4194-9. 



 

 

142 

[87] Hsu LJ, Sagara Y, Arroyo A, Rockenstein E, Sisk A, Mallory M, Wong J, Takenouchi T, Hashimoto M, 
Masliah E: alpha-synuclein promotes mitochondrial deficit and oxidative stress. The American journal of 
pathology 2000, 157:401-10. 

[88] Hashimoto M, Kawahara K, Bar-On P, Rockenstein E, Crews L, Masliah E: The Role of alpha-synuclein 
assembly and metabolism in the pathogenesis of Lewy body disease. Journal of molecular neuroscience : MN 
2004, 24:343-52. 

[89] Alim MA, Ma QL, Takeda K, Aizawa T, Matsubara M, Nakamura M, Asada A, Saito T, Kaji H, Yoshii 
M, Hisanaga S, Ueda K: Demonstration of a role for alpha-synuclein as a functional microtubule-associated 
protein. Journal of Alzheimer's disease : JAD 2004, 6:435-42; discussion 43-9. 

[90] Scott DA, Tabarean I, Tang Y, Cartier A, Masliah E, Roy S: A pathologic cascade leading to synaptic 
dysfunction in alpha-synuclein-induced neurodegeneration. The Journal of neuroscience : the official journal 
of the Society for Neuroscience 2010, 30:8083-95. 

[91] Vila M, Vukosavic S, Jackson-Lewis V, Neystat M, Jakowec M, Przedborski S: Alpha-synuclein up-
regulation in substantia nigra dopaminergic neurons following administration of the parkinsonian toxin 
MPTP. Journal of neurochemistry 2000, 74:721-9. 

[92] Vila M, Jackson-Lewis V, Vukosavic S, Djaldetti R, Liberatore G, Offen D, Korsmeyer SJ, Przedborski 
S: Bax ablation prevents dopaminergic neurodegeneration in the 1-methyl- 4-phenyl-1,2,3,6-
tetrahydropyridine mouse model of Parkinson's disease. Proceedings of the National Academy of Sciences of 
the United States of America 2001, 98:2837-42. 

[93] Purisai MG, McCormack AL, Langston WJ, Johnston LC, Di Monte DA: Alpha-synuclein expression in 
the substantia nigra of MPTP-lesioned non-human primates. Neurobiology of disease 2005, 20:898-906. 

[94] Manning-Bog AB, McCormack AL, Li J, Uversky VN, Fink AL, Di Monte DA: The herbicide paraquat 
causes up-regulation and aggregation of alpha-synuclein in mice: paraquat and alpha-synuclein. The Journal of 
biological chemistry 2002, 277:1641-4. 

[95] Dauer W, Kholodilov N, Vila M, Trillat AC, Goodchild R, Larsen KE, Staal R, Tieu K, Schmitz Y, Yuan 
CA, Rocha M, Jackson-Lewis V, Hersch S, Sulzer D, Przedborski S, Burke R, Hen R: Resistance of alpha -
synuclein null mice to the parkinsonian neurotoxin MPTP. Proceedings of the National Academy of Sciences 
of the United States of America 2002, 99:14524-9. 

[96] Kirik D, Rosenblad C, Burger C, Lundberg C, Johansen TE, Muzyczka N, Mandel RJ, Bjorklund A: 
Parkinson-like neurodegeneration induced by targeted overexpression of alpha-synuclein in the nigrostriatal 
system. The Journal of neuroscience : the official journal of the Society for Neuroscience 2002, 22:2780-91. 

[97] Kirik D, Annett LE, Burger C, Muzyczka N, Mandel RJ, Bjorklund A: Nigrostriatal alpha-
synucleinopathy induced by viral vector-mediated overexpression of human alpha-synuclein: a new primate 
model of Parkinson's disease. Proceedings of the National Academy of Sciences of the United States of 
America 2003, 100:2884-9. 

[98] Ahn TB, Kim SY, Kim JY, Park SS, Lee DS, Min HJ, Kim YK, Kim SE, Kim JM, Kim HJ, Cho J, Jeon 
BS: alpha-Synuclein gene duplication is present in sporadic Parkinson disease. Neurology 2008, 70:43-9. 

[99] Ibanez P, Bonnet AM, Debarges B, Lohmann E, Tison F, Pollak P, Agid Y, Durr A, Brice A: Causal 
relation between alpha-synuclein gene duplication and familial Parkinson's disease. Lancet 2004, 364:1169-71. 

[100] Singleton AB, Farrer M, Johnson J, Singleton A, Hague S, Kachergus J, Hulihan M, Peuralinna T, Dutra 
A, Nussbaum R, Lincoln S, Crawley A, Hanson M, Maraganore D, Adler C, Cookson MR, Muenter M, 
Baptista M, Miller D, Blancato J, Hardy J, Gwinn-Hardy K: alpha-Synuclein locus triplication causes 
Parkinson's disease. Science 2003, 302:841. 

[101] Ibanez P, Lesage S, Janin S, Lohmann E, Durif F, Destee A, Bonnet AM, Brefel-Courbon C, Heath S, 
Zelenika D, Agid Y, Durr A, Brice A, French Parkinson's Disease Genetics Study G: Alpha-synuclein gene 
rearrangements in dominantly inherited parkinsonism: frequency, phenotype, and mechanisms. Archives of 
neurology 2009, 66:102-8. 



 

 

143 

[102] Ross OA, Braithwaite AT, Skipper LM, Kachergus J, Hulihan MM, Middleton FA, Nishioka K, Fuchs J, 
Gasser T, Maraganore DM, Adler CH, Larvor L, Chartier-Harlin MC, Nilsson C, Langston JW, Gwinn K, 
Hattori N, Farrer MJ: Genomic investigation of alpha-synuclein multiplication and parkinsonism. Annals of 
neurology 2008, 63:743-50. 

[103] Touchman JW, Dehejia A, Chiba-Falek O, Cabin DE, Schwartz JR, Orrison BM, Polymeropoulos MH, 
Nussbaum RL: Human and mouse alpha-synuclein genes: comparative genomic sequence analysis and 
identification of a novel gene regulatory element. Genome research 2001, 11:78-86. 

[104] Maraganore DM, de Andrade M, Elbaz A, Farrer MJ, Ioannidis JP, Kruger R, Rocca WA, Schneider 
NK, Lesnick TG, Lincoln SJ, Hulihan MM, Aasly JO, Ashizawa T, Chartier-Harlin MC, Checkoway H, 
Ferrarese C, Hadjigeorgiou G, Hattori N, Kawakami H, Lambert JC, Lynch T, Mellick GD, Papapetropoulos 
S, Parsian A, Quattrone A, Riess O, Tan EK, Van Broeckhoven C, Genetic Epidemiology of Parkinson's 
Disease C: Collaborative analysis of alpha-synuclein gene promoter variability and Parkinson disease. JAMA : 
the journal of the American Medical Association 2006, 296:661-70. 

[105] Chiba-Falek O, Nussbaum RL: Effect of allelic variation at the NACP-Rep1 repeat upstream of the 
alpha-synuclein gene (SNCA) on transcription in a cell culture luciferase reporter system. Human molecular 
genetics 2001, 10:3101-9. 

[106] Grundemann J, Schlaudraff F, Haeckel O, Liss B: Elevated alpha-synuclein mRNA levels in individual 
UV-laser-microdissected dopaminergic substantia nigra neurons in idiopathic Parkinson's disease. Nucleic 
acids research 2008, 36:e38. 

[107] Chu Y, Kordower JH: Age-associated increases of alpha-synuclein in monkeys and humans are 
associated with nigrostriatal dopamine depletion: Is this the target for Parkinson's disease? Neurobiology of 
disease 2007, 25:134-49. 

[108] Chu Y, Kompoliti K, Cochran EJ, Mufson EJ, Kordower JH: Age-related decreases in Nurr1 
immunoreactivity in the human substantia nigra. The Journal of comparative neurology 2002, 450:203-14. 

[109] Kastner A, Hirsch EC, Herrero MT, Javoy-Agid F, Agid Y: Immunocytochemical quantification of 
tyrosine hydroxylase at a cellular level in the mesencephalon of control subjects and patients with Parkinson's 
and Alzheimer's disease. Journal of neurochemistry 1993, 61:1024-34. 

[110] Ross GW, Petrovitch H, Abbott RD, Nelson J, Markesbery W, Davis D, Hardman J, Launer L, Masaki 
K, Tanner CM, White LR: Parkinsonian signs and substantia nigra neuron density in decendents elders 
without PD. Annals of neurology 2004, 56:532-9. 

