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Abstract	

	

In	addition	to	its	well-established	contribution	to	classical	clinical	manifestation,	

emerging	 evidence	 suggests	 synaptic	 degeneration	 may	 be	 an	 early	 event	 in	

neurodegeneration	in	Parkinson’s	disease	(PD).	VAMP2	(Synaptobrevin-2)	is	the	

synaptic	 vesicle	protein	 that	 forms	 the	SNARE	complex,	 the	protein	machinery	

for	 neurotransmitter	 release,	 with	 the	 presynaptic	 plasma	 membrane-resided	

proteins	 syntax-1	 and	 SNAP-25.	 The	 maintenance	 of	 sufficient	 number	 and	

functional	 conformation	 of	 VAMP2	 on	 synaptic	 vesicles	 is	 tightly	 regulated	 for	

proper	 neurotransmitter	 release,	 and	 its	 dysfunction	 may	 contribute	 to	

neurological	diseases.	 	

By	using	immunohistochemistry	and	immunoblot,	we	identified	the	N-terminally	

truncated	 VAMP2	 (tVAMP2),	 but	 not	 the	 full-length	 VAMP2	 (fVAMP2),	 as	 an	

important	 component	 of	 Lewy	 bodies	 isolated	 from	 brains	 of	 PD	 and	 DLB	

(Dementia	with	Lewy	bodies),	and	 tVAMP2	positive-stained	Lewy	bodies	 (LBs)	

and	 Lewy	 neurites	 (LNs)	 were	 detected	 in	 various	 regions	 of	 PD	 brain.	 This	

robust	immunoreactivity	of	tVAMP2	in	Lewy	pathologies	was	comparable	to	that	

of	 α-synuclein,	 the	 prominent	 component	 of	 Lewy	 bodies	 and	 Lewy	 neurites,	

both	 of	 which	 were	 pathological	 characteristics	 of	 PD	 and	 DLB.	 Furthermore,	

using	 immunofluorescence	 double-staining,	 we	 showed	 co-localization	 of	

tVAMP2	 and	 α-synuclein	 in	 Lewy	 bodies	 and	 Lewy	 neurites,	 suggesting	 their	

synergetic	effect	on	the	formation	of	Lewy	bodies	and	Lewy	neurites.	Finally,	in	

purified	 Lewy	 bodies	 from	 PD	 and	 DLB	 brains,	 the	 presence	 of	 two	 human	

VAMP2	fragments	(aa32-47	and	aa60-83)	was	confirmed	by	mass	spectrometry,	

while	 a	 large	 peptide	 at	 the	 N-terminus	 (aa2-30)	 was	 undetectable.	 These	

findings	 indicated	 the	 unique	 value	 of	 tVAMP2	 in	 understanding	 the	

pathogenesis	and	pathological	diagnosis	of	PD	and	DLB.	Further	experiments	are	

required	to	identify	the	N-terminal	truncation	site.	 	
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Chapter	1	

Introduction	

1.1 Parkinson’s	Disease	(PD)	
	
1.1.1 Epidemiology	and	Definition	of	PD	
	

Parkinson’s	 Disease	 (PD)	 is	 the	 second	 most	 frequent	 neurodegenerative	

disorder	 after	 Alzheimer’s	 Disease	 and	 affects	 approximately	 7	million	 people	

around	the	world,	most	of	which	are	elderly	people	above	the	age	of	50,	with	a	

prevalence	of	approximately	1%	at	age	65	and	nearly	5%	at	age	85	[1,	2].	PD	is	a	

progressive	 systematic	 neurodegenerative	 disorder	 disrupting	 central	 and	

peripheral	 nervous	 systems	 and	 many	 other	 organs	 (e.g.	 spinal	 cord,	

sympathetic	 and	 parasympathetic	 ganglia	 and	 plexuses,	 the	 intramural	 enteric	

nervous	 system,	 the	 cardiac	 nervous	 system,	 submandibular	 gland,	 adrenals,	

retina,	 skin,	 and	 other	 visceral	 organs)[3-11]	 involving	 remarkably	 selective	

neural	circuits	throughout	the	course	of	the	disease.	There	are	two	forms	of	PD	

which	 are	 differentiated	 by	 fundamental	 molecular	 and	 genetic	 factors.	 The	

familial	 form	 is	 usually	 early-onset	 PD,	 in	 which	 gene	 mutations	 have	 been	

identified,	whereas	 the	 sporadic	 form	 is	often	 late-onset	PD,	which	 is	 the	most	

frequent	 type	of	 the	disease[12].	 PD	 can	be	diagnosed	at	 any	 age	with	 a	mean	

duration	 of	 15	 years	 from	diagnosis	 till	 death[13],	 and	 the	 onset	 of	 symptoms	

may	 precede	 clinical	 recognition	 by	 many	 years[14].	 Consistent	 with	 the	

pathology	 of	 the	 disease,	 its	 manifestations	 include	 motor	 and	 non-motor	

symptoms.	 The	motor	 symptoms,	 which	 are	 distinctive	 clinically	 and	 respond	

well	 to	dopamine	 replacement	 therapy,	 are	 the	 result	 of	 death	of	 a	 substantial	

number	 of	 dopaminergic	 neurons	 in	 the	 substantia	 nigra	 (SN)	 of	 midbrain,	

especially	the	ventral	part	of	 the	pars	compacta,	resulting	 in	dysfunction	of	 the	

basal	 ganglia,	 a	 cluster	 of	 deep	 nuclei	 that	 participate	 in	 the	 initiation	 and	

execution	 of	 movements[15].	 However,	 the	 cause	 of	 neuronal	 death	 has	
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remained	unclear	till	now.	The	clinical	diagnosis	of	PD	is	principally	based	on	the	

presence	 of	 one	 or	 more	 of	 the	 four	 most	 common	 motor	 symptoms	 of	 the	

disease,	 also	 called	 primary	 motor	 symptoms,	 including	 resting	 tremor,	

bradykinesia	(slow	movement),	rigidity	(increased	muscular	tone)	and	postural	

instability[16].	 Parkinsonism	 (also	 known	 as	 Parkinsonian	 Syndrome,	 atypical	

Parkinson’s,	or	secondary	Parkinson’s)	is	a	neurological	syndrome	characterized	

by	 the	 above	 four	 main	 motor	 symptoms.	 Parkinsonian	 syndromes	 can	 be	

classified	 into	 four	 subtypes:	 idiopathic,	 acquired	 (e.g.	 cerebrovascular	 injury	

and	 medication	 induction),	 hereditary	 parkinsonism,	 and	 multiple	 system	

degeneration.	 In	 addition,	 PD	 patients	 may	 also	 experience	 other	 secondary	

motor	 symptoms	 including	 gait	 impairment	 (freezing	 of	 gait),	 micrographia,	

mask-like	expression	and	unwanted	accelerations[16].	Furthermore,	as	a	result	

of	 the	 interference	with	 the	 peripheral	 nervous	 systems,	 PD	 patients	 are	 very	

likely	 to	 suffer	 from	 some	 non-motor	 symptoms	 such	 as	 constipation[17],	

dementia[18],	 impaired	 olfaction	 (loss	 of	 sense	 of	 smell),	 REM	 (rapid	 eye	

movement)	 behavior	 disorder,	 mood	 disorders,	 orthostatic	 hypotension	 and	

depression[16].	These	non-motor	symptoms	can	be	found	in	different	systems	of	

the	 body	 involving	 sensory,	 autonomic,	 emotional,	 behavioral	 and	 cognitive	

functions	 sometimes	 long	 before	 the	 occurrence	 of	 the	 motor	 symptoms.	

However,	 they	are	often	unrealized	or	 ignored	by	patients	 in	 the	early	stage	of	

the	disease,	and	become	 important	contributors	 to	overall	disability,	especially	

in	the	late	stage,	due	to	the	fact	that	most	of	them	show	little	or	even	no	response	

to	dopamine	replacement	therapy[19].	

	

1.1.2 Pathological	Characteristic	of	PD	
	

The	 defining	 and	 widely-accepted	 pathological	 characteristic	 of	 PD	 is	 the	

formation	 and	 development	 of	 Lewy	 bodies	 (LBs)	 and	 Lewy	 neurites	 (LNs)	 in	

selective	 brain	 regions	 and	 peripheral	 nervous	 system,	 with	 or	 without	
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substantial	neuronal	 loss	or	gliosis[20].	There	are	 two	types	of	Lewy	bodies.	1.	

Classic	Lewy	bodies	are	 intracytoplasmic	spherical	neuronal	 inclusions	8-30μm	

in	 diameter	 with	 a	 hyaline	 eosinophilic	 core,	 concentric	 lamellar	 bands	 and	 a	

narrow	pale-staining	halo.	It	stains	strongly	for	α-synuclein	which	aggregates	to	

form	 the	 fibrillar	 core[21].	 2.	 Cortical	 Lewy	 bodies	 are	 eosinophilic,	 rounded,	

angular,	 or	 reniform	 structures	without	 a	 halo.	 The	 anatomical	 distribution	 of	

Lewy	 bodies	 and	 Lewy	 neurites	 and	 the	 progression	 of	 striatal	 dopaminergic	

neurons	 hypofunction	 led	 to	 a	 reduction	 of	 tyrosine	 hydroxylase	 (TH),	 the	

rate-limiting	enzyme	of	dopamine	synthesis	which	is	usually	strongly	correlated	

to	 the	 manifestation,	 duration	 and	 severity	 of	 clinical	 symptoms	 of	

individuals[22].	 Conversely,	 in	 the	 earlier	 stages	 of	 the	 disease,	 dopamine	

depletion	may	trigger	an	 increase	 in	dopaminergic	cells	 in	the	striatum[23,	24]	

as	well	 as	 the	olfactory	bulb	 [25],	 acting	 as	 a	 compensatory	mechanism.	Being	

the	 hallmarks	 of	 PD	 and	 other	 synucleinopathies,	 Lewy	 bodies	 and	 Lewy	

neurites	are	morphologically	unique	intraperikaryal	and	intraneuritic	inclusions	

consisting	 of	 numerous	 proteins,	 with	 α-synuclein	 as	 the	 prominent	

component[26].	 The	prominence	of	α-synuclein	 in	 Lewy	bodies	may	be	due	 to	

the	 fact	 that	α-synuclein	antibodies	are	 the	most	sensitive	probes	 for	detecting	

Lewy	 bodies	 and	 Lewy	 neurites	 and	 that	 its	 gene	 (SNCA)	 mutations	 and	

multiplications	 are	 linked	 to	 familial	 PDs.	 Alpha-synuclein	 pathology	 has	 been	

recognized	 in	much	 of	 the	 neuraxis	 other	 than	 substantia	 nigra,	 including	 the	

peripheral	cutaneous	nerves,	autonomic	nervous	system,	enteric	nervous	system,	

spinal	 cord,	 lower	 brainstem	 (dorsal	 motor	 nucleus	 of	 the	 vagus),	 limbic	

structures	 (amygdala	 and	 hippocampus),	 and	 neocortex[5].	 There	 are	 several	

other	PD-susceptibility	genes,	including	the	microtubule-associated	protein	Tau	

gene	 (MAPT)[27],	 the	 glucocerebrosidase	 gene	 (GBA)[28],	 and	 the	 leucine-rich	

repeat	 kinase	 2	 gene	 (LRRK2)[29],	 which	 may	 also	 contribute	 to	 the	

pathogenesis	 of	 PD	 together	with	 SNCA.	 Lewy	 bodies	 also	 contain	many	 other	
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proteins	 such	 as	 ubiquitin	 (Ub)	 and	 phosphorylated	 neurofilaments,	 but	 their	

roles	 in	 the	 etiology	 of	 Parkinson’s	 disease	 remain	 to	 be	 elucidated[30].	

According	 to	 the	Braak	 staging[31]	 of	 PD	pathology,	which	 is	 based	on	 careful	

postmortem	 analysis,	 Lewy	 bodies	 first	 appear	 in	 the	 olfactory	 bulb,	 medulla	

oblongata	and	pontine	tegmentum,	with	individuals	being	asymptomatic	at	this	

stage.	 As	 the	 disease	 progresses,	 Lewy	 bodies	 then	 spread	 from	 the	 lower	

brainstem	 (dorsal	motor	 nucleus	 of	 vagus	 and	 raphe	 nucleus	 locus	 coeruleus)	

(stage	 1-2)	 to	 the	 midbrain	 substantia	 nigra	 pars	 compacta	 (SN)	 (stage	 3),	

progressing	 to	supratentorial	compartment	(amygdala,	nucleus	of	meynert	and	

Hippocampus)	 (stage	 4)	 and	 eventually	 in	 the	 neocortex	 (cingulate	 cortex,	

temporal	cortex,	frontal	cortex,	parietal	cortex	and	occipital	cortex)	(stage	6)[20].	

As	a	result,	dopamine	production	becomes	insufficient	in	certain	neurons	within	

parts	of	the	midbrain.	Therefore,	treatments	for	PD	are	mainly	through	the	use	of	

L-dopa	and	dopamine	agonists.	

	

1.2 Other	synucleopathic	neurodegenerative	disorders	

	

1.2.1 Dementia	with	Lewy	bodies	(DLB)	

	

Dementia	 with	 Lewy	 bodies	 (DLB)	 is	 a	 progressive	 degenerative	 dementia	

dominantly	 affecting	 elderly	 people.	 An	 epidemiologic	 research	 study	 among	 a	

American	general	population	showed	that	the	incidence	rate	of	DLB	was	3.5	per	

100,000	person-years	overall	and	increased	dramatically	with	age	and	markedly	

higher	in	men[32].	 	

The	clinical	 symptoms	of	dementia	with	Lewy	bodies	overlap	with	Alzheimer’s	

disease	 (caused	 by	 loss	 of	 cholinergic	 neurons)[33]	 and	 Parkinson’s	 disease	

(caused	by	death	of	dopaminergic	neurons)[34].	 Its	primary	manifestation	 is	 a	

decline	 in	 cognition,	 which	 can	 cause	 persistent	 or	 recurring	 visual	
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hallucinations,	with	REM	sleep	behavior	disorder	(RBD)	as	a	symptom	often	first	

recognized	by	the	carer	for	the	patient.	Other	symptoms	of	DLB	include	changes	

in	 thinking	 and	 reasoning,	 fluctuating	 confusion	 and	 alertness,	 and	 memory	

loss[35].	 The	 time	 frame	 in	 which	 dementia	 symptoms	 appear	 relative	 to	

Parkinson	symptoms	is	the	diagnostic	criteria	for	distinguishing	DLB	from	PD.	If	

the	dementia	onset	is	more	than	one	year	after	Parkinson	symptoms,	the	patient	

will	be	diagnosed	Parkinson’s	disease	with	dementia	(PDD),	otherwise,	if	both	of	

these	two	symptoms	happen	at	the	same	time	or	within	one-year	time	frame,	the	

diagnosis	will	be	DLB[36].	The	anatomical	pathological	characterization	of	DLB	

is	 the	presence	 of	 Lewy	bodies	 and	 the	 aggregation	 of	 α-synuclein	 in	 neurons,	

which	 are	 detectable	 in	 post	 mortem	 brain	 histology.	 Therefore	 DLB	 is	 also	

classified	as	a	synucleopathic	neurodegenerative	disorder.	 	

Treatment	 of	 DLB	 is	 mainly	 aimed	 at	 symptom	 management.	 For	 example,	

acetylcholinesterase	inhibitors,	such	as	donepezil,	rivastigmine	and	galantamine,	

are	often	used	as	 the	 first-line	 therapy	 for	 cognitive	 symptoms	of	DLB[37,	38].	

The	 treatment	 for	 motor	 symptoms	 of	 DLB	 relies	 on	 dopamine	 replacement	

therapy	through	the	use	of	L-dopa.	

	

1.2.2 Multiple	System	Atrophy	(MSA)	

	

Multiple	 system	 atrophy	 (MSA)	 is	 a	 sporadic,	 progressive	 degenerative	

neurological	 disorder.	 The	 incidence	 rate	 of	 the	 disease	 is	 about	 0.6-0.7	 per	

100,000	person-years	among	 the	European	general	populations[39,	40],	 and	 is	

more	common	in	men	than	in	women	with	the	ratios	ranging	from	1.4:1[41]	to	

1.9:1[42].	 	

MSA	 usually	 progresses	more	 quickly	 than	 Parkinson’s	 disease.	 An	 analysis	 of	

230	Japanese	patients	demonstrated	that	the	median	time	from	initial	symptom	

to	 combined	motor	 and	 autonomic	 dysfunction	was	 only	 2	 years,	 and	patients	
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with	both	of	these	two	aspects	present	within	3	years	of	onset	had	a	significantly	

shorter	 survival[43].	 MSA	 can	 be	 classified	 into	 two	 clinicopathological	

phenotypes:	 predominantly	 parkinsonism	 (MSA-P)	 and	 predominantly	

cerebellar	ataxia	(MSA-C).	The	most	common	initial	presentation	of	the	disease	

is	 the	 appearance	 of	 an	 “akinetic-rigid	 syndrome”,	 which	 means	 slowness	 of	

initiation	of	movement.	Other	common	manifestations	of	MSA	include	autonomic	

dysfunction	 such	 as	 genitourinary	 problems	 (erectile	 dysfunction,	 urinary	

incontinence	 or	 retention,	 constipation)[44];	 parkinsonism	 (muscle	 rigidity,	

tremor	 and	 slow	 movement)	 and	 cerebella	 ataxia	 (poor	 coordination,	

unbalanced	 walking)[45].	 The	 definitive	 diagnosis	 can	 only	 be	 made	

pathologically	 by	 finding	 abundant	 glial	 cytoplasmic	 inclusions	 (GCIs)	 in	 the	

central	 nervous	 system[46,	 47],	 and	 α-synuclein	 is	 the	 major	 component	 of	

GCIs[48].	 So	 together	 with	 PD	 and	 DLB,	 MSA	 also	 belongs	 to	 the	

synucleinopathies.	 The	 treatment	 mainly	 focuses	 on	 controlling	 symptoms.	

L-dopa	replacement	 is	reported	effective	 in	about	30%	of	patients	with	MSA-P,	

whereas	there	is	no	therapy	known	to	be	effective	in	treating	MSA-C[49].	

	

1.3 α-synuclein	and	its	role	in	PD	

	

1.3.1 Biological	structure	of	α-synuclein	

	

Synucleins	 are	 ubiquitous	 presynaptic	 proteins,	 namely	 α,	 β,	 γ-	 Synucleins,	

encoded	 by	 three	 genes	 (SNCA,	 SNCB	 and	 SNCG)	 in	 humans	 [50].	 These	

synucleins	have	a	common	N-terminal	sequence	containing	a	varying	number	of	

repeat	regions,	and	they	differ	in	the	C-terminal	part	[51].	Although	in	the	same	

gene	 family,	 they	 function	 differently.	 Alpha-synuclein	 is	 identified	 as	 a	

participant	 in	 neurodegeneration-related	 diseases;	 β-synuclein	 is	 associated	

with	neurofibrillary	lesions	in	Alzheimer's	disease	and	hippocampal	pathology	in	
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PD	 and	DLB	 (Dementia	with	 Lewy	bodies)	 but	 not	 found	 in	 Lewy	bodies	 [52],	

and	is	thought	to	inhibit	α-synuclein	aggregation	[53];	while	γ-synuclein	may	be	

involved	in	the	progression	of	many	types	of	cancer[54].	 	

There	are	three	human	α-synuclein	isoforms	of	which	the	full-length	isoform	is	

the	 most	 important	 and	 widely	 expressed	 [55].	 Full-length	 α-synuclein	 is	 an	

abundant	14.46	kDa	neuronal	protein	and	is	composed	of	140	amino	acids.	 	 It	is	

localized	 in	 presynaptic	 terminals	 where	 it	 exists	 in	 equilibrium	 between	 a	

soluble,	unfolded,	monomeric	cytosolic	state,	and	an	α-helical	folded,	multimeric	

membrane-bound	state[56-60].	However,	α-synuclein	is	also	capable	of	forming	

a	β-pleated	sheet	conformation	that	favors	polymerization	and	aggregation	into	

fibrils[61].	Evidence	provided	from	disease-causing	mutations,	A53T	and	E46K,	

showed	increased	rates	of	fibril	formation	in	vitro,	whose	structure	is	similar	to	

that	of	the	aggregated	α-synuclein	detected	in	Lewy	bodies[62,	63].	α-synuclein	

contains	 an	N-terminal	 amphipathic	 amino-terminal	 domain	 (residues	 1-60),	 a	

hydrophobic	 central	 core	 (the	nonamyloid	 component	 [NAC]	 region)	 (residues	

61-95),	 and	 a	 negatively	 charged	 proline-enriched	 acidic	 C	 terminus	 (residues	

96-140)[62].	The	N-terminal	domain	has	seven	11-residue	repeats	that	can	fold	

into	 alpha	helices	 and	 is	 highly	 conserved	among	 species	 [64].	 It	 also	 contains	

three	familial	PD	point	mutations	(A30P,	A53T	and	E46K)	[51].	

	

1.3.2 Biological	function	of	α-synuclein	

	

α-synuclein	 is	 expressed	 throughout	 the	 central	 nervous	 system	 (CNS).	 One	

relatively	well-studied	function	of	α-synuclein	is	its	role	in	assisting	the	release	

of	 neurotransmitter	 from	 synapses	 by	 acting	 as	 a	 chaperone	 for	 the	 synaptic	

vesicle	 protein	 Synaptobrevin-2	 (also	 known	 as	 vesicle	 associated	 membrane	

protein	 2,	 VAMP2),	 to	 form	 the	 SNARE	 (SNAP	 (Soluble	
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N-ethylmaleimide-sensitive	factor	[NSF]	Attachment	Protein)	REceptor)	complex,	

which	 mediates	 docking	 of	 synaptic	 vesicles	 with	 the	 presynaptic	 membrane	

during	 membrane	 fusion	 and	 endocytosis	 of	 synaptic	 vesicles[65].	 The	

maintenance	of	active	conformation	of	VAMP2	and	sufficient	number	of	synaptic	

vesicles	 is	 critical	 to	 the	 regulation	 of	 neurotransmitter	 release.	 A	 10-fold	

reduction	 in	 spontaneous	 synaptic	 vesicle	 fusion	 was	 observed	 in	 VAMP2	

knockout	mice[66].	Hence,	we	hypothesized	that	the	dysfunction	of	VAMP2	may	

contribute	to	the	neurodegenerative	diseases	including	PD.	