[111] Sanchez-Danes A, Richaud-Patin Y, Carballo-Carbajal I, Jimenez-Delgado S, Caig C, Mora S, Di 
Guglielmo C, Ezquerra M, Patel B, Giralt A, Canals JM, Memo M, Alberch J, Lopez-Barneo J, Vila M, 
Cuervo AM, Tolosa E, Consiglio A, Raya A: Disease-specific phenotypes in dopamine neurons from human 
iPS-based models of genetic and sporadic Parkinson's disease. EMBO molecular medicine 2012, 4:380-95. 

[112] Nguyen HN, Byers B, Cord B, Shcheglovitov A, Byrne J, Gujar P, Kee K, Schule B, Dolmetsch RE, 
Langston W, Palmer TD, Pera RR: LRRK2 mutant iPSC-derived DA neurons demonstrate increased 
susceptibility to oxidative stress. Cell stem cell 2011, 8:267-80. 

[113] Goldberg MS, Lansbury PT, Jr.: Is there a cause-and-effect relationship between alpha-synuclein 
fibrillization and Parkinson's disease? Nature cell biology 2000, 2:E115-9. 

[114] Muntane G, Ferrer I, Martinez-Vicente M: alpha-synuclein phosphorylation and truncation are normal 
events in the adult human brain. Neuroscience 2012, 200:106-19. 

[115] Okochi M, Walter J, Koyama A, Nakajo S, Baba M, Iwatsubo T, Meijer L, Kahle PJ, Haass C: 
Constitutive phosphorylation of the Parkinson's disease associated alpha-synuclein. The Journal of biological 
chemistry 2000, 275:390-7. 

[116] Pronin AN, Morris AJ, Surguchov A, Benovic JL: Synucleins are a novel class of substrates for G 
protein-coupled receptor kinases. The Journal of biological chemistry 2000, 275:26515-22. 



 

 

144 

[117] Smith WW, Margolis RL, Li X, Troncoso JC, Lee MK, Dawson VL, Dawson TM, Iwatsubo T, Ross 
CA: Alpha-synuclein phosphorylation enhances eosinophilic cytoplasmic inclusion formation in SH-SY5Y 
cells. The Journal of neuroscience : the official journal of the Society for Neuroscience 2005, 25:5544-52. 

[118] Lee KW, Chen W, Junn E, Im JY, Grosso H, Sonsalla PK, Feng X, Ray N, Fernandez JR, Chao Y, 
Masliah E, Voronkov M, Braithwaite SP, Stock JB, Mouradian MM: Enhanced phosphatase activity 
attenuates alpha-synucleinopathy in a mouse model. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 2011, 31:6963-71. 

[119] Chen L, Feany MB: Alpha-synuclein phosphorylation controls neurotoxicity and inclusion formation in 
a Drosophila model of Parkinson disease. Nature neuroscience 2005, 8:657-63. 

[120] Chen L, Periquet M, Wang X, Negro A, McLean PJ, Hyman BT, Feany MB: Tyrosine and serine 
phosphorylation of alpha-synuclein have opposing effects on neurotoxicity and soluble oligomer formation. 
The Journal of clinical investigation 2009, 119:3257-65. 

[121] Paleologou KE, Oueslati A, Shakked G, Rospigliosi CC, Kim HY, Lamberto GR, Fernandez CO, 
Schmid A, Chegini F, Gai WP, Chiappe D, Moniatte M, Schneider BL, Aebischer P, Eliezer D, Zweckstetter 
M, Masliah E, Lashuel HA: Phosphorylation at S87 is enhanced in synucleinopathies, inhibits alpha-synuclein 
oligomerization, and influences synuclein-membrane interactions. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 2010, 30:3184-98. 

[122] Good PF, Hsu A, Werner P, Perl DP, Olanow CW: Protein nitration in Parkinson's disease. Journal of 
neuropathology and experimental neurology 1998, 57:338-42. 

[123] Duda JE, Giasson BI, Chen Q, Gur TL, Hurtig HI, Stern MB, Gollomp SM, Ischiropoulos H, Lee VM, 
Trojanowski JQ: Widespread nitration of pathological inclusions in neurodegenerative synucleinopathies. The 
American journal of pathology 2000, 157:1439-45. 

[124] Souza JM, Giasson BI, Chen Q, Lee VM, Ischiropoulos H: Dityrosine cross-linking promotes 
formation of stable alpha -synuclein polymers. Implication of nitrative and oxidative stress in the 
pathogenesis of neurodegenerative synucleinopathies. The Journal of biological chemistry 2000, 275:18344-9. 

[125] Przedborski S, Chen Q, Vila M, Giasson BI, Djaldatti R, Vukosavic S, Souza JM, Jackson-Lewis V, Lee 
VM, Ischiropoulos H: Oxidative post-translational modifications of alpha-synuclein in the 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) mouse model of Parkinson's disease. Journal of neurochemistry 2001, 
76:637-40. 

[126] Hodara R, Norris EH, Giasson BI, Mishizen-Eberz AJ, Lynch DR, Lee VM, Ischiropoulos H: 
Functional consequences of alpha-synuclein tyrosine nitration: diminished binding to lipid vesicles and 
increased fibril formation. The Journal of biological chemistry 2004, 279:47746-53. 

[127] Ono K, Yamada M: Antioxidant compounds have potent anti-fibrillogenic and fibril-destabilizing 
effects for alpha-synuclein fibrils in vitro. Journal of neurochemistry 2006, 97:105-15. 

[128] Periquet M, Fulga T, Myllykangas L, Schlossmacher MG, Feany MB: Aggregated alpha-synuclein 
mediates dopaminergic neurotoxicity in vivo. The Journal of neuroscience : the official journal of the Society 
for Neuroscience 2007, 27:3338-46. 

[129] Abeliovich A, Schmitz Y, Farinas I, Choi-Lundberg D, Ho WH, Castillo PE, Shinsky N, Verdugo JM, 
Armanini M, Ryan A, Hynes M, Phillips H, Sulzer D, Rosenthal A: Mice lacking alpha-synuclein display 
functional deficits in the nigrostriatal dopamine system. Neuron 2000, 25:239-52. 

[130] Murphy DD, Rueter SM, Trojanowski JQ, Lee VM: Synucleins are developmentally expressed, and 
alpha-synuclein regulates the size of the presynaptic vesicular pool in primary hippocampal neurons. The 
Journal of neuroscience : the official journal of the Society for Neuroscience 2000, 20:3214-20. 

[131] Cabin DE, Shimazu K, Murphy D, Cole NB, Gottschalk W, McIlwain KL, Orrison B, Chen A, Ellis 
CE, Paylor R, Lu B, Nussbaum RL: Synaptic vesicle depletion correlates with attenuated synaptic responses 
to prolonged repetitive stimulation in mice lacking alpha-synuclein. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 2002, 22:8797-807. 



 

 

145 

[132] Larsen KE, Schmitz Y, Troyer MD, Mosharov E, Dietrich P, Quazi AZ, Savalle M, Nemani V, 
Chaudhry FA, Edwards RH, Stefanis L, Sulzer D: Alpha-synuclein overexpression in PC12 and chromaffin 
cells impairs catecholamine release by interfering with a late step in exocytosis. The Journal of neuroscience : 
the official journal of the Society for Neuroscience 2006, 26:11915-22. 

[133] Kamp F, Exner N, Lutz AK, Wender N, Hegermann J, Brunner B, Nuscher B, Bartels T, Giese A, 
Beyer K, Eimer S, Winklhofer KF, Haass C: Inhibition of mitochondrial fusion by alpha-synuclein is rescued 
by PINK1, Parkin and DJ-1. The EMBO journal 2010, 29:3571-89. 

[134] DeWitt DC, Rhoades E: alpha-Synuclein can inhibit SNARE-mediated vesicle fusion through direct 
interactions with lipid bilayers. Biochemistry 2013, 52:2385-7. 

[135] Chen RH, Wislet-Gendebien S, Samuel F, Visanji NP, Zhang G, Marsilio D, Langman T, Fraser PE, 
Tandon A: alpha-Synuclein membrane association is regulated by the Rab3a recycling machinery and 
presynaptic activity. The Journal of biological chemistry 2013, 288:7438-49. 

[136] Dalfo E, Gomez-Isla T, Rosa JL, Nieto Bodelon M, Cuadrado Tejedor M, Barrachina M, Ambrosio S, 
Ferrer I: Abnormal alpha-synuclein interactions with Rab proteins in alpha-synuclein A30P transgenic mice. 
Journal of neuropathology and experimental neurology 2004, 63:302-13. 

[137] Chandra S, Gallardo G, Fernandez-Chacon R, Schluter OM, Sudhof TC: Alpha-synuclein cooperates 
with CSPalpha in preventing neurodegeneration. Cell 2005, 123:383-96. 