In	 the	 formation	 of	 SNARE	 complexes	 in	 presynaptic	 terminals,	 α-synuclein	

functions	as	a	molecular	 chaperone	of	VAMP2	by	binding	 to	 the	N-terminal	28	

amino	 acids	 sequence	 of	 VAMP2	 via	 its	 40-residue	 highly	 acidic	 C-terminus	

binding	domain.	Simultaneously,	α-synuclein	binds	to	phospholipids	(negatively	

charged	 anionic	 lipids)	 in	 the	 plasma	 membrane	 via	 its	 amphipathic	

positively-charged,	100-residue	N-terminus	binding	domain	 [67].	 Furthermore,	

Burre	 et	 al.	 recently	 demonstrated	 that	 it	was	 the	membrane-bound	 state	 and	

not	the	cytosolic	unfolded	state	of	α-synuclein	that	acts	as	a	SNARE	chaperone,	

and	 membrane	 binding	 causing	 α-synuclein	 to	 form	 functionally	 active	

multimers	 larger	 than	 octamers	 on	 the	 membrane	 surface.	 Also,	 the	 synaptic	

vesicles	which	α-synuclein	was	stably	associated	with	had	to	be	those	docked	to	

the	 presynaptic	 plasma	membrane	 and	 engaged	 in	 SNARE	 complex	 formation	

[68].	

	

1.3.3 Evidence	of	α-synuclein	in	the	neuropathology	in	PD	

	

Recent	data	suggests	 that	 the	pathology	of	neurodegeneration	process	 in	PD	 is	

primarily	 due	 to	 α-synuclein	 aggregation	 related-synapse	 dysfunction	 or	 axon	

degeneration	rather	than	neuronal	loss[69,	70].	α-synuclein	showed	a	significant	

role	 in	 the	 early	 onset	 of	 PD	 due	 to	 the	 observation	 that	 the	 missense	 point	
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mutations	 (A30P,	E46K,	A53T,	H50Q,	and	G51D)	 [71-75],	 and	duplications	and	

triplications	 of	 the	 gene	 that	 encodes	 α-synuclein	 (SNCA)[76,	 77]	 may	 cause	

α-synuclein	 to	 form	 amyloid-like	 fibrils	 in	 the	 pathology	 of	 PD.	 In	 addition,	

multiplications	 of	 α-synuclein	 have	 been	 found	 in	 asymptomatic	 carriers	 and	

accounted	 for	 approximately	 2%	of	 familial	 cases[78].	 Furthermore,	 instead	 of	

soluble	 and	 non-phosphorylated	 α-synuclein,	 high	 concentrations	 of	 insoluble	

and	 lipid-associated	 phosphorylated	 α-synuclein	 at	 Ser129	 (which	 caused	

conformational	 changes	 of	 α-synuclein,	 promoted	 fibril	 formation[79]	 and	

induced	unfolded	protein-mediated	cell	death[80])	were	found	accumulating	 in	

intracytoplasmic	 Lewy	 bodies	 and	 dystrophic	 Lewy	 neurites,	 the	 hallmarks	

observed	 in	 PD	 as	 well	 as	 other	 synucleinopathic	 neurodegenerative	 diseases	

including	 Alzheimer’s	 disease	 (AD),	 multiple	 system	 atrophy	 (MSA)	 and	

dementia	 with	 Lewy	 bodies	 (DLB)	 [26,	 81-84].	 This	 suggests	 that	 α-synuclein	

pathology	 might	 not	 be	 caused	 by	 α-synuclein	 accumulation	 but	 rather	 by	

conformational	changes	in	α-synuclein.	 	

PD	not	only	 involves	 in	 the	central	nervous	system,	but	 is	also	associated	with	

changes	 to	 the	 peripheral	 nervous	 system	 including	 the	 enteric	 nervous	

system[85].	 It	 has	 been	 shown	 that	 the	 expression	 of	 α-synuclein	 varies	 in	

different	 regions	 of	 the	 central	 nervous	 system[86].	 However,	 it	 is	 not	 clear	

whether	 its	 expression	 differs	 within	 different	 parts	 of	 organs	 other	 than	 the	

brain,	 such	 as	 the	 gut.	 Our	 group	 recently	 reported	 that	 α-synuclein	 was	

selectively	 expressed	 in	 the	 axons	of	 cholinergic	 enteric	 neurons	 in	 the	 guinea	

pig	 ileum,	 rectum	 and	 human	 colon,	 which	 was	 related	 to	 the	 expression	 of	

synaptic	 vesicle	 proteins	 including	 VAMP2,	 synaptophysin,	 synaptagmin-1,	

25-kDa	 synaptosomal-associated	 protein	 (SNAP-25)	 and	 cysteine	 string	

protein-α	 (CSPα)	 in	 axons[87,	 88].	 These	 findings	 may	 help	 to	 explain	 the	

mechanism	 of	 the	 gastrointestinal	 dysfunction	 which	 occurs	 in	 PD	 patients,	

which	 could	 be	 responsible	 for	 the	 frequent	 non-motor	 symptoms	 including	
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constipation.	 However,	 it	 was	 shown	 that	 α-synuclein	 deficiency	 did	 not	

contribute	 to	 the	 compartment-specific	 processes	 in	 prion	disease	 progression	

that	mediated	synaptotoxicity	and	neurodegeneration[89].	 	

Moreover,	a	variety	of	mechanisms	were	put	forward	to	explain	the	pathology	of	

α-synuclein	in	PD.	It	was	found	that	in	the	brain	of	Parkinson’s	disease,	there	was	

cross-talk	 between	 tissue	 transglutaminase	 (tTG)	 and	 α-synuclein	 monomers,	

oligomers	 and	 aggregates[90],	 also,	 α-synuclein	 aggregate	 formation	 could	 be	

stimulated	 by	 increased	 calcium[91].	 Meanwhile,	 it	 was	 reported	 that	 glucose	

starvation-induced	 fibrillary	 aggregated	 α-synuclein	 influenced	 dopamine	

transporter	 (DAT)	 in	 dopaminergic	 cells,	 accompanied	 by	 dopaminergic	 cell	

death[92].	Recent	studies	also	provided	evidence	that	α-synuclein	plays	a	critical	

role	 in	 the	 initiation	 and	 maintenance	 of	 inflammation	 in	 PD[93],	 and	

neuroinflammatory	 reactions	 contributed	 to	 the	 progressive	 degenerative	

process[94].	 The	 α-synuclein	 pathology	 may	 also	 involve	 the	 interaction	

between	α-synuclein	 and	other	proteins	 such	 as	Tau	proteins.	 Alpha-synuclein	

has	been	shown	to	stimulate	GSK-3β	(glycogen	synthase	kinase	3β)	induced	Tau	

hyperphosphorylation	into	its	pathologic	form[95-97],	thus	causing	microtubule	

instability	that	leads	to	loss	of	dopaminergic	neurons	in	the	PD	brains[98].	Also,	

α-synuclein	 and	Tau	were	 found	 co-localized	 in	 Lewy	bodies[99],	 suggesting	 a	

molecular	mechanism	in	the	pathology	of	PD.	

	

1.4 VAMP2	and	other	SNARE	proteins	

	

1.4.1 Classifications	of	SNARE	proteins	

	

SNARE	proteins	are	small	ubiquitous	proteins	in	a	large	superfamily	containing	

more	 than	 60	 members	 and	 have	 been	 found	 in	 organisms	 from	 yeast	 to	

mammalian	cells.	The	structure	and	size	of	these	proteins	can	vary	dramatically,	
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however	 they	 share	a	 characteristic	 segment	 in	 their	 cytosolic	domain	called	a	

SNARE	 motif,	 which	 consists	 of	 60-70	 amino	 acids[100]	 that	 can	 facilitate	

spontaneous	 and	 reversible	 assembly	 of	 t-SNARE	 and	 v-SNARE	 proteins	 into	

four-α-helix	 bundles	 called	 trans-SNARE	 complexes	 (also	 known	 as	

SNAREpins)[101],	whereas	the	 individual	SNARE	proteins	are	always	unfolded.	

The	 predominant	 role	 of	 SNARE	 complexes	 is	 to	 execute	 and	 regulate	 vesicle	

fusion	 with	 the	 target	 compartment	 followed	 by	 the	 exocytosis	 of	 the	

intracellular	 cargo.	 According	 to	 the	 difference	 in	 localization,	 SNARE	 proteins	

are	 thereby	 classified	 into	 two	 categories,	 vesicle	 or	 v-SNARE	 and	 target	 or	

t-SNARE	(table	1).	v-SNAREs	are	generally	incorporated	into	the	membranes	of	

transport	 vesicles,	 while	 t-SNAREs	 are	 mainly	 located	 in	 the	 membranes	 of	

target	 compartments.	 Another	 classification	 is	 based	 on	 their	 structural	

characteristics,	 dividing	 SNARE	 proteins	 into	 R-SNAREs	 and	 Q-SNAREs.	

R-SNAREs	and	Q-SNAREs	are	proteins	providing	arginine	(R)	and	glutamine	(Q)	

residues	 from	 a	 specific	 location	 within	 the	 primary	 sequence	 of	 the	 protein	

respectively	 to	 form	 the	 zero	 ionic	 layers	 in	 the	 assembled	 core	 SNARE	

complexes.	Four	SNARE	motifs	have	been	identified	(referred	to	as	R-,	Qa-,	Qb-	

and	Qc-SNARE	motifs)[100].	The	four-α-helix	bundle	of	SNARE	complex	contains	

one	 motif	 of	 each	 R/Q	 class	 (called	 R/Q-rule),	 with	 R-SNAREs	 usually	

corresponding	to	v-SNAREs,	while	Q-SNAREs	correspond	to	t-SNAREs.	

Table	1-1:	Classifications	of	SNARE	proteins	

Classification	

1	

Classification	

2	

Location	 Residue	

provided	

Representative	

Proteins	

v-SNARE	 R-SNARE	 Membranes	of	

transport	vesicles	

Arginine	

(R)	

synaptobrevin/	

VAMP2	

t-SNARE	 Q-SNARE	 Membranes	of	target	

compartments	

Glutamine	

(Q)	

Syntaxin	1,	

Syntaxin	4	
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SNAP-25,	SNAP-23	

	

1.4.2 VAMP2	and	other	SNARE	complex	components	

	

VAMP2	(vesicle	associated	membrane	protein	2),	also	known	as	synaptobrevin-2,	

is	a	member	of	the	vesicle-associated	membrane	protein	(VAMP)/synaptobrevin	

family.	 It	 is	 a	 critical	 SNARE	 protein	 participating	 in	 the	 membrane	 fusion	 in	

many	 important	 internal	 processes	 including	 neurotransmitter	 release	 and	

insulin	 secretion.	 Mice	 lacking	 a	 functional	 VAMP2	 gene	 cannot	 survive	 after	

birth,	and	have	a	significant	 reduction	 in	synaptic	 transmission	 [66].	VAMP2	 is	

classified	as	a	R-SNARE	protein	or	a	v-SNARE	protein.	Structurally,	VAMP2	is	a	

single	 transmembrane	 synaptic	 vesicle	 protein	 composed	 of	 a	 relatively	 short	

cytoplasmic	proline-rich	N-terminal	domain	of	31	amino	acid	residues,	a	SNARE	

motif	 (residues	 32-84),	 and	 a	 transmembrane	 (TM)	 domain	 (95-116)	 at	 the	

C-terminus	 [102].	 SNARE	 mediated	 membrane	 fusion	 is	 a	 process	 involving	

multiple	steps:	docking,	hemifusion	and	full	(complete)	fusion.	VAMP2	has	been	

identified	to	participate	in	neurotransmitter	release	at	a	stage	between	docking	

and	 fusion.	 In	 order	 to	 release	 neurotransmitter,	 VAMP2	 associates	 with	 two	

other	presynaptic	transmembrane	t-SNARE/Q-SNARE	proteins,	namely	syntaxin	

and	 SNAP-25,	 to	 form	 trans-SNARE	 complexes	 between	 synaptic	 vesicle	 and	

presynaptic	 membrane.	 The	 formation	 of	 trans-SNARE	 complexes	 makes	

synaptic	 vesicles	 competent	 for	 fusion	 with	 the	 membrane,	 and	 subsequently	

facilitates	 exocytosis	 of	 neurotransmitter	 [103-105].	 Meanwhile,	 VAMP2	 also	

forms	 a	 distinct	 complex	 with	 synaptophysin.	 Grey	 et	 al.	 found	 that	 several	

synaptic	vesicle	membrane	associated	proteins	including	VAMP2,	synaptophysin	

and	 the	 chaperone	 protein	 CSP	 (cysteine	 string	 protein)	 showed	 reduced	

expression	 in	 the	 progress	 of	 synaptic	 degeneration	 [106].	 Outside	 the	 SNARE	

complex,	 VAMP2	 exists	 as	 monomers	 and	 dimers,	 whereas	 disruption	 of	 its	
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dimerization	does	not	 affect	 its	 SNARE-dependent	 fusion	activity	 [107].	Hence,	

the	role	of	its	dimerization	remains	unclear.	

Syntaxins	are	a	family	of	membrane-integrated	Q-SNARE	proteins	with	a	single	

C-terminal	transmembrane	domain,	a	SNARE	domain	(known	as	H3	domain)	and	

an	 N-terminal	 regulatory	 domain	 (known	 as	 Habc	 domain).	 The	 H3	 domain	

binds	 to	both	 SNAP-25	and	VAMP2	 to	 form	 the	 core	 SNARE	 complex,	whereas	

the	 three	 α-helices	 of	 Habc	 domain	 can	 form	 an	 inactive	 closed	 syntaxin	

conformation	which	 is	 stabilized	by	binding	 to	SM	 (Sec1/Munc18-like)	protein	

Munc	 18-1.	 Moreover,	 syntaxins	 bind	 synaptotagmin	 via	 H3	 domain	 in	 a	

Ca2+-dependent	manner	in	the	late	stage	of	membrane	fusion.	 	

SNAP-25	 is	 a	 membrane-bound	 t-SNARE	 protein	 anchored	 to	 the	 cytosolic	

membrane	 via	 palmitoyl	 side	 chains	 in	 the	 middle	 of	 the	 molecule.	 SNAP-25	

contributes	 two	α-helices	 in	 the	 formation	of	 trans-SNARE	complex	 in	neurons	

with	 another	 two	α-helices	provided	by	 syntaxin	1	 and	VAMP2	 respectively	 to	

facilitate	the	synaptic	vesicle	fusion	with	the	plasma	membrane	[108].	SNAP-25	

also	interacts	with	synaptotagmin	through	its	C2B	domain	in	a	Ca2+-independent	

manner[109].	

	

1.4.3 The	cleavage	of	SNARE	proteins	by	neurotoxins	

	

SNARE-mediated	docking	of	 synaptic	vesicles	with	 the	presynaptic	membranes	

are	 the	 targets	 of	 bacterial	 neurotoxins	 responsible	 for	 botulism	 and	 tetanus	

which	 are	 acting	 as	 specific	 proteases	 that	 inhibit	 synaptic	 vesicle	 fusion	

[110-112].	 That	 is	 to	 say,	 Tetanus	 neurotoxin	 (TeNT)	 and	 seven	 botulinal	

neurotoxins	 (BONT/A	 to	 BONT/G)	 can	 work	 as	 inhibitors	 of	 synaptic	 vesicle	

exocytosis	in	nerve	endings	[113,	114]	by	acting	as	endopeptidases	and	cleaving	

the	 SNARE	 proteins	 which	 in	 turn	 blocks	 the	 formation	 of	 the	 synaptic	

vesicle-docking	 fusion	complex,	 inhibiting	neurotransmitter	release	 from	nerve	
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endings	[115-117].	Based	on	the	different	sensitivity	to	BONTs,	the	VAMP	family	

can	 be	 classified	 into	 two	 isoforms:	 toxin-sensitive	 isoform	 (VAMP2)	 and	

toxin-insensitive	 isoform	 (VAMP7)	 [118]	 (table	1-2).	However,	the	neurotoxins	

only	attack	the	free,	but	not	the	complexed	SNARE	proteins,	suggesting	that	the	

association	 among	 VAMP2,	 syntaxin	 1	 and	 SNAP-25	 is	 quite	 stable	 and	

defensible[119].	

	

Table	 1-2:	 Neurotoxins	 act	 as	 endopeptidases	 to	 cleave	 SNARE	 proteins	

(species:	rat)	[114]	

Neurotoxin	 Target	protein	 Peptide	Bond	of	Cleavage	 SNARE	Motif	required	

BONT/A	 SNAP-25	 Gln197-Arg198	 S1,S2,S3	or	S4	

BONT/B	 VAMP2	 Gln76-Phe77	 V2	motif	

BONT/C	 Syntaxin,	

SNAP-25	

Lys254-Ala255	(Syntaxin	1A)	

Lys253-Ala254	(Syntaxin	1B)	

Arg198-Ala199	(SNAP-25)	

Not	known	

BONT/D	 VAMP2	 Lys59-Leu60	 V1	motif	

BONT/E	 SNAP-25	 Arg180-Ile181	 S1,S2,S3	or	S4	

BONT/F	 VAMP2	 Gln58-Lys59	 V1	motif	

BONT/G	 VAMP2	 Ala81-Ala82	 V2	motif	

TeNT	 VAMP2	 Gln76-Phe77	 V1	motif	

	

1.5 Mechanisms	of	membrane	fusion	in	neurotransmitter	release	

	

1.5.1 Zipper	Hypothesis	

	

Before	fusion,	 the	trans-SNARE	complexes	anchor	 in	opposing	membranes	(e.g.	

Synaptic	vesicle	membrane	and	target	compartment),	whereas	after	membrane	

fusion,	 the	 fully	zippered	SNARE	complexes	become	cis-SNARE	complexes.	The	



	 29	

association	 and	 dissociation	 of	 SNARE	 complexes	 modulates	 fusion	 in	 an	

ATP-dependent	manner,	because	a	specific	ATPase	(NSF)	catalyzes	the	unfolding	

of	 cis-SNARE	 complexes	 and	 returns	 them	 to	 the	 initial	 inactivated	 state	 for	

recycling[120,	121].	

The	assembly	of	 trans-SNARE	complexes	 is	 likely	 to	 form	bridges	between	 the	

opposing	 lipid	 bilayers	 of	 cell	 plasma	 membranes	 and	 secretory	 vesicles	 to	

induce	 their	 fusion[122].	 In	 the	 process	 of	 assembly,	 the	 influx	 of	 calcium	

triggers	its	completion,	which	is	regulated	by	an	interaction	between	the	calcium	

sensor,	synaptotagmin,	and	the	SNARE	complex.	

In	 the	 “Zipper”	 hypothesis,	 the	 complex	 assembly	 starts	 at	 the	 N-terminal	 of	

SNARE	 motifs	 towards	 the	 C-termini	 that	 anchor	 interacting	 proteins	 in	 the	

membrane.	Firstly,	SNAP-25	and	syntaxin-1	form	an	intermediate	complex	at	the	

pre-synaptic	 plasma	 membrane,	 which	 later	 combines	 synaptobrevin/VAMP2	

located	 in	 the	 synaptic	 vesicle	 with	 the	 help	 of	 α-synuclein,	 and	 eventually	

becomes	 the	 complete	 trans-SNARE	 complex.	 Then	 the	 v-SNARE	 and	 t-SNARE	

proteins	 gradually	 zipper	 up	 into	 a	 four-α-helical	 bundle	 from	 the	 N-terminal	

membrane-distal	 end	 progressing	 towards	 the	 C-terminal	membrane-proximal	

end	of	the	heptad-repeat-containing	SNARE	motifs	which	pulls	the	opposing	two	

membranes	 together	 to	 provide	 enough	 energy	 to	 overcome	 repulsive	 forces	

during	fusion[123,	124]	(figure	1-1).	The	primary	function	of	SNARE	complexes	

as	energy	generators	during	fusion	was	further	confirmed	physiologically	by	the	

observations	 that	 both	 lipid-anchored	 syntaxin-1	 and	 lipid-anchored	 VAMP2	

lacking	 C-terminal	 transmembrane	 regions	 (TMRs)	 still	 effectively	 stimulated	

spontaneous	and	Ca2+-triggered	membrane	fusion,	by	measuring	synaptic	vesicle	

exocytosis	in	cultured	neurons[125].	On	the	contrary,	some	early	studies	proved	

that	 the	 transmembrane	 regions	 (TMRs)	 of	 syntaxin-1	 and	 VAMP2	 were	

essential	during	membrane	fusion	and	may	cause	the	opening	of	fusion	pore[107,	
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126,	 127]	 and	 these	 TMRs	 interacted	with	 each	 other[128]	 and	 formed	 single	

continuously	interacting	α-helices	with	SNARE	motifs[129].	 	

	

1.5.2 The	role	of	SM	proteins	in	membrane	fusion	

	

The	 clasp-shaped	 SM	 (Sec1/Munc18	 -like)	 proteins	 subsequently	 bind	 to	

trans-SNARE	 complexes	 to	 play	 complementary	 roles	 in	 fusion	 and	 to	 ensure	

specificity	of	fusion	reactions.	Therefore,	the	cooperated	SNARE	and	SM	proteins	

are	 called	 intracellular	 membrane	 fusion	 machinery,	 which	 can	 activate	

membrane	 fusion	when	 it	 is	 needed	 and	 clamp	when	 it	 is	 not.	 Otherwise,	 the	

chronic	 imbalance	in	membrane	fusion	may	contribute	to	the	progress	of	some	

diseases	such	as	diabetes,	immune	system	defects	and	Parkinson’s	disease[104].	

The	 role	 of	 SM	 proteins	 in	 membrane	 fusion	 was	 first	 identified	 by	 the	

observation	 that	 Munc	 18-1	 binds	 to	 synaptic	 t-SNARE	 syntaxin-1[130].	

However,	recently,	a	clearer	picture	of	the	relationship	between	SM	and	SNARE	

proteins	 has	 emerged	 from	 different	 studies,	 showing	 that	 SM	 proteins	

associated	with	 both	 v-SNARE	 and	 t-SNARE	 as	 clasps	 to	 regulate	 trans-SNARE	

complexes	 spatially	 and	 temporally.	 The	 SM	 protein	 Munc18-1	 blocks	 the	

formation	of	 trans-SNARE	complexes	by	binding	 to	N-terminal	Habc	domain	of	

syntaxin-1	in	the	closed	syntaxin	conformation	(the	open	syntaxin	conformation	

is	 active	 and	 competent	 to	 form	 into	 SNARE	 core	 complexes)	 [131,	 132].	 This	

kind	of	inhibitory	effect	could	be	mediated	by	the	regulatory	protein	Munc13	or	

the	specific	binding	between	Munc18-1	and	VAMP2	or	VAMP3[133-135].	In	this	

case,	 SM	 proteins	 were	 acting	 as	 negative	 regulators	 for	membrane	 fusion.	 In	

addition,	SM	proteins	play	a	positive	role	in	SNARE	–mediated	fusion	as	well.	It	

was	 revealed	by	 the	 second	mechanism	of	 interaction	between	SM	and	SNARE	

proteins,	 in	which	SM	protein	Munc18-1	was	anchored	to	a	specific	N-terminal	

peptide	 sequence	 of	 syntaxin	 and	 a	 membrane	 proximal	 region	 of	 VAMP2,	
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potentially	enabling	SM	proteins	to	clasp	and	cooperate	in	trans-SNARE	complex	

assembly	 and	 organization[136,	 137].	 Recently,	 by	 using	 a	 reconstituted	

membrane	 fusion	 assay,	 it	 was	 confirmed	 that	 helix	 12	 in	 domain	 3a	 of	

Munc18-1	 acts	 as	 a	 molecular	 switch	 and	 a	 folding	 template	 for	 VAMP2	 and	

activated	SNAREpin	assembly	and	membrane	fusion[138].	