[138] Fernandez-Chacon R, Wolfel M, Nishimune H, Tabares L, Schmitz F, Castellano-Munoz M, 
Rosenmund C, Montesinos ML, Sanes JR, Schneggenburger R, Sudhof TC: The synaptic vesicle protein CSP 
alpha prevents presynaptic degeneration. Neuron 2004, 42:237-51. 

[139] Jenco JM, Rawlingson A, Daniels B, Morris AJ: Regulation of phospholipase D2: selective inhibition of 
mammalian phospholipase D isoenzymes by alpha- and beta-synucleins. Biochemistry 1998, 37:4901-9. 

[140] Klein J, Chalifa V, Liscovitch M, Loffelholz K: Role of phospholipase D activation in nervous system 
physiology and pathophysiology. Journal of neurochemistry 1995, 65:1445-55. 

[141] Schapira AH, Cooper JM, Dexter D, Jenner P, Clark JB, Marsden CD: Mitochondrial complex I 
deficiency in Parkinson's disease. Lancet 1989, 1:1269. 

[142] Mizuno Y, Ohta S, Tanaka M, Takamiya S, Suzuki K, Sato T, Oya H, Ozawa T, Kagawa Y: Deficiencies 
in complex I subunits of the respiratory chain in Parkinson's disease. Biochemical and biophysical research 
communications 1989, 163:1450-5. 

[143] Keeney PM, Xie J, Capaldi RA, Bennett JP, Jr.: Parkinson's disease brain mitochondrial complex I has 
oxidatively damaged subunits and is functionally impaired and misassembled. The Journal of neuroscience : 
the official journal of the Society for Neuroscience 2006, 26:5256-64. 

[144] Parker WD, Jr., Boyson SJ, Parks JK: Abnormalities of the electron transport chain in idiopathic 
Parkinson's disease. Annals of neurology 1989, 26:719-23. 

[145] Muftuoglu M, Elibol B, Dalmizrak O, Ercan A, Kulaksiz G, Ogus H, Dalkara T, Ozer N: 
Mitochondrial complex I and IV activities in leukocytes from patients with parkin mutations. Movement 
disorders : official journal of the Movement Disorder Society 2004, 19:544-8. 

[146] Martin LJ, Pan Y, Price AC, Sterling W, Copeland NG, Jenkins NA, Price DL, Lee MK: Parkinson's 
disease alpha-synuclein transgenic mice develop neuronal mitochondrial degeneration and cell death. The 
Journal of neuroscience : the official journal of the Society for Neuroscience 2006, 26:41-50. 

[147] Loeb V, Yakunin E, Saada A, Sharon R: The transgenic overexpression of alpha-synuclein and not its 
related pathology associates with complex I inhibition. The Journal of biological chemistry 2010, 285:7334-
43. 



 

 

146 

[148] Devi L, Raghavendran V, Prabhu BM, Avadhani NG, Anandatheerthavarada HK: Mitochondrial 
import and accumulation of alpha-synuclein impair complex I in human dopaminergic neuronal cultures and 
Parkinson disease brain. The Journal of biological chemistry 2008, 283:9089-100. 

[149] Liu G, Zhang C, Yin J, Li X, Cheng F, Li Y, Yang H, Ueda K, Chan P, Yu S: alpha-Synuclein is 
differentially expressed in mitochondria from different rat brain regions and dose-dependently down-
regulates complex I activity. Neuroscience letters 2009, 454:187-92. 

[150] Nakamura K, Nemani VM, Azarbal F, Skibinski G, Levy JM, Egami K, Munishkina L, Zhang J, 
Gardner B, Wakabayashi J, Sesaki H, Cheng Y, Finkbeiner S, Nussbaum RL, Masliah E, Edwards RH: Direct 
membrane association drives mitochondrial fission by the Parkinson disease-associated protein alpha-
synuclein. The Journal of biological chemistry 2011, 286:20710-26. 

[151] Chinta SJ, Mallajosyula JK, Rane A, Andersen JK: Mitochondrial alpha-synuclein accumulation impairs 
complex I function in dopaminergic neurons and results in increased mitophagy in vivo. Neuroscience letters 
2010, 486:235-9. 

[152] Guardia-Laguarta C, Area-Gomez E, Rub C, Liu Y, Magrane J, Becker D, Voos W, Schon EA, 
Przedborski S: alpha-Synuclein is localized to mitochondria-associated ER membranes. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 2014, 34:249-59. 

[153] Hayashi T, Rizzuto R, Hajnoczky G, Su TP: MAM: more than just a housekeeper. Trends in cell 
biology 2009, 19:81-8. 

[154] Friedman JR, Lackner LL, West M, DiBenedetto JR, Nunnari J, Voeltz GK: ER tubules mark sites of 
mitochondrial division. Science 2011, 334:358-62. 

[155] Schon EA, Area-Gomez E: Mitochondria-associated ER membranes in Alzheimer disease. Molecular 
and cellular neurosciences 2013, 55:26-36. 

[156] Cooper AA, Gitler AD, Cashikar A, Haynes CM, Hill KJ, Bhullar B, Liu K, Xu K, Strathearn KE, Liu 
F, Cao S, Caldwell KA, Caldwell GA, Marsischky G, Kolodner RD, Labaer J, Rochet JC, Bonini NM, 
Lindquist S: Alpha-synuclein blocks ER-Golgi traffic and Rab1 rescues neuron loss in Parkinson's models. 
Science 2006, 313:324-8. 

[157] Gitler AD, Bevis BJ, Shorter J, Strathearn KE, Hamamichi S, Su LJ, Caldwell KA, Caldwell GA, Rochet 
JC, McCaffery JM, Barlowe C, Lindquist S: The Parkinson's disease protein alpha-synuclein disrupts cellular 
Rab homeostasis. Proceedings of the National Academy of Sciences of the United States of America 2008, 
105:145-50. 

[158] Thayanidhi N, Helm JR, Nycz DC, Bentley M, Liang Y, Hay JC: Alpha-synuclein delays endoplasmic 
reticulum (ER)-to-Golgi transport in mammalian cells by antagonizing ER/Golgi SNAREs. Molecular 
biology of the cell 2010, 21:1850-63. 

[159] Cuervo AM: Autophagy: many paths to the same end. Molecular and cellular biochemistry 2004, 
263:55-72. 

[160] Ebrahimi-Fakhari D, Cantuti-Castelvetri I, Fan Z, Rockenstein E, Masliah E, Hyman BT, McLean PJ, 
Unni VK: Distinct roles in vivo for the ubiquitin-proteasome system and the autophagy-lysosomal pathway in 
the degradation of alpha-synuclein. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 2011, 31:14508-20. 

[161] Mak SK, McCormack AL, Manning-Bog AB, Cuervo AM, Di Monte DA: Lysosomal degradation of 
alpha-synuclein in vivo. The Journal of biological chemistry 2010, 285:13621-9. 

[162] Tofaris GK, Kim HT, Hourez R, Jung JW, Kim KP, Goldberg AL: Ubiquitin ligase Nedd4 promotes 
alpha-synuclein degradation by the endosomal-lysosomal pathway. Proceedings of the National Academy of 
Sciences of the United States of America 2011, 108:17004-9. 

[163] Webb JL, Ravikumar B, Atkins J, Skepper JN, Rubinsztein DC: Alpha-Synuclein is degraded by both 
autophagy and the proteasome. The Journal of biological chemistry 2003, 278:25009-13. 



 

 

147 

[164] Xilouri M, Brekk OR, Stefanis L: alpha-Synuclein and protein degradation systems: a reciprocal 
relationship. Molecular neurobiology 2013, 47:537-51. 

[165] Martinez-Vicente M, Vila M: Alpha-synuclein and protein degradation pathways in Parkinson's disease: 
a pathological feed-back loop. Experimental neurology 2013, 247:308-13. 

[166] Bedford L, Hay D, Devoy A, Paine S, Powe DG, Seth R, Gray T, Topham I, Fone K, Rezvani N, Mee 
M, Soane T, Layfield R, Sheppard PW, Ebendal T, Usoskin D, Lowe J, Mayer RJ: Depletion of 26S 
proteasomes in mouse brain neurons causes neurodegeneration and Lewy-like inclusions resembling human 
pale bodies. The Journal of neuroscience : the official journal of the Society for Neuroscience 2008, 28:8189-
98. 

[167] Fornai F, Lenzi P, Gesi M, Ferrucci M, Lazzeri G, Busceti CL, Ruffoli R, Soldani P, Ruggieri S, 
Alessandri MG, Paparelli A: Fine structure and biochemical mechanisms underlying nigrostriatal inclusions 
and cell death after proteasome inhibition. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 2003, 23:8955-66. 