	

1.5.3 Clamp	hypothesis	

	

In	 1992,	 Thomas	 Sudhof	 and	 Reinhardt	 Jahn	 reported	 that	 the	 cytoplasmic	

domains	 of	 synaptotagmin	 bound	 calcium	 at	 physiological	 concentration,	

indicating	 that	 synaptotagmin	 acts	 as	 a	 calcium	 receptor	 in	 exocytosis[139].	

Later,	 Geppert	 et	 al	 reported	 that	 synaptotagmin	 was	 the	 main	 low-affinity	

Ca2+-sensor	mediating	Ca2+	regulation	of	synchronous	neurotransmitter	release	

in	 hippocampal	 neurons[140].	 A	 reversible	 clamping	 protein,	 known	 as	

complexin,	inhibits	synaptic	vesicle	fusion	proceeding	by	competing	with	VAMP2	

for	binding	to	the	C-terminal	membrane	proximal	part	of	the	t-SNARE[141]	and	

by	 regulating	 the	 binding	 between	 calcium	 and	 the	 C2	 domain	 of	 its	 sensor	

synaptotagmin,	 thereby	 regulating	 the	 interaction	 with	 syntaxin[142].	

Simultaneously,	 complexin	 binds	 to	 the	 N-terminal	membrane	 distal	 region	 of	

VAMP2	and	syntaxin-1	SNARE	motif	in	the	SNAREpin	via	its	central	α-helix[141],	

so	 that	 it	 stabilized	 partially	 assembled	 SNAREpins	 and	 blocked	 further	

SNAREpin	zippering.	However,	when	calcium	is	added	back,	the	SNARE	complex	

will	be	 released	by	 complexin	and	bind	 to	 synaptotagmin,	 thus,	 the	membrane	

fusion	 will	 restart.	 This	 suggests	 that	 synaptotagmin	 and	 complexin	 may	 be	

co-regulators	 in	 synaptic	 vesicle	 fusion	 to	 control	 the	 precision	 of	 timing	 of	

neurotransmitter	 release[143].	 Furthermore,	 complexin	 acts	 upstream	 of	

Ca2+-triggered	 fusion,	demonstrated	by	the	evidence	that	deletion	of	complexin	

in	mice	 causes	 a	 similar	 phenotype	 to	 synaptotagmin	 deletion,	 suggesting	 that	
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complexin	may	function	to	activate	the	reaction	between	SNARE	complexes	and	

synaptotagmin[144]	 (figure	 1-1).	 However,	 the	 precise	 mechanism	 of	 how	

complexin	 and	 synaptotagmin	 function	 on	 SNARE	 complexes	 in	 a	

Ca2+-dependent	 manner	 remains	 unclear.	 In	 Drosophila,	 it	 was	 reported	 that	

neuronal	 vacuolar-type	 H+-adenosine	 triphophatase	 V0	 subunit	 a1	 (V100)	

regulated	SNARE	complex	assembly	in	a	calcium-calmodulin-dependent	manner	

for	spontaneous	neurotransmitter	release[145].	

	

Figure	 1-1:	 Summary	 of	 “zipper”	 and	 “clamp”	 hypotheses	 of	 potential	

mechanism	 of	 membrane	 fusion	 in	 neurotransmitter	 release.	 In	 synaptic	

vesicle	exocytosis,	syntaxin	1	(t-SNARE)	and	VAMP2	(v-SNARE)	are	anchored	in	

opposing	membranes	by	their	C-terminal	domains,	while	SNAP-25	is	tethered	to	

the	 plasma	 membrane	 via	 several	 cysteine-linked	 palmitoyl	 chains.	 The	

trans-SNARE	 complex	 is	 a	 four-α-helix	 bundle,	 with	 one	 helix	 contributed	 by	

syntaxin-1,	 one	 helix	 by	 VAMP2	 and	 two	 helices	 provided	 by	 SNAP-25.	 The	

formation	 of	 the	 SNAREpin	 pulls	 the	 target	 plasma	 membrane	 and	 synaptic	
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vesicle	membrane	together	to	provide	enough	energy	required	by	fusion,	while	

SM	 proteins	 play	 a	 complementary	 role	 in	 fusion	 through	 binding	 to	 the	

N-peptide	 of	 Habc	 domain	 of	 syntaxin-1.	 Complexin	 binds	 to	 the	 N-terminal	

membrane	distal	region	of	VAMP2	and	syntaxin	1	SNARE	motif	(H3	domain)	in	

the	SNAREpin	via	 its	central	α-helix	to	stabilize	partially	assembled	SNAREpins	

and	blocks	further	SNAREpin	zippering.	When	calcium	is	added	back,	the	SNARE	

complex	 will	 be	 released	 by	 complexin	 and	 binds	 to	 the	 Ca2+	 -sensor	

synaptotagmin.	

	

1.6 The	presentation,	trafficking	and	retrieval	of	VAMP2	

	

1.6.1 Evidence	 of	 α-synuclein	 in	 the	 regulation	 of	 SNARE	 complex	

assembly	

	

Recently,	 increasing	 evidence	 showed	 that	 α-synuclein	 regulated	 SNARE	

complex	assembly	in	a	VAMP2-dependent	manner.	On	one	hand,	triple	(α,	β,	γ-)	

Synucleins	knockout	mice	demonstrated	a	decrease	in	SNARE	complex	assembly	

and	 developed	 age-dependent	 neurological	 impairment,	 suggesting	 that	

Synucleins	play	an	important	role	in	the	maintenance	of	normal	SNARE	complex	

assembly[67].	 On	 the	 other	 hand,	 by	 using	 a	 single-vesicle	 optical	microscopy	

system,	 it	was	detected	 that	 recombinant	 and	native	α-synuclein	purified	 from	

mouse	brain	promoted	clustering	of	 synaptic	vesicles.	This	kind	of	 “clustering”	

was	 dependent	 on	 specific	 interactions	 of	 α-synuclein	 with	 VAMP2	 as	 well	 as	

anionic	lipids,	and	it	could	be	disrupted	by	one	of	the	Parkinson’s	disease-related	

point	 mutants	 of	 α-synuclein,	 A30P,	 which	 was	 the	 lipid-binding	 deficient	

mutation[146].	 Although	 it	 was	 recently	 demonstrated	 that	 the	 multimeric	

membrane-bound	state	of	α-synuclein	was	critical	for	SNARE	complex	assembly	

[68],	 it	was	 also	 reported	 that	 full	 phospholipid	 binding	was	 not	 necessary	 to	
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maintain	the	physiological	function	of	α-synuclein	as	a	SNARE	protein	chaperone	

and	was	only	impaired	when	over	75%	of	phospholipid	binding	failed	(e.g.	helix	

1	was	missing)[147].	

In	the	process	of	the	formation	of	the	SNARE	complex,	α-synuclein	and	cysteine	

string	 protein-α	 (CSPα)	 are	 acting	 as	 the	 chaperones	 to	 the	 SNARE	 proteins,	

VAMP2	 and	 SNAP-25,	 respectively,	 in	 the	 presynaptic	 terminals[67,	 148,	 149].	

When	the	chaperone	activity	of	α-synuclein	or	CSPα	was	attenuated,	this	 led	to	

the	misfolding	and	depletion	of	VAMP2	or	SNAP-25	in	presynaptic	terminals,	and	

subsequently	to	a	deficit	in	SNARE	complex	assembly	and	neurodegeneration[67,	

148-153].	 Interestingly,	 the	 lethal	 neurodegeneration	 induced	 by	 knock-out	 of	

CSPα	could	be	abolished	by	transgenic	expression	of	α-synuclein,	which	rescues	

SNARE	 complex	 assembly	 rather	 than	 SNAP-25	 levels.	 However,	 this	 kind	 of	

neurodegeneration	would	be	accelerated	by	deletion	of	endogenous	synucleins.	

These	 phenomena	 suggested	 a	 potential	 important	 interaction	 between	 CSPα	

and	 α-synuclein[151].	 In	 another	 model,	 overexpression	 of	

fluorescent-human-alpha-synuclein	 on	 cultured	 hippocampal	 neurons	 from	

brains	of	transgenic	mice	significantly	down-regulated	the	expression	of	several	

endogenous	 synaptic	 vesicle	 proteins	 such	 as	 VAMP2,	 piccolo	 and	 synpasin-1,	

leading	 to	 a	 pathologic	 cascade	 of	 events	 in	 α-synuclein-induced	 synaptic	

deficits[154].	 Furthermore,	 in	 the	 study	 of	 the	 striatum	 of	 transgenic	 mice	

containing	 truncated	 human	 α-synuclein	 (1-120)	 or	 full	 length	 human	

α-synuclein,	it	was	found	that	the	expression	of	truncated	(1-120)	and	full-length	

(1-140)	human	α-synuclein	led	to	a	redistribution	of	SNARE	proteins	related	to	

decreased	exocytosis	and	dopamine	release,	highlighting	that	the	toxic	function	

of	α-synuclein	at	 the	synapse	may	be	an	early	event	 in	 the	pathogenesis	of	PD.	

This	 process	 appeared	 not	 to	 be	 affected	 by	 the	 last	 20	 amino	 acids	 of	

α-synuclein.	 The	 author	 hypothesized	 that	 the	 balance	 between	 monomeric	

α-synuclein	 and	 SNARE	 proteins	 could	 be	 critical	 to	 proper	 SNARE	 complex	
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assembly	and	 function,	and	 the	 increase	of	α-synuclein	could	be	 the	reason	 for	

the	formation	of	toxic	oligomers	that	influence	SNARE	distribution	and	function,	

and	 consequently	 cause	 impaired	 exocytosis[155].	 In	 another	 study,	 using	 a	

single-vesicle	 assay	 which	 could	 distinguish	 vesicle	 docking	 from	 fusion,	 it	

showed	 that	α-synuclein	 specifically	 inhibited	synaptic	vesicle	docking	without	

interfering	with	vesicle	fusion	by	binding	to	acidic	lipid	containing	membranes	at	

high	 concentrations	 or	 by	 interacting	 with	 v-SNARE	 at	 much	 lower	

concentrations.	 Surprisingly,	 C-terminal	 truncated	 α-synuclein	 had	 similar	

inhibitory	effect	as	wild	type,	indicating	that	the	interaction	between	α-synuclein	

and	VAMP2	was	not	essential	for	its	inhibitory	effect	on	lipid	mixing	[156].	

The	 mechanism	 of	 neurotoxicity	 caused	 by	 α-synuclein	 oligomerization	 was	

proposed	in	a	variety	of	studies.	It	was	reported	that	dopamine	accelerated	the	

formation	 of	 large	 α-synuclein	 oligomers	 through	 inhibiting	 fibril	 formation,	

indicating	 a	 relationship	 between	 dopamine	 and	 large	 α-synuclein	

oligomers[157].	 Recently,	 Bong-Kyu	 Choi	 et	 al.[158]	 showed	 that	 large	

α-synuclein	oligomers	preferentially	bound	to	the	N-terminal	domain	of	VAMP2	

and	 prevented	 SNARE	 complex	 formation,	 which	 suppressed	 neuronal	

SNARE-mediated	 lipid	 mixing,	 revealing	 the	 inhibitory	 function	 on	 dopamine	

release	and	neurotoxicity	of	large	α-synuclein.	Another	possibility	regarding	the	

toxicity	 of	 α-synuclein	 oligomers	 suggested	 the	 α-synuclein	 oligomers	 may	

directly	bind	to	mitochondrial	membranes	causing	mitochondrial	fragmentation	

and	 neuronal	 cell	 death	 [159],	 and	 that	 the	mutant	 and	wild	 type	 α-synuclein	

interacted	with	the	mitochondrial	complex	IV	enzyme	and	cytochrome	C	oxidase	

(COX)	to	enhance	mitochondrial	dysfunction[160],	which	is	the	main	contributor	

to	 PD[161].	 On	 the	 contrary,	 α-synuclein	 monomer	 had	 an	 opposite	 effect	 on	

lipid	 binding	 even	 when	 its	 amount	 was	 30-fold	 more	 than	 large	 α-synuclein	

oligomers[158].	
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1.6.2 PDK3	is	another	important	binding	partner	of	VAMP2	

	

The	protein	kinase	D	(PKD)	family	is	a	newly	identified	serine/threonine	kinase	

family	containing	3	members:	PKD1	(PKD/PKC	μ),	PKD2	and	PKD3	(PKC	ν)	[162].	

PKD3,	a	novel	member	of	the	protein	kinase	D	(PKD)	family,	was	identified	as	a	

binding	 partner	 of	 VAMP2	 through	 yeast	 two-hybrid	 screening.	 It	 directly	

interacted	with	VAMP2	in	vitro	and	in	vivo,	and	partially	colocalized	with	VAMP2	

vesicles	in	HEK293	cells,	providing	the	evidence	that	PKD3	had	a	functional	role	

in	facilitating	the	recruitment	of	VAMP2	vesicles	to	the	target	plasma	membrane	

[163].	

	

1.6.3 Proteins	playing	an	important	role	in	VAMP2	retrieval	

	

1.6.3.1 Synaptophysin	

	

Synaptophysin	is	another	major	synaptic	vesicle	protein	to	interact	with	VAMP2.	

Synaptophysin,	also	known	as	the	major	synaptic	vesicle	protein	p38,	is	a	38	kDa	

synaptic	 vesicle	 glycoprotein	 with	 four	 transmembrane	 domains	 and	

cytoplasmic	N-	 and	C-	 termini.	 It	 forms	multimers	 in	 a	 structurally	 basket-like	

way	with	a	pore	in	the	center	[164].	It	is	a	major	interaction	partner	with	VAMP2,	

and	 the	 complex	 forms	 between	 the	 transmembrane	 (TM)	 regions	 of	 the	 two	

proteins	 [165],	 which	 may	 be	 dissociated	 by	 a	 peptide	 encompassing	 the	

N-terminal	 of	 VAMP2	 [166].	 Unlike	 α-Synuclein,	 Synaptophysin	 remains	 in	

contact	 with	 VAMP2	 even	 after	 its	 incorporation	 into	 the	 SNARE	 complex.	 On	

one	 hand,	 it	 suggested	 that	 Synaptophysin	 may	 regulate	 the	 availability	 of	

VAMP2	for	synaptic	vesicle	fusion	reactions	based	on	the	fact	that	up	to	25%	of	

VAMP2	 can	 be	 associated	 with	 Synaptophysin	 in	 homo-	 and	 heteromultimers	

after	 stimulation	 [167].	 On	 the	 other	 hand,	 the	 entry	 of	 VAMP2	 into	 SNARE	



	 37	

complexes	may	be	independent	of	Synaptophysin	and	complete	SNARE	complex	

assembly	not	only	connects	membranes	but	also	drives	 fusion	according	to	the	

studies	 showing	 that	 VAMP2	 dissociates	 from	 Synaptophysin	 freely	 when	

synaptic	 vesicles	 are	 exposed	 to	 Syntaxin	 and	 SNAP-25,	 the	 other	 two	 SNARE	

complex	 components	 [168].	 It	 is	 possible	 that	 overexpression	 of	 exogenous	

VAMP2	caused	either	 its	 increased	expression	at	 the	plasma	membrane	(which	

could	 be	 reduced	 and	 redistributed	 into	 intracellular	 compartments	 via	 the	

interaction	of	VAMP2	with	Synaptophysin	I	without	affecting	the	rate	of	VAMP2	

endocytosis	 [169]),	 or	 its	 mis-sorting	 along	 the	 axons	 of	 the	 neurons	 (which	

could	 be	 corrected	 by	 coexpression	 of	 Synaptophysin	 I	 [170]).	 In	 the	 light	 of	

these	 facts,	 it	 suggests	 that	 Synaptophysin	 may	 play	 a	 role	 in	 the	 retrieval	 of	

VAMP2	 during	 the	 endocytosis	 of	 synaptic	 vesicles.	 Some	 studies	 have	 shown	

that	inefficient	VAMP2	retrieval	may	result	in	an	indirect	and	sustained	influence	

on	synaptic	vesicle	endocytosis,	however,	its	long-term	effect	may	cause	the	loss	

in	the	ability	of	neurons	in	neurotransmission	[171,	172].	

	

1.6.3.2 AP180	

	

AP180	 can	 also	 play	 an	 important	 role	 in	 VAMP2	 retrieval.	 AP180	 is	 a	

monomeric	 adaptor	 protein	 that	 plays	 an	 important	 part	 in	 clathrin-mediated	

endocytosis	 of	 synaptic	 vesicles.	 It	 binds	 membrane	 lipids	 and	 clathrin	

simultaneously	 to	 recruit	 clathrin	 to	 the	 membrane	 of	 vesicles.	 In	 Drosophila	

melanogaster,	 deletion	 of	 the	 AP180	 homologue	 Like-AP180	 (LAP),	 led	 to	

increased	 size	 but	 decreased	 number	 of	 synaptic	 vesicles	 and	 hence	 reduced	

transmitter	 release.	 Three	 vesicle	 proteins,	 Synaptotagmin	 I,	 cysteine-string	

protein,	 and	 neuronal	 synaptobrevin/VAMP,	 were	 all	 mislocalized	 to	 the	

extrasynaptic	axonal	regions	in	the	mutant	[173].	In	HEK293	cells,	knockdown	of	

AP-180	 and	 its	 ubiquitous	 homologue	 CALM	 (Clathrin-assembly	 lymphoid	
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myeloid	 leukaemia	 protein)	 caused	 selective	 surface	 accumulation	 of	 VAMP2.	

Moreover,	the	ANTH	(AP-180	N-terminal	homology)	domain	of	AP-180	or	CALM	

interacts	directly	with	the	N-terminal	half	of	 the	SNARE	motif	of	VAMP2	[174].	

These	results	suggest	that	AP180	is	required	for	either	recycling	vesicle	proteins	

and/or	maintaining	the	distribution	of	both	vesicle	and	synaptic	proteins	in	the	

nerve	terminal.	

	

Figure	1-2:	Proposed	model	of	the	presentation,	trafficking	and	retrieval	of	

VAMP2.	VAMP2	forms	a	complex	with	Synaptophysin	and	PKD3	on	the	synaptic	

vesicle.	 Then	 native	 α-Synuclein	 binds	 to	 VAMP2	 via	 its	 C-terminus	 and	

phospholipids	via	its	N-terminus.	 	 CSP	α	acts	as	a	chaperone	to	bind	to	SNAP-25,	

both	 of	 these	 facilitating	 the	 assembly	 of	 SNARE	 complexes	 between	 VAMP2,	

syntaxin	 and	 SNAP-25.	 This	 in	 turn	 triggers	 synaptic	 vesicle	 fusion	 with	 the	

presynaptic	plasma	membrane.	After	synaptic	vesicle	fusion,	the	SNARE	complex	

is	 dissociated	 by	 N-ethylmaleimide-sensitive	 factor	 (NSF)	 and	 soluble	

NSF-attachment	 proteins	 (SNAPs).	 VAMP2	 then	 binds	 to	 synaptophysin	 and	

AP180	to	start	the	retrieval.	
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Figure	 1-3:	 VAMP2	 trafficking	 partners.	 VAMP2	 forms	 a	 complex	 with	

synaptophysin	 by	 interaction	 with	 the	 four	 transmembrane	 motifs	 of	

synaptophysin.	α-Synuclein	binds	to	the	N-terminal	28	amino	acids	sequence	of	

VAMP2	 via	 its	 40-residue	 highly	 acidic	 C-terminus	 binding	 domain.	

AP-180/CALM	 interacts	 with	 VAMP2	 via	 the	 ANTH	 (AP-180	 N-terminal	

homology)	domain.	

Figure	1-4:	Sequence	of	human	VAMP1/2/3	homology.	
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It	has	been	demonstrated	 that	α-synuclein	 facilitates	SNARE	complex	assembly	

by	 acting	 as	 a	 chaperone	 for	 VAMP2.	 	 This	 occurs	 at	 the	 presynaptic	 plasma	

membrane	 with	 VAMP2	 in	 its	 multimeric	 membrane-bound	 state	 instead	 of	 a	

cytosolic	 unfolded	 state,	 which	 may	 protect	 against	 neurodegeneration.	

Misfolded	VAMP2	which	is	incorporated	into	neurotoxic	aggregates	will	promote	

the	 pathology	 of	 neurodegenerative	 disorders	 such	 as	 PD.	 Meanwhile,	 the	

N-terminally	 truncated	 VAMP2,	 which	 lacks	 28	 N-terminal	 residues,	 does	 not	

bind	 α-synuclein,	 and	 diminishes	 SNARE	 complex	 assembly,	which	 is	 essential	

for	neurotransmitter	release.	However,	the	role	of	both	full-length	and	truncated	

VAMP2	in	Parkinson’s	disease	remained	unexplored.	The	absence	of	 full-length	

VAMP2	 caused	 by	 N-terminal	 truncation	 could	 play	 a	 role	 in	 α-synuclein	

aggregation	and	contribute	to	the	formation	of	Lewy	bodies	and	Lewy	neurites,	

hallmarks	 of	 PD	 and	 DLB.	 The	 significance	 of	 this	 study	 is	 to	 provide	 the	

neuropathological	diagnostic	value	of	truncated	VAMP2	pathology	in	Lewy	body	

diseases	and	explore	potential	therapeutic	value	by	obtaining	knowledge	on	the	

mechanism	 of	 VAMP2	 in	 participation	 in	 initiation	 and	 propagation	 of	

α-synuclein	 aggregation	 and	 Lewy	 body	 formation	 in	 humans.	 Currently,	

prevention	of	α-synuclein	aggregation	 is	 a	key	 strategy	 in	developing	modified	

therapies	for	PD.	
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Figure	 1-5:	 project	 hypothesis.	 The	 absence	 of	 full-length	VAMP2	 caused	 by	

N-terminal	 truncation	 could	 play	 a	 role	 in	 the	 aggregation	 of	 α-synuclein	

monomers	 to	 form	 dimers,	 oligomers	 and	 amyloid	 fibrils,	 and	 eventually	

contribute	to	the	formation	of	Lewy	bodies	and	Lewy	neurites	in	PD	and	DLB.	