[168] McNaught KS, Bjorklund LM, Belizaire R, Isacson O, Jenner P, Olanow CW: Proteasome inhibition 
causes nigral degeneration with inclusion bodies in rats. Neuroreport 2002, 13:1437-41. 

[169] McNaught KS, Perl DP, Brownell AL, Olanow CW: Systemic exposure to proteasome inhibitors causes 
a progressive model of Parkinson's disease. Annals of neurology 2004, 56:149-62. 

[170] Rideout HJ, Larsen KE, Sulzer D, Stefanis L: Proteasomal inhibition leads to formation of 
ubiquitin/alpha-synuclein-immunoreactive inclusions in PC12 cells. Journal of neurochemistry 2001, 78:899-
908. 

[171] Rideout HJ, Lang-Rollin IC, Savalle M, Stefanis L: Dopaminergic neurons in rat ventral midbrain 
cultures undergo selective apoptosis and form inclusions, but do not up-regulate iHSP70, following 
proteasomal inhibition. Journal of neurochemistry 2005, 93:1304-13. 

[172] Sawada H, Kohno R, Kihara T, Izumi Y, Sakka N, Ibi M, Nakanishi M, Nakamizo T, Yamakawa K, 
Shibasaki H, Yamamoto N, Akaike A, Inden M, Kitamura Y, Taniguchi T, Shimohama S: Proteasome 
mediates dopaminergic neuronal degeneration, and its inhibition causes alpha-synuclein inclusions. The 
Journal of biological chemistry 2004, 279:10710-9. 

[173] Xie W, Li X, Li C, Zhu W, Jankovic J, Le W: Proteasome inhibition modeling nigral neuron 
degeneration in Parkinson's disease. Journal of neurochemistry 2010, 115:188-99. 

[174] Liu Y, Fallon L, Lashuel HA, Liu Z, Lansbury PT, Jr.: The UCH-L1 gene encodes two opposing 
enzymatic activities that affect alpha-synuclein degradation and Parkinson's disease susceptibility. Cell 2002, 
111:209-18. 

[175] Shimura H, Schlossmacher MG, Hattori N, Frosch MP, Trockenbacher A, Schneider R, Mizuno Y, 
Kosik KS, Selkoe DJ: Ubiquitination of a new form of alpha-synuclein by parkin from human brain: 
implications for Parkinson's disease. Science 2001, 293:263-9. 

[176] Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura Y, Minoshima S, Yokochi M, Mizuno Y, 
Shimizu N: Mutations in the parkin gene cause autosomal recessive juvenile parkinsonism. Nature 1998, 
392:605-8. 

[177] Maraganore DM, Lesnick TG, Elbaz A, Chartier-Harlin MC, Gasser T, Kruger R, Hattori N, Mellick 
GD, Quattrone A, Satoh J, Toda T, Wang J, Ioannidis JP, de Andrade M, Rocca WA, Consortium UGG: 
UCHL1 is a Parkinson's disease susceptibility gene. Annals of neurology 2004, 55:512-21. 

[178] Snyder H, Mensah K, Theisler C, Lee J, Matouschek A, Wolozin B: Aggregated and monomeric alpha-
synuclein bind to the S6' proteasomal protein and inhibit proteasomal function. The Journal of biological 
chemistry 2003, 278:11753-9. 

[179] Chen Q, Thorpe J, Keller JN: Alpha-synuclein alters proteasome function, protein synthesis, and 
stationary phase viability. The Journal of biological chemistry 2005, 280:30009-17. 



 

 

148 

[180] Petrucelli L, O'Farrell C, Lockhart PJ, Baptista M, Kehoe K, Vink L, Choi P, Wolozin B, Farrer M, 
Hardy J, Cookson MR: Parkin protects against the toxicity associated with mutant alpha-synuclein: 
proteasome dysfunction selectively affects catecholaminergic neurons. Neuron 2002, 36:1007-19. 

[181] Stefanis L, Larsen KE, Rideout HJ, Sulzer D, Greene LA: Expression of A53T mutant but not wild-
type alpha-synuclein in PC12 cells induces alterations of the ubiquitin-dependent degradation system, loss of 
dopamine release, and autophagic cell death. The Journal of neuroscience : the official journal of the Society 
for Neuroscience 2001, 21:9549-60. 

[182] Tanaka Y, Engelender S, Igarashi S, Rao RK, Wanner T, Tanzi RE, Sawa A, V LD, Dawson TM, Ross 
CA: Inducible expression of mutant alpha-synuclein decreases proteasome activity and increases sensitivity to 
mitochondria-dependent apoptosis. Human molecular genetics 2001, 10:919-26. 

[183] Emmanouilidou E, Stefanis L, Vekrellis K: Cell-produced alpha-synuclein oligomers are targeted to, and 
impair, the 26S proteasome. Neurobiology of aging 2010, 31:953-68. 

[184] Lindersson E, Beedholm R, Hojrup P, Moos T, Gai W, Hendil KB, Jensen PH: Proteasomal inhibition 
by alpha-synuclein filaments and oligomers. The Journal of biological chemistry 2004, 279:12924-34. 

[185] Bohley P, Seglen PO: Proteases and proteolysis in the lysosome. Experientia 1992, 48:151-7. 

[186] Mullins C, Bonifacino JS: The molecular machinery for lysosome biogenesis. BioEssays : news and 
reviews in molecular, cellular and developmental biology 2001, 23:333-43. 

[187] Bjorkoy G, Lamark T, Brech A, Outzen H, Perander M, Overvatn A, Stenmark H, Johansen T: 
p62/SQSTM1 forms protein aggregates degraded by autophagy and has a protective effect on huntingtin-
induced cell death. The Journal of cell biology 2005, 171:603-14. 

[188] Kirkin V, Lamark T, Sou YS, Bjorkoy G, Nunn JL, Bruun JA, Shvets E, McEwan DG, Clausen TH, 
Wild P, Bilusic I, Theurillat JP, Overvatn A, Ishii T, Elazar Z, Komatsu M, Dikic I, Johansen T: A role for 
NBR1 in autophagosomal degradation of ubiquitinated substrates. Molecular cell 2009, 33:505-16. 

[189] Komatsu M, Waguri S, Koike M, Sou YS, Ueno T, Hara T, Mizushima N, Iwata J, Ezaki J, Murata S, 
Hamazaki J, Nishito Y, Iemura S, Natsume T, Yanagawa T, Uwayama J, Warabi E, Yoshida H, Ishii T, 
Kobayashi A, Yamamoto M, Yue Z, Uchiyama Y, Kominami E, Tanaka K: Homeostatic levels of p62 
control cytoplasmic inclusion body formation in autophagy-deficient mice. Cell 2007, 131:1149-63. 

[190] Pankiv S, Clausen TH, Lamark T, Brech A, Bruun JA, Outzen H, Overvatn A, Bjorkoy G, Johansen T: 
p62/SQSTM1 binds directly to Atg8/LC3 to facilitate degradation of ubiquitinated protein aggregates by 
autophagy. The Journal of biological chemistry 2007, 282:24131-45. 

[191] Yamamoto A, Simonsen A: The elimination of accumulated and aggregated proteins: a role for 
aggrephagy in neurodegeneration. Neurobiology of disease 2011, 43:17-28. 

[192] Ravikumar B, Sarkar S, Rubinsztein DC: Clearance of mutant aggregate-prone proteins by autophagy. 
Methods in molecular biology 2008, 445:195-211. 

[193] Spencer B, Potkar R, Trejo M, Rockenstein E, Patrick C, Gindi R, Adame A, Wyss-Coray T, Masliah E: 
Beclin 1 gene transfer activates autophagy and ameliorates the neurodegenerative pathology in alpha-
synuclein models of Parkinson's and Lewy body diseases. The Journal of neuroscience : the official journal of 
the Society for Neuroscience 2009, 29:13578-88. 

[194] Lee HJ, Khoshaghideh F, Patel S, Lee SJ: Clearance of alpha-synuclein oligomeric intermediates via the 
lysosomal degradation pathway. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 2004, 24:1888-96. 

[195] Winslow AR, Chen CW, Corrochano S, Acevedo-Arozena A, Gordon DE, Peden AA, Lichtenberg M, 
Menzies FM, Ravikumar B, Imarisio S, Brown S, O'Kane CJ, Rubinsztein DC: alpha-Synuclein impairs 
macroautophagy: implications for Parkinson's disease. The Journal of cell biology 2010, 190:1023-37. 



 

 

149 

[196] Dehay B, Bove J, Rodriguez-Muela N, Perier C, Recasens A, Boya P, Vila M: Pathogenic lysosomal 
depletion in Parkinson's disease. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 2010, 30:12535-44. 

[197] Chu Y, Dodiya H, Aebischer P, Olanow CW, Kordower JH: Alterations in lysosomal and proteasomal 
markers in Parkinson's disease: relationship to alpha-synuclein inclusions. Neurobiology of disease 2009, 
35:385-98. 

[198] Dehay B, Ramirez A, Martinez-Vicente M, Perier C, Canron MH, Doudnikoff E, Vital A, Vila M, Klein 
C, Bezard E: Loss of P-type ATPase ATP13A2/PARK9 function induces general lysosomal deficiency and 
leads to Parkinson disease neurodegeneration. Proceedings of the National Academy of Sciences of the 
United States of America 2012, 109:9611-6. 

[199] Usenovic M, Tresse E, Mazzulli JR, Taylor JP, Krainc D: Deficiency of ATP13A2 leads to lysosomal 
dysfunction, alpha-synuclein accumulation, and neurotoxicity. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 2012, 32:4240-6. 

[200] Vila M, Bove J, Dehay B, Rodriguez-Muela N, Boya P: Lysosomal membrane permeabilization in 
Parkinson disease. Autophagy 2011, 7:98-100. 

[201] Bove J, Martinez-Vicente M, Vila M: Fighting neurodegeneration with rapamycin: mechanistic insights. 
Nature reviews Neuroscience 2011, 12:437-52. 

[202] Decressac M, Mattsson B, Weikop P, Lundblad M, Jakobsson J, Bjorklund A: TFEB-mediated 
autophagy rescues midbrain dopamine neurons from alpha-synuclein toxicity. Proceedings of the National 
Academy of Sciences of the United States of America 2013, 110:E1817-26. 

[203] Dice JF: Peptide sequences that target cytosolic proteins for lysosomal proteolysis. Trends in 
biochemical sciences 1990, 15:305-9. 

[204] Kaushik S, Cuervo AM: Chaperone-mediated autophagy: a unique way to enter the lysosome world. 
Trends in cell biology 2012, 22:407-17. 

[205] Cuervo AM, Stefanis L, Fredenburg R, Lansbury PT, Sulzer D: Impaired degradation of mutant alpha-
synuclein by chaperone-mediated autophagy. Science 2004, 305:1292-5. 

[206] Vogiatzi T, Xilouri M, Vekrellis K, Stefanis L: Wild type alpha-synuclein is degraded by chaperone-
mediated autophagy and macroautophagy in neuronal cells. The Journal of biological chemistry 2008, 
283:23542-56. 

[207] Xilouri M, Vogiatzi T, Vekrellis K, Park D, Stefanis L: Abberant alpha-synuclein confers toxicity to 
neurons in part through inhibition of chaperone-mediated autophagy. PloS one 2009, 4:e5515. 

[208] Martinez-Vicente M, Talloczy Z, Kaushik S, Massey AC, Mazzulli J, Mosharov EV, Hodara R, 
Fredenburg R, Wu DC, Follenzi A, Dauer W, Przedborski S, Ischiropoulos H, Lansbury PT, Sulzer D, 
Cuervo AM: Dopamine-modified alpha-synuclein blocks chaperone-mediated autophagy. The Journal of 
clinical investigation 2008, 118:777-88. 

[209] Alvarez-Erviti L, Rodriguez-Oroz MC, Cooper JM, Caballero C, Ferrer I, Obeso JA, Schapira AH: 
Chaperone-mediated autophagy markers in Parkinson disease brains. Archives of neurology 2010, 67:1464-
72. 

[210] Huotari J, Helenius A: Endosome maturation. The EMBO journal 2011, 30:3481-500. 

[211] Braak H, Del Tredici K, Rub U, de Vos RA, Jansen Steur EN, Braak E: Staging of brain pathology 
related to sporadic Parkinson's disease. Neurobiology of aging 2003, 24:197-211. 

[212] Ulusoy A, Rusconi R, Perez-Revuelta BI, Musgrove RE, Helwig M, Winzen-Reichert B, Di Monte DA: 
Caudo-rostral brain spreading of alpha-synuclein through vagal connections. EMBO molecular medicine 
2013, 5:1051-9. 



 

 

150 

[213] Kordower JH, Chu Y, Hauser RA, Freeman TB, Olanow CW: Lewy body-like pathology in long-term 
embryonic nigral transplants in Parkinson's disease. Nature medicine 2008, 14:504-6. 

[214] Li JY, Englund E, Holton JL, Soulet D, Hagell P, Lees AJ, Lashley T, Quinn NP, Rehncrona S, 
Bjorklund A, Widner H, Revesz T, Lindvall O, Brundin P: Lewy bodies in grafted neurons in subjects with 
Parkinson's disease suggest host-to-graft disease propagation. Nature medicine 2008, 14:501-3. 

[215] Bloch A, Probst A, Bissig H, Adams H, Tolnay M: Alpha-synuclein pathology of the spinal and 
peripheral autonomic nervous system in neurologically unimpaired elderly subjects. Neuropathology and 
applied neurobiology 2006, 32:284-95. 

[216] Dickson DW, Uchikado H, Fujishiro H, Tsuboi Y: Evidence in favor of Braak staging of Parkinson's 
disease. Movement disorders : official journal of the Movement Disorder Society 2010, 25 Suppl 1:S78-82. 

[217] Halliday G, McCann H, Shepherd C: Evaluation of the Braak hypothesis: how far can it explain the 
pathogenesis of Parkinson's disease? Expert review of neurotherapeutics 2012, 12:673-86. 

[218] Gelpi E, Navarro-Otano J, Tolosa E, Gaig C, Compta Y, Rey MJ, Marti MJ, Hernandez I, Valldeoriola 
F, Rene R, Ribalta T: Multiple organ involvement by alpha-synuclein pathology in Lewy body disorders. 
Movement disorders : official journal of the Movement Disorder Society 2014. 

[219] Navarro-Otano J, Gelpi E, Mestres CA, Quintana E, Rauek S, Ribalta T, Santiago V, Tolosa E: Alpha-
synuclein aggregates in epicardial fat tissue in living subjects without parkinsonism. Parkinsonism Relat 
Disord 2013, 19:27-31; discussion 27. 

[220] Brundin P, Li JY, Holton JL, Lindvall O, Revesz T: Research in motion: the enigma of Parkinson's 
disease pathology spread. Nature reviews Neuroscience 2008, 9:741-5. 

[221] El-Agnaf OM, Salem SA, Paleologou KE, Cooper LJ, Fullwood NJ, Gibson MJ, Curran MD, Court JA, 
Mann DM, Ikeda S, Cookson MR, Hardy J, Allsop D: Alpha-synuclein implicated in Parkinson's disease is 
present in extracellular biological fluids, including human plasma. FASEB journal : official publication of the 
Federation of American Societies for Experimental Biology 2003, 17:1945-7. 

[222] Borghi R, Marchese R, Negro A, Marinelli L, Forloni G, Zaccheo D, Abbruzzese G, Tabaton M: Full 
length alpha-synuclein is present in cerebrospinal fluid from Parkinson's disease and normal subjects. 
Neuroscience letters 2000, 287:65-7. 

[223] Emmanouilidou E, Melachroinou K, Roumeliotis T, Garbis SD, Ntzouni M, Margaritis LH, Stefanis L, 
Vekrellis K: Cell-produced alpha-synuclein is secreted in a calcium-dependent manner by exosomes and 
impacts neuronal survival. The Journal of neuroscience : the official journal of the Society for Neuroscience 
2010, 30:6838-51. 

[224] Sung JY, Park SM, Lee CH, Um JW, Lee HJ, Kim J, Oh YJ, Lee ST, Paik SR, Chung KC: Proteolytic 
cleavage of extracellular secreted {alpha}-synuclein via matrix metalloproteinases. The Journal of biological 
chemistry 2005, 280:25216-24. 

[225] Danzer KM, Ruf WP, Putcha P, Joyner D, Hashimoto T, Glabe C, Hyman BT, McLean PJ: Heat-shock 
protein 70 modulates toxic extracellular alpha-synuclein oligomers and rescues trans-synaptic toxicity. FASEB 
journal : official publication of the Federation of American Societies for Experimental Biology 2011, 25:326-
36. 

[226] Lee HJ, Patel S, Lee SJ: Intravesicular localization and exocytosis of alpha-synuclein and its aggregates. 
The Journal of neuroscience : the official journal of the Society for Neuroscience 2005, 25:6016-24. 

[227] Fevrier B, Vilette D, Archer F, Loew D, Faigle W, Vidal M, Laude H, Raposo G: Cells release prions in 
association with exosomes. Proceedings of the National Academy of Sciences of the United States of 
America 2004, 101:9683-8. 

[228] Vella LJ, Sharples RA, Nisbet RM, Cappai R, Hill AF: The role of exosomes in the processing of 
proteins associated with neurodegenerative diseases. European biophysics journal : EBJ 2008, 37:323-32. 