	

1.8 Project	Aims	and	Scope	

	

In	order	to	provide	the	evidence	to	our	hypothesis,	the	project	was	divided	into	

several	stages:	

1. To	test	 the	specificity	of	2	 fVAMP2,	2	 tVAMP2	and	2	α-synuclein	antibodies	

by	immunostaining	and	immunoblot.	 	

2. To	observe	the	distribution	of	Lewy	bodies	and	Lewy	neurites	 in	regions	of	

neocortex	and	brainstem	of	PD	or	DLB	brains	by	using	immunostaining	with	

optimized	tVAMP2	and	α-synuclein	antibodies	on	free-floating	sections.	

3. To	 explore	 the	 correlation	 between	 truncated	 VAMP2	 and	 α-synuclein	 in	

Parkinson’s	disease	in	vitro	by	dual	immunofluorescence	staining.	 	

4. To	characterize	the	specificity	of	truncated	VAMP2	neuropathology	in	PD	and	

DLB	 by	 comparison	 with	 other	 neurodegenerative	 diseases	 such	 as	

Alzheimer’s	disease	(AD)	and	multiple	system	atrophy	(MSA).	 	

5. To	determine	 the	 truncation	site	of	VAMP2	by	using	2D	gel	electrophoresis	

and	mass	spectrometry.	
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Chapter	2	

Materials	and	Methods	

2.1 Brains	

	

All	 post	 mortem	 brain	 tissue	 was	 obtained	 from	 the	 National	 Health	 Medical	

Research	 Council	 (NHMRC).	 In	 total	 of	 44	 human	 cases	 were	 analyzed	 in	 the	

present	study,	 including	10	brains	of	Parkinson’s	Disease	(PD)	with	or	without	

other	 co-morbidities,	 11	 brains	 of	 Alzheimer’s	 Disease	 (AD)	 with	 or	 without	

other	 co-morbidities,	 10	 Dementia	 with	 Lewy	 bodies	 (DLB)	 with	 or	 without	

other	 co-morbidities,	 3	 Multiple	 System	 Atrophy	 (MSA),	 and	 10	 control	 cases	

with	no	neurological	disease	(Table	2-1).	The	medical	history	was	available	 for	

all	these	cases.	The	control	group	was	matched	with	the	PD	group	in	terms	of	age	

at	death,	post-mortem	delay	and	time	of	section	storage.	Lewy	bodies	and	Lewy	

neurites	were	observed	in	all	cases	with	PD	or	DLB,	but	were	absent	in	controls	

and	other	neurodegenerative	diseases.	

	

Table	2-1:	human	cases	analyzed	in	this	study	

Patient	

ID	

Sex	 Age	 Post-mortem	

delay	(hr)	

Neuropathological	

diagnosis	

Region	 VAMP2	

Staining	

α-synucle

in	

Staining	

Tau	

Staining	

SA0053	 F	 86	 7	 AD	 HIP	 √	 ×	 ×	

SA0068	 F	 83	 5	 AD	 HIP	 √	 √	 √	

SA0078	 M	 59	 20	 AD	 HIP	 √	 √	 √	

SA0123	 M	 80	 21	 AD	 MT	 √	 √	 √	

SA0092	 F	 85	 48	 AD	(atypical)	 HIP	 √	 ×	 ×	

SA0060	 F	 71	 13	 AD	(SDAT)	 HIP	 √	 ×	 √	

SA0065	 M	 67	 61	 AD	(SDAT)	 HIP	 √	 √	 √	
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SA0143	 M	 84	 15	 AD	+	Brainstem	LB’s	 BS	 √	 ×	 √	

SA0072	 F	 84	 16.5	 AD	+	mild	hypertens	

vasc	

MF	 √	 √	 √	

SA0073	 M	 63	 33.5	 AD	+	other	 HIP	 √	 ×	 √	

SA0148	 M	 81	 14	 AD	+	other	 HIP	 √	 ×	 √	

SA0079	 F	 82	 31	 DLB	 IF,	ST	 √,√	 √,√	 ×, ×	

SA0046	 F	 82	 	 DLB	 MT,	IT	 √	 √	 ×	

SA0069	 M	 69	 31	 DLB	 ST	 √	 √	 ×	

SA0094	 M	 74	 24	 DLB	 MF,	 MT,	

IF	

√ , √ , 

√	

×,√, √	 × , × , 

×	

SA0181	 M	 77	 19	 DLB	+	AD	 MB	 √	 √	 ×	

SA0052	 M	 67	 ~24	 DLB	+	other	 SF	 √	 √	 ×	

SA0063	 F	 81	 7	 DLB,	Infarcts	 CING,	IF	 ×,√	 √, ×	 ×, ×	

SA0083	 M	 80	 6	 DLB	+	AD	 SF,	 MT,	

MF	

√ , √ , 

√	

√,√, √	 × , × , 

√	

SA0113	 M	 78	 12	 DLB	 MF	 √ √ × 

SA0249	 M	 87	 7	 DLB	 IF	 For	Lewy	body	purification. 

SA0061	 F	 62	 8	 MSA	 MT,	MF	 √,√	 √,√	 ×, ×	

SA0071	 F	 73	 5	 MSA	 BG,	SMT	 √,√	 √, ×	 ×, ×	

SA0101	 M	 73	 20	 MSA	 ST	 √	 √	 √	

SA0008	 F	 76	 22	 Normal	control	 MT	 √	 √	 √	

SA0010	 M	 58	 14	 Normal	control	 BS	 √ × × 

SA0011	 F	 88	 35	 Normal	control	 MF	 ×	 √	 ×	

SA0019	 M	 80	 20	 Normal	control	 MT,	MF	 √,√	 √,√	 ×, ×	

SA0020	 M	 70	 10	 Normal	control	 MF	 ×	 √	 ×	

SA0026	 F	 78	 18	 Normal	control	 SF	 √	 √	 ×	

SA0036	 F	 84	 15	 Normal	control	 ST,	MT	 √,√	 √,√	 ×, √	

SA0038	 F	 86	 25	 Normal	control	 IF	 √	 √	 √	



	 44	

SA0162	 M	 72	 30	 Normal	 control	

(Brain	 +	 spinal	

cord)	

MT	 √	 √	 ×	

SA0230	 M	 86	 22	 Normal	control	 IF	 For	Lewy	body	purification.	

SA0014	 F	 77	 4.5	 PD	 ST	 √	 √	 ×	

SA0015	 M	 78	 2	 PD	 MF	 √	 √	 √	

SA0051	 F	 85	 ~12	 PD	 MT,	BS	 √	 √	 ×	

SA0067	 F	 73	 21	 PD	 BS	 √	 √	 ×	

SA0041	 F	 80	 7	 PD	+	AD	 MT	 √	 √	 ×	

SA0045	 M	 73	 24	 PD	+	AD	 TP	 √	 ×	 ×	

SA0056	 F	 83	 13	 PD	+	Other	 ST	 √	 √	 ×	

SA0057	 F	 91	 24	 PD	+	Other	 BS	 √	 √	 ×	

SA0024	 M	 88	 3	 PD,	 NF	 Degen,	

Plaques	

SF	 √	 √	 ×	

SA0274	 F	 90	 6	 PD	 MF	 For	Lewy	body	purification. 

AD=Alzheimer’s	 disease;	 SDAT=Senile	 Dementia	 of	 the	 Alzheimer’s	 Type;	

DLB=Dementia	 with	 Lewy	 bodies;	 MSA=Multiple	 System	 Atrophy;	

PD=Parkinson’s	Disease	

HIP=Hippocampus;	MT=Middle	 Temporal;	 BS=Brain	 Stem;	MF=Middle	 Frontal;	

IF=Inferior	Frontal;	ST=Superior	Temporal;	MB=Midbrain;	SF=Superior	Frontal;	

CING=Cingulate;	 BG=Basal	 Ganglia;	 SMT=Superior	 Medial	 Temporal;	

TP=Temporal	Planum;	IT=Inferior	Temporal	

	

2.2 Immunohistochemistry	

	

2.2.1 Free	 Floating/Paraffin	 Embedded	 Human	 Brain	 Section	

Preparation	
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The	majority	of	post-mortems	were	performed	within	48	hours	after	death.	After	

removed	from	the	skull,	the	brains	were	first	flushed	with	1%	sodium	nitrite	in	

PBS	 (pH	7.4)	 to	 remove	 the	blood,	 and	 immediately	 fixed	by	perfusion	 via	 the	

basilar	and	internal	carotid	arteries	(for	the	whole	brain)	or	through	the	carotid,	

vertebral	 and	 anterior	 cerebral	 arteries	 (for	 half	 brain)	 with	 2L	 of	 fixative	

containing	 15%	 formalin	 in	 0.1M	phosphate	 buffer	 (pH	7.4)	 for	 30-45min	 and	

post-fixed	for	6-12hr.	After	dissecting	the	brain	into	different	parts,	the	dissected	

blocks	were	transferred	into	fresh	fixative	for	24-48	hours,	then	to	20%	sucrose	

in	0.1M	phosphate	buffer	with	0.1%	sodium-azide	for	2-3	days,	followed	by	30%	

sucrose	in	0.1M	phosphate	buffer	with	0.1%	sodium-azide	for	additional	2-3d	for	

cryoprotection,	 then	stored	at	 -80℃	 until	use.	Brainstems,	cerebral	cortex	and	

hippocampus	 were	 then	 cut	 transversely	 into	 sections	 with	 the	 thickness	 of	

30-50μm,	which	were	 collected	 in	 a	 PBS-azide	 solution	 [0.1%	 sodium	 azide	 in	

PBS	 (pH	 7.4)].	 Each	 section	was	 either	 stained	 directly	 or	 stored	 at	 -80℃	 for	

future	use.	 	

For	 preparation	 of	 paraffin	 sections,	 brainstem	 blocks	 were	 embedded	 in	

paraffin	 and	 6μm	 sections	 were	 obtained	 and	 placed	 on	 Superfrost	 slides	

(Menzel-Glaser,	 Germany)	 and	 dried	 overnight	 at	 room	 temperature.	 These	

slides	were	fixed	by	 immersion	 in	cold	acetone	(-20℃)	 for	2	minutes,	 followed	

by	air	drying	at	room	temperature	prior	to	staining.	

	

2.2.2 Antigen	Retrieval	

	

The	sections	were	deparaffinized	in	two	changes	of	xylene	for	10min	each,	then	

rehydrated	 in	 100%,	 95%	 and	 70%	 ethanol	 for	 10min	 each,	 rinsed	 with	

deionized	water	for	5min	and	incubated	in	TBS-azide	for	5min	afterwards.	The	

sections	were	 then	placed	 in	 a	plastic	 rack	 containing	250ml	of	 sodium	citrate	

buffer	(10mM	Citric	Acid	pH	6.0)	and	heated	in	a	microwave	oven	to	95℃.	After	
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cooling	 down	 to	 40℃,	 the	 sections	 were	 then	 transfer	 to	 EDTA	 buffer	 (1mM	

EDTA,	0.05%	Tween	20,	pH	8.0)	and	heated	again	to	95℃.	After	cooling	down,	

the	 sections	were	washed	 (2x2min)	 in	 PBST	 buffer	 (137mM	NaCl,	 2.7mM	KCl,	

10mM	Sodium	Phosphate	Dibasic,	2mM	Potassium	Phosphate	Monobasic,	0.1%	

Tween	20,	pH	7.4),	and	then	blocked	with	peroxidase	blocking	solution	(3%	H2O2	

+	 TBS-Azide)	 for	 10min	 before	 proceeding	 to	 the	 standard	

immunohistochemistry	protocol.	

	

2.2.3 Antibodies	

	

Conventional	 histological	 staining	 protocols	 such	 as	 cresyl	 violet,	

haemotoxylin-eosin,	 Weil,	 Bodian,	 modified	 Bielschowsky	 and	 methenamine	

silver	 were	 used	 for	 all	 brain	 tissue.	 All	 primary	 antibodies	 used	 in	

immuno-staining	 are	 listed	 in	 Table	 2-2.	 The	 secondary	 antibodies	 were	

HRP-conjugated	 donkey	 anti-mouse,	 donkey	 anti-sheep	 or	 donkey	 anti-rabbit	

from	Vector	Laboratories,	Burlingame,	Calif.,	USA.	

	

Table	2-2:	Primary	antibodies	used	in	this	study	

Antibody	 Specie

s	

Poly/Mon

o	

Epitope	 Source	 Dilution	

VAMP1/2/3	

(FL-118)	 	

Rabbit	 Polyclonal	 aa	 1-118	

VAMP1	

(h)	

Santa	Cruz:	sc-13992	 1:1k	

tVAMP2	 Rabbit	 Polyclonal	 aa	30-47	 Courtesy	 Dr	 Weiping	

Gai	

1:1k-2k	

AtVAMP2	 Rabbit	 Polyclonal	 aa	30-47	 Courtesy	 Dr	 Weiping	

Gai	

6.8-13.6ug/ml	

0.34ug/ml	

(WesternBlot)	
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AfVAMP2	 Rabbit	 Monoclonal	 aa	2-17	 Biochem	 animal	 ID:	

3023	

1:1k	

AfVAMP2	 Rabbit	 Monoclonal	 aa	2-17	 Biochem	 animal	 ID:	

3024	

1:1k	

α-synuclein	 Sheep	 Polyclonal	 aa	

116-131	

Courtesy	 Dr	 Weiping	

Gai	

1:2k	

α-synuclein	

11A5	

Mouse	 Polyclonal	 P129	

synuclein	

Elan	 1:2k-5k	

Pan	

synuclein	

Rabbit	 Polyclonal	 α-,	 β-,	 γ-	

synuclein	

(h)	

Abcam:	ab15534	 1:2k	

AF	Tau	 Sheep	 Monoclonal	 aa	 12-30	 	

Tau	(h)	

Antibody	 Technology	

Australia	

1:2k	

	

	

Figure	2-1:	Domain	structure	of	VAMP2	and	its	antibodies.	tVAMP2	against	

aa30-47	 was	 designed	 by	 our	 lab	 and	 fVAMP2	 against	 aa2-17	 was	 purchased	

from	Biochem.	

	

2.2.4 Immunohistochemistry	
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2.2.4.1	Immunohistochemical	staining	on	free-floating	sections	

	

Selected	 free-floating	 sections	 (30-50μm	 thick)	 from	 brain	 regions	 of	 interest	

were	 placed	 in	 glass	 bottles	 or	 plastic	 containers.	 The	 sections	 were	 first	

incubated	in	50%	ethanol	(3x10min),	then	immersed	in	1%	H2O2/50%	methanol	

for	 10min	 to	 eliminate	 endogenous	 peroxidase	 activity.	 Then	 tissue	 sections	

were	washed	in	1%	normal	horse	serum	(NHS)	in	TBS-azide	(0.02M	Tris,	0.15M	

NaCl,	1%	Sodium	Azide,	PH7.4)	containing	0.25%	Triton	X-100	(washing	buffer)	

three	times	(5-10min	per	wash),	blocked	in	20%	NHS	and	TBS-azide	containing	

0.25%	 Triton	 X-100	 (blocking	 buffer)	 for	 1	 hour	 at	 room	 temperature	 in	 a	

humidified	 chamber	 in	order	 to	block	non-specific	 antibody	binding	 sites.	This	

was	followed	by	incubation	with	primary	antibodies	diluted	in	antibody	diluent	

solution	(1%	NHS	in	TBS-azide	containing	0.25%	Triton	X-100)	overnight	at	4℃,	

and	 rinsed	 in	 washing	 buffer	 three	 times	 (5-10min	 per	 wash).	 The	 biotin	

conjugated	 secondary	 antibodies	 were	 diluted	 in	 antibody	 diluent	 solution	

before	being	applied	to	the	sections	for	60-90min	at	room	temperature.	This	was	

followed	by	the	incubation	with	avidin-biotin-peroxidase	complex	(ABC	solution)	

(ABC	 kit	 from	 Vector	 Laboratories,	 UK)	 for	 one	 hour	 and	 then	 with	

3-3-Diaminobenzidine-4	 HCl/H2O2	 (DAB	 substrate	 solution)	 (DAB	 tablet	 from	

Sigma	D5637,	USA)	solution	for	5-10min	or	until	the	desired	color	intensity	was	

reached	according	to	the	background	staining	of	tissue.	After	the	DAB	reaction,	

the	 sections	 were	 mounted	 on	 Superfrost	 slides,	 air-dried,	 dehydrated	 by	

immersing	 into	 four	 changes	 of	 alcohol	 (70%,	 95%,	 100%,	 100%)	 and	 two	

changes	 of	 xylene,	 10min	 each,	 and	 finally	 cover-slipped	 before	 taking	 images	

under	the	light	microscope	(Olympus	BH-2)	fitted	with	a	MicroPublisher	3.3	RTV	

digital	 camera	 (QIMAGING,	 Canada).	 The	 images	 were	 acquired	 using	 Adobe	

Photoshop	9.0.	



	 49	

	

2.2.4.2	Immunohistochemical	staining	on	paraffin	sections	

	

After	rehydration	and	antigen	retrieval,	 the	paraffin	sections	were	incubated	in	

(1)	 blocking	 buffer,	 (2)	 primary	 antibodies,	 (3)	 secondary	 antibodies,	 (4)	 ABC	

solution,	(5)	DAB	substrate	solution,	using	the	same	procedures	for	free-floating	

sections	(2.2.4.1).	After	washing	with	TBS-azide	for	three	times	(2min	per	wash),	

the	 selected	 sections	 were	 counterstained	 by	 selective	 staining	 such	 as	

haematoxylin-eosin,	methenamine	silver	or	methylene	blue	 for	30sec,	 followed	

by	a	quick	dip	in	acid	alcohol	for	destaining	of	background	and	lithium	carbonate	

for	2min	for	consolidation	of	staining.	Rinsing	in	dH2O	for	1min	was	performed	

after	each	step.	Then	the	sections	were	placed	on	superfrost	slides,	air-dried,	and	

dehydrated	through	three	changes	of	70%,	95%	and	100%	alcohol	(10sec	each),	

and	cleared	in	two	changes	of	xylene	(2min	each),	and	cover-slipped	using	DePex	

mounting	medium.	Sections	were	examined	and	mapped	with	a	light	microscope	

(Olympus	BH-2)	fitted	with	a	MicroPublisher	3.3	RTV	digital	camera	(QIMAGING,	

Canada)	and	the	images	were	acquired	using	Adobe	Photoshop	9.0.	

	

2.2.5 Double	Immunostaining	

	

Smears	were	 prepared	 by	 adding	 10μl	 of	 the	 sample	 across	 a	 10mm	 x	 20mm	

area	in	the	center	of	a	gelatin-coated	slide	and	spreading	with	pipette	tip.	After	

drying	 at	 RT,	 the	 smears	 were	 fixed	 in	 fixative	 buffer	 (2%	 paraformaldehyde	

with	0.2%	picric	acid	in	0.1M	PBS)	for	10min,	followed	by	3	washes	in	washing	

buffer	 (TBS-Azide)	 (5min	 per	wash).	 In	 order	 to	 block	 peroxidase	 activity,	 the	

sections	were	incubated	in	3%H2O2	for	10min	and	then	in	TBS-azide	for	5-10min.	

In	order	to	block	the	non-specific	binding	sites,	the	smears	were	then	incubated	

in	 blocking	 buffer	 (20%	 NHS	 in	 TBS-azaide)	 at	 RT	 for	 1	 hour,	 followed	 by	
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incubation	with	primary	antibodies	diluted	in	antibody	diluent	solution	(1%	NHS	

in	 TBS-azide)	 at	 RT	 overnight.	 The	 primary	 antibodies	 used	 were:	 1)	 Mouse	

anti-α-synuclein	11A5,	1:300	dilution;	2)	Rabbit	anti-tVAMP2,	1:200	dilution.	On	

the	next	morning,	after	washing	3	 times	with	washing	buffer	 (5min	per	wash),	

the	 smears	 were	 then	 incubated	 with	 fluorescent	 conjugated	 secondary	

antibodies	 diluted	 in	 antibody	 diluent	 solution	 for	 60min.	 The	 secondary	

antibodies	 used	 were:	 1)	 CY3	 conjugated	 donkey	 anti-mouse	 from	 Jackson	

(713-165-147),	 1:200	 dilution	 (green);	 2)	 Alexa	 Fluor	 488	 conjugated	 donkey	

anti-rabbit	from	Invitrogen	(A-21206),	1:200	dilution	(red);	followed	by	another	

3	washes	 in	washing	buffer.	Then	 the	 smears	were	covered	with	10	 to	20μl	of	

VectaShield	 mounting	 medium	 (Vector	 Laboratories,	 Catalog	 No.	 H-1200,	

1.5μg/ml)	to	stain	nuclei	with	DAPI	(blue).	The	smears	were	then	cover-slipped	

and	sealed	with	nail	polish.	The	images	were	captured	using	an	Olympus	BX-50	

fluorescence	 microscope	 fitted	 with	 a	 Photometrics	 CoolSNAP	 cooled	 CCD	

camera	using	the	following	settings:	

Dye	 Excitation	 Emission	

DAPI	(UV-excitable	blue	dye)	 360-370	 420-460	

Alexa488	(blue-excitable	green	dye)	 465-495	 515-555	

Cy3	(green-excitable	red	dye)	 515-550	 575-615	

The	images	from	each	channel	were	colorized	and	merged	in	Adobe	Photoshop	

9.0	using	blue	for	DAPI,	red	for	Cy3	and	green	for	Alexa488.	

	

2.2.6 Quantification	of	Lesions	

	

Free-floating	 sections	 of	 brainstem	 were	 immunostained	 with	 α-synuclein	 or	

tVAMP2	antibodies	separately	using	the	DAB	reaction	as	described	above.	Before	

counting,	 each	 section	 was	 divided	 into	 twelve	 parts	 (figure	 2-2).	 The	 total	

number	of	lesions	in	each	case	was	the	sum	of	that	of	twelve	regions	determined	
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at	 the	 magnification	 of	 100	 times	 under	 an	 Olympus	 BH-2	 light	 microscope	

(Tokyo,	 Japan)	 equipped	 with	 a	 MicroPublisher	 3.3RTV	 digital	 camera	

(QIMAGING,	Canada).	

	

Figure	2-2:	Quantification	of	Lewy	bodies	under	microscope.	Each	slide	was	

divided	into	twelve	regions	before	counting.	Lewy	bodies	were	counted	in	each	

part	under	100x	magnification	using	an	Olympus	BH-2	light	microscope	(Tokyo,	

Japan).	 The	 total	 number	 of	 Lewy	 bodies	 was	 determined	 by	 the	 sum	 of	 the	

inclusions	counted	in	all	twelve	regions.	

	

2.3 Isolation	of	Synaptosomes	and	Inclusions	

	

2.3.1 Synaptosomes	Purification	from	Human	Brain	