 

 

151 

[229] Vella LJ, Hill AF: Generation of cell lines propagating infectious prions and the isolation and 
characterization of cell-derived exosomes. Methods in molecular biology 2008, 459:69-82. 

[230] Danzer KM, Haasen D, Karow AR, Moussaud S, Habeck M, Giese A, Kretzschmar H, Hengerer B, 
Kostka M: Different species of alpha-synuclein oligomers induce calcium influx and seeding. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 2007, 27:9220-32. 

[231] Danzer KM, Krebs SK, Wolff M, Birk G, Hengerer B: Seeding induced by alpha-synuclein oligomers 
provides evidence for spreading of alpha-synuclein pathology. Journal of neurochemistry 2009, 111:192-203. 

[232] Luk KC, Song C, O'Brien P, Stieber A, Branch JR, Brunden KR, Trojanowski JQ, Lee VM: Exogenous 
alpha-synuclein fibrils seed the formation of Lewy body-like intracellular inclusions in cultured cells. 
Proceedings of the National Academy of Sciences of the United States of America 2009, 106:20051-6. 

[233] Nonaka T, Watanabe ST, Iwatsubo T, Hasegawa M: Seeded aggregation and toxicity of {alpha}-
synuclein and tau: cellular models of neurodegenerative diseases. The Journal of biological chemistry 2010, 
285:34885-98. 

[234] Waxman EA, Giasson BI: A novel, high-efficiency cellular model of fibrillar alpha-synuclein inclusions 
and the examination of mutations that inhibit amyloid formation. Journal of neurochemistry 2010, 113:374-
88. 

[235] Sung JY, Kim J, Paik SR, Park JH, Ahn YS, Chung KC: Induction of neuronal cell death by Rab5A-
dependent endocytosis of alpha-synuclein. The Journal of biological chemistry 2001, 276:27441-8. 

[236] Zhang W, Wang T, Pei Z, Miller DS, Wu X, Block ML, Wilson B, Zhang W, Zhou Y, Hong JS, Zhang 
J: Aggregated alpha-synuclein activates microglia: a process leading to disease progression in Parkinson's 
disease. FASEB journal : official publication of the Federation of American Societies for Experimental 
Biology 2005, 19:533-42. 

[237] Lee HJ, Suk JE, Bae EJ, Lee JH, Paik SR, Lee SJ: Assembly-dependent endocytosis and clearance of 
extracellular alpha-synuclein. The international journal of biochemistry & cell biology 2008, 40:1835-49. 

[238] Hansen C, Angot E, Bergstrom AL, Steiner JA, Pieri L, Paul G, Outeiro TF, Melki R, Kallunki P, Fog 
K, Li JY, Brundin P: alpha-Synuclein propagates from mouse brain to grafted dopaminergic neurons and 
seeds aggregation in cultured human cells. The Journal of clinical investigation 2011, 121:715-25. 

[239] Volpicelli-Daley LA, Luk KC, Patel TP, Tanik SA, Riddle DM, Stieber A, Meaney DF, Trojanowski JQ, 
Lee VM: Exogenous alpha-synuclein fibrils induce Lewy body pathology leading to synaptic dysfunction and 
neuron death. Neuron 2011, 72:57-71. 

[240] Desplats P, Lee HJ, Bae EJ, Patrick C, Rockenstein E, Crews L, Spencer B, Masliah E, Lee SJ: Inclusion 
formation and neuronal cell death through neuron-to-neuron transmission of alpha-synuclein. Proceedings of 
the National Academy of Sciences of the United States of America 2009, 106:13010-5. 

[241] Gousset K, Schiff E, Langevin C, Marijanovic Z, Caputo A, Browman DT, Chenouard N, de 
Chaumont F, Martino A, Enninga J, Olivo-Marin JC, Mannel D, Zurzolo C: Prions hijack tunnelling 
nanotubes for intercellular spread. Nature cell biology 2009, 11:328-36. 

[242] Ahn KJ, Paik SR, Chung KC, Kim J: Amino acid sequence motifs and mechanistic features of the 
membrane translocation of alpha-synuclein. Journal of neurochemistry 2006, 97:265-79. 

[243] Auluck PK, Caraveo G, Lindquist S: alpha-Synuclein: membrane interactions and toxicity in Parkinson's 
disease. Annual review of cell and developmental biology 2010, 26:211-33. 

[244] Kordower JH, Dodiya HB, Kordower AM, Terpstra B, Paumier K, Madhavan L, Sortwell C, Steece-
Collier K, Collier TJ: Transfer of host-derived alpha synuclein to grafted dopaminergic neurons in rat. 
Neurobiology of disease 2011, 43:552-7. 



 

 

152 

[245] Luk KC, Kehm VM, Zhang B, O'Brien P, Trojanowski JQ, Lee VM: Intracerebral inoculation of 
pathological alpha-synuclein initiates a rapidly progressive neurodegenerative alpha-synucleinopathy in mice. 
The Journal of experimental medicine 2012, 209:975-86. 

[246] Mougenot AL, Nicot S, Bencsik A, Morignat E, Verchere J, Lakhdar L, Legastelois S, Baron T: Prion-
like acceleration of a synucleinopathy in a transgenic mouse model. Neurobiology of aging 2012, 33:2225-8. 

[247] Luk KC, Kehm V, Carroll J, Zhang B, O'Brien P, Trojanowski JQ, Lee VM: Pathological alpha-
synuclein transmission initiates Parkinson-like neurodegeneration in nontransgenic mice. Science 2012, 
338:949-53. 

[248] Masuda-Suzukake M, Nonaka T, Hosokawa M, Oikawa T, Arai T, Akiyama H, Mann DM, Hasegawa 
M: Prion-like spreading of pathological alpha-synuclein in brain. Brain : a journal of neurology 2013, 
136:1128-38. 

[249] Rey NL, Petit GH, Bousset L, Melki R, Brundin P: Transfer of human alpha-synuclein from the 
olfactory bulb to interconnected brain regions in mice. Acta neuropathologica 2013, 126:555-73. 

[250] Pan-Montojo F, Anichtchik O, Dening Y, Knels L, Pursche S, Jung R, Jackson S, Gille G, Spillantini 
MG, Reichmann H, Funk RH: Progression of Parkinson's disease pathology is reproduced by intragastric 
administration of rotenone in mice. PloS one 2010, 5:e8762. 

[251] Pan-Montojo F, Schwarz M, Winkler C, Arnhold M, O'Sullivan GA, Pal A, Said J, Marsico G, 
Verbavatz JM, Rodrigo-Angulo M, Gille G, Funk RH, Reichmann H: Environmental toxins trigger PD-like 
progression via increased alpha-synuclein release from enteric neurons in mice. Scientific reports 2012, 2:898. 

[252] Lee HJ, Suk JE, Bae EJ, Lee SJ: Clearance and deposition of extracellular alpha-synuclein aggregates in 
microglia. Biochemical and biophysical research communications 2008, 372:423-8. 

[253] Alvarez-Erviti L, Couch Y, Richardson J, Cooper JM, Wood MJ: Alpha-synuclein release by neurons 
activates the inflammatory response in a microglial cell line. Neuroscience research 2011, 69:337-42. 

[254] Lee HJ, Suk JE, Patrick C, Bae EJ, Cho JH, Rho S, Hwang D, Masliah E, Lee SJ: Direct transfer of 
alpha-synuclein from neuron to astroglia causes inflammatory responses in synucleinopathies. The Journal of 
biological chemistry 2010, 285:9262-72. 

[255] Reynolds AD, Glanzer JG, Kadiu I, Ricardo-Dukelow M, Chaudhuri A, Ciborowski P, Cerny R, 
Gelman B, Thomas MP, Mosley RL, Gendelman HE: Nitrated alpha-synuclein-activated microglial profiling 
for Parkinson's disease. Journal of neurochemistry 2008, 104:1504-25. 

[256] Reyes JF, Rey NL, Bousset L, Melki R, Brundin P, Angot E: Alpha-synuclein transfers from neurons to 
oligodendrocytes. Glia 2014, 62:387-98. 

[257] Iwatsubo T, Yamaguchi H, Fujimuro M, Yokosawa H, Ihara Y, Trojanowski JQ, Lee VM: Purification 
and characterization of Lewy bodies from the brains of patients with diffuse Lewy body disease. The 
American journal of pathology 1996, 148:1517-29. 

[258] Rousseau E, Dehay B, Ben-Haiem L, Trottier Y, Morange M, Bertolotti A: Targeting expression of 
expanded polyglutamine proteins to the endoplasmic reticulum or mitochondria prevents their aggregation. 
Proceedings of the National Academy of Sciences of the United States of America 2004, 101:9648-53. 

[259] Prusiner SB, McKinley MP, Bowman KA, Bolton DC, Bendheim PE, Groth DF, Glenner GG: Scrapie 
prions aggregate to form amyloid-like birefringent rods. Cell 1983, 35:349-58. 

[260] Scherzinger E, Lurz R, Turmaine M, Mangiarini L, Hollenbach B, Hasenbank R, Bates GP, Davies SW, 
Lehrach H, Wanker EE: Huntingtin-encoded polyglutamine expansions form amyloid-like protein aggregates 
in vitro and in vivo. Cell 1997, 90:549-58. 

[261] Fernagut PO, Chalon S, Diguet E, Guilloteau D, Tison F, Jaber M: Motor behaviour deficits and their 
histopathological and functional correlates in the nigrostriatal system of dopamine transporter knockout 
mice. Neuroscience 2003, 116:1123-30. 



 

 

153 

[262] Fleming SM, Salcedo J, Fernagut PO, Rockenstein E, Masliah E, Levine MS, Chesselet MF: Early and 
progressive sensorimotor anomalies in mice overexpressing wild-type human alpha-synuclein. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 2004, 24:9434-40. 

[263] Matsuura K, Kabuto H, Makino H, Ogawa N: Pole test is a useful method for evaluating the mouse 
movement disorder caused by striatal dopamine depletion. Journal of neuroscience methods 1997, 73:45-8. 

[264] Ogawa N, Hirose Y, Ohara S, Ono T, Watanabe Y: A simple quantitative bradykinesia test in MPTP-
treated mice. Research communications in chemical pathology and pharmacology 1985, 50:435-41. 

[265] Sedelis M, Hofele K, Auburger GW, Morgan S, Huston JP, Schwarting RK: MPTP susceptibility in the 
mouse: behavioral, neurochemical, and histological analysis of gender and strain differences. Behavior 
genetics 2000, 30:171-82. 

[266] Ohno Y, Shimizu S, Imaki J, Ishihara S, Sofue N, Sasa M, Kawai Y: Evaluation of the antibradykinetic 
actions of 5-HT1A agonists using the mouse pole test. Progress in neuro-psychopharmacology & biological 
psychiatry 2008, 32:1302-7. 

[267] Bezard E, Dovero S, Prunier C, Ravenscroft P, Chalon S, Guilloteau D, Crossman AR, Bioulac B, 
Brotchie JM, Gross CE: Relationship between the appearance of symptoms and the level of nigrostriatal 
degeneration in a progressive 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-lesioned macaque model of 
Parkinson's disease. The Journal of neuroscience : the official journal of the Society for Neuroscience 2001, 
21:6853-61. 

[268] Berton O, Guigoni C, Li Q, Bioulac BH, Aubert I, Gross CE, Dileone RJ, Nestler EJ, Bezard E: Striatal 
overexpression of DeltaJunD resets L-DOPA-induced dyskinesia in a primate model of Parkinson disease. 
Biological psychiatry 2009, 66:554-61. 

[269] Gold SJ, Hoang CV, Potts BW, Porras G, Pioli E, Kim KW, Nadjar A, Qin C, LaHoste GJ, Li Q, 
Bioulac BH, Waugh JL, Gurevich E, Neve RL, Bezard E: RGS9-2 negatively modulates L-3,4-
dihydroxyphenylalanine-induced dyskinesia in experimental Parkinson's disease. The Journal of neuroscience : 
the official journal of the Society for Neuroscience 2007, 27:14338-48. 

[270] Boraud T, Bezard E, Bioulac B, Gross CE: Dopamine agonist-induced dyskinesias are correlated to 
both firing pattern and frequency alterations of pallidal neurones in the MPTP-treated monkey. Brain : a 
journal of neurology 2001, 124:546-57. 

[271] Collantes M, Penuelas I, Alvarez-Erviti L, Blesa J, Marti-Climent JM, Quincoces G, Delgado M, Ecay 
M, Martinez A, Arbizu J, Rodriguez-Oroz MC, Obeso J, Richter JA: [Use of 11C-(+)-alpha -
dihydrotetrabenazine for the assessment of dopaminergic innervation in animal models of Parkinson's 
disease]. Revista espanola de medicina nuclear 2008, 27:103-11. 

[272] Ichise M, Ballinger JR, Golan H, Vines D, Luong A, Tsai S, Kung HF: Noninvasive quantification of 
dopamine D2 receptors with iodine-123-IBF SPECT. Journal of nuclear medicine : official publication, 
Society of Nuclear Medicine 1996, 37:513-20. 

[273] Blesa J, Juri C, Collantes M, Penuelas I, Prieto E, Iglesias E, Marti-Climent J, Arbizu J, Zubieta JL, 
Rodriguez-Oroz MC, Garcia-Garcia D, Richter JA, Cavada C, Obeso JA: Progression of dopaminergic 
depletion in a model of MPTP-induced Parkinsonism in non-human primates. An (18)F-DOPA and (11)C-
DTBZ PET study. Neurobiology of disease 2010, 38:456-63. 

[274] Giasson BI, Jakes R, Goedert M, Duda JE, Leight S, Trojanowski JQ, Lee VM: A panel of epitope-
specific antibodies detects protein domains distributed throughout human alpha-synuclein in Lewy bodies of 
Parkinson's disease. Journal of neuroscience research 2000, 59:528-33. 

[275] Giasson BI, Duda JE, Quinn SM, Zhang B, Trojanowski JQ, Lee VM: Neuronal alpha-synucleinopathy 
with severe movement disorder in mice expressing A53T human alpha-synuclein. Neuron 2002, 34:521-33. 

[276] Waxman EA, Duda JE, Giasson BI: Characterization of antibodies that selectively detect alpha-
synuclein in pathological inclusions. Acta neuropathologica 2008, 116:37-46. 



 

 

154 

[277] Bortolozzi A, Castane A, Semakova J, Santana N, Alvarado G, Cortes R, Ferres-Coy A, Fernandez G, 
Carmona MC, Toth M, Perales JC, Montefeltro A, Artigas F: Selective siRNA-mediated suppression of 5-
HT1A autoreceptors evokes strong anti-depressant-like effects. Molecular psychiatry 2012, 17:612-23. 

[278] Ferres-Coy A, Pilar-Cuellar F, Vidal R, Paz V, Masana M, Cortes R, Carmona MC, Campa L, Pazos A, 
Montefeltro A, Valdizan EM, Artigas F, Bortolozzi A: RNAi-mediated serotonin transporter suppression 
rapidly increases serotonergic neurotransmission and hippocampal neurogenesis. Translational psychiatry 
2013, 3:e211. 

[279] Ferres-Coy A, Santana N, Castane A, Cortes R, Carmona MC, Toth M, Montefeltro A, Artigas F, 
Bortolozzi A: Acute 5-HT(1)A autoreceptor knockdown increases antidepressant responses and serotonin 
release in stressful conditions. Psychopharmacology 2013, 225:61-74. 

[280] Kramer ML, Schulz-Schaeffer WJ: Presynaptic alpha-synuclein aggregates, not Lewy bodies, cause 
neurodegeneration in dementia with Lewy bodies. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 2007, 27:1405-10. 

[281] Cremades N, Cohen SI, Deas E, Abramov AY, Chen AY, Orte A, Sandal M, Clarke RW, Dunne P, 
Aprile FA, Bertoncini CW, Wood NW, Knowles TP, Dobson CM, Klenerman D: Direct observation of the 
interconversion of normal and toxic forms of alpha-synuclein. Cell 2012, 149:1048-59. 

[282] Bae EJ, Lee HJ, Rockenstein E, Ho DH, Park EB, Yang NY, Desplats P, Masliah E, Lee SJ: Antibody-
aided clearance of extracellular alpha-synuclein prevents cell-to-cell aggregate transmission. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 2012, 32:13454-69. 

[283] Ueda T, Greengard P, Berzins K, Cohen RS, Blomberg F, Grab DJ, Siekevitz P: Subcellular distribution 
in cerebral cortex of two proteins phosphorylated by a cAMP-dependent protein kinase. The Journal of cell 
biology 1979, 83:308-19. 

[284] Khodr CE, Sapru MK, Pedapati J, Han Y, West NC, Kells AP, Bankiewicz KS, Bohn MC: An alpha-
synuclein AAV gene silencing vector ameliorates a behavioral deficit in a rat model of Parkinson's disease, but 
displays toxicity in dopamine neurons. Brain research 2011, 1395:94-107. 

[285] Khodr CE, Becerra A, Han Y, Bohn MC: Targeting alpha-synuclein with a microRNA-embedded 
silencing vector in the rat substantia nigra: Positive and negative effects. Brain research 2014, 1550:47-60. 

[286] Gorbatyuk OS, Li S, Nash K, Gorbatyuk M, Lewin AS, Sullivan LF, Mandel RJ, Chen W, Meyers C, 
Manfredsson FP, Muzyczka N: In vivo RNAi-mediated alpha-synuclein silencing induces nigrostriatal 
degeneration. Molecular therapy : the journal of the American Society of Gene Therapy 2010, 18:1450-7. 

[287] Lundblad M, Decressac M, Mattsson B, Bjorklund A: Impaired neurotransmission caused by 
overexpression of alpha-synuclein in nigral dopamine neurons. Proceedings of the National Academy of 
Sciences of the United States of America 2012, 109:3213-9. 

[288] Watts JC, Giles K, Oehler A, Middleton L, Dexter DT, Gentleman SM, DeArmond SJ, Prusiner SB: 
Transmission of multiple system atrophy prions to transgenic mice. Proceedings of the National Academy of 
Sciences of the United States of America 2013, 110:19555-60. 

[289] Guo JL, Covell DJ, Daniels JP, Iba M, Stieber A, Zhang B, Riddle DM, Kwong LK, Xu Y, Trojanowski 
JQ, Lee VM: Distinct alpha-synuclein strains differentially promote tau inclusions in neurons. Cell 2013, 
154:103-17. 

[290] Olanow CW, Prusiner SB: Is Parkinson's disease a prion disorder? Proceedings of the National 
Academy of Sciences of the United States of America 2009, 106:12571-2. 

[291] Marques O, Outeiro TF: Alpha-synuclein: from secretion to dysfunction and death. Cell death & 
disease 2012, 3:e350. 

[292] Irwin DJ, Abrams JY, Schonberger LB, Leschek EW, Mills JL, Lee VM, Trojanowski JQ: Evaluation of 
potential infectivity of Alzheimer and Parkinson disease proteins in recipients of cadaver-derived human 
growth hormone. JAMA neurology 2013, 70:462-8. 



 

 

155 

[293] Brown P, Gajdusek DC, Gibbs CJ, Jr., Asher DM: Potential epidemic of Creutzfeldt-Jakob disease from 
human growth hormone therapy. The New England journal of medicine 1985, 313:728-31. 

[294] Wang Y, Shi M, Chung KA, Zabetian CP, Leverenz JB, Berg D, Srulijes K, Trojanowski JQ, Lee VM, 
Siderowf AD, Hurtig H, Litvan I, Schiess MC, Peskind ER, Masuda M, Hasegawa M, Lin X, Pan C, Galasko 
D, Goldstein DS, Jensen PH, Yang H, Cain KC, Zhang J: Phosphorylated alpha-synuclein in Parkinson's 
disease. Science translational medicine 2012, 4:121ra20. 

[295] El-Agnaf OM, Salem SA, Paleologou KE, Curran MD, Gibson MJ, Court JA, Schlossmacher MG, 
Allsop D: Detection of oligomeric forms of alpha-synuclein protein in human plasma as a potential 
biomarker for Parkinson's disease. FASEB journal : official publication of the Federation of American 
Societies for Experimental Biology 2006, 20:419-25. 

[296] Masliah E, Rockenstein E, Adame A, Alford M, Crews L, Hashimoto M, Seubert P, Lee M, Goldstein J, 
Chilcote T, Games D, Schenk D: Effects of alpha-synuclein immunization in a mouse model of Parkinson's 
disease. Neuron 2005, 46:857-68. 

[297] Mandler M, Valera E, Rockenstein E, Weninger H, Patrick C, Adame A, Santic R, Meindl S, Vigl B, 
Smrzka O, Schneeberger A, Mattner F, Masliah E: Next-generation active immunization approach for 
synucleinopathies: implications for Parkinson's disease clinical trials. Acta neuropathologica 2014. 

[298] Malagelada C, Jin ZH, Jackson-Lewis V, Przedborski S, Greene LA: Rapamycin protects against neuron 
death in in vitro and in vivo models of Parkinson's disease. The Journal of neuroscience : the official journal 
of the Society for Neuroscience 2010, 30:1166-75. 

[299] Freed C, Revay R, Vaughan RA, Kriek E, Grant S, Uhl GR, Kuhar MJ: Dopamine transporter 
immunoreactivity in rat brain. The Journal of comparative neurology 1995, 359:340-9. 

[300] Ciliax BJ, Heilman C, Demchyshyn LL, Pristupa ZB, Ince E, Hersch SM, Niznik HB, Levey AI: The 
dopamine transporter: immunochemical characterization and localization in brain. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 1995, 15:1714-23. 

[301] Kittel-Schneider S, Kenis G, Schek J, van den Hove D, Prickaerts J, Lesch KP, Steinbusch H, Reif A: 
Expression of monoamine transporters, nitric oxide synthase 3, and neurotrophin genes in antidepressant-
stimulated astrocytes. Frontiers in psychiatry 2012, 3:33. 

[302] Bruss M, Hammermann R, Brimijoin S, Bonisch H: Antipeptide antibodies confirm the topology of the 
human norepinephrine transporter. The Journal of biological chemistry 1995, 270:9197-201. 

[303] Qian Y, Melikian HE, Rye DB, Levey AI, Blakely RD: Identification and characterization of 
antidepressant-sensitive serotonin transporter proteins using site-specific antibodies. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 1995, 15:1261-74. 

[304] Sur C, Betz H, Schloss P: Immunocytochemical detection of the serotonin transporter in rat brain. 
Neuroscience 1996, 73:217-31. 

[305] Zhou FC, Xu Y, Bledsoe S, Lin R, Kelley MR: Serotonin transporter antibodies: production, 
characterization, and localization in the brain. Brain research Molecular brain research 1996, 43:267-78. 

[306] Bal N, Figueras G, Vilaro MT, Sunol C, Artigas F: Antidepressant drugs inhibit a glial 5-
hydroxytryptamine transporter in rat brain. The European journal of neuroscience 1997, 9:1728-38. 

[307] Inazu M, Takeda H, Ikoshi H, Sugisawa M, Uchida Y, Matsumiya T: Pharmacological characterization 
and visualization of the glial serotonin transporter. Neurochemistry international 2001, 39:39-49. 

[308] Sapru MK, Yates JW, Hogan S, Jiang L, Halter J, Bohn MC: Silencing of human alpha-synuclein in vitro 
and in rat brain using lentiviral-mediated RNAi. Experimental neurology 2006, 198:382-90. 

[309] Lewis J, Melrose H, Bumcrot D, Hope A, Zehr C, Lincoln S, Braithwaite A, He Z, Ogholikhan S, 
Hinkle K, Kent C, Toudjarska I, Charisse K, Braich R, Pandey RK, Heckman M, Maraganore DM, Crook J, 
Farrer MJ: In vivo silencing of alpha-synuclein using naked siRNA. Molecular neurodegeneration 2008, 3:19. 



 

 

156 

[310] Alam MI, Beg S, Samad A, Baboota S, Kohli K, Ali J, Ahuja A, Akbar M: Strategy for effective brain 
drug delivery. European journal of pharmaceutical sciences : official journal of the European Federation for 
Pharmaceutical Sciences 2010, 40:385-403. 

[311] Illum L: Transport of drugs from the nasal cavity to the central nervous system. European journal of 
pharmaceutical sciences : official journal of the European Federation for Pharmaceutical Sciences 2000, 11:1-
18. 

[312] Ali J, Ali M, Baboota S, Sahani JK, Ramassamy C, Dao L, Bhavna: Potential of nanoparticulate drug 
delivery systems by intranasal administration. Current pharmaceutical design 2010, 16:1644-53. 

[313] Cullen V, Sardi SP, Ng J, Xu YH, Sun Y, Tomlinson JJ, Kolodziej P, Kahn I, Saftig P, Woulfe J, Rochet 
JC, Glicksman MA, Cheng SH, Grabowski GA, Shihabuddin LS, Schlossmacher MG: Acid beta-glucosidase 
mutants linked to Gaucher disease, Parkinson disease, and Lewy body dementia alter alpha-synuclein 
processing. Annals of neurology 2011, 69:940-53. 

[314] Murphy KE, Gysbers AM, Abbott SK, Tayebi N, Kim WS, Sidransky E, Cooper A, Garner B, Halliday 
GM: Reduced glucocerebrosidase is associated with increased alpha-synuclein in sporadic Parkinson's disease. 
Brain : a journal of neurology 2014, 137:834-48. 



 

 

 
 
 
 
 
 

 

 

 

ANNEX



 

 



 

 

159 

 

  



 

 

160 

  



 

 

161 

 

 



 

 

162 



 

 

159 

  





 

 

  



 

 

 




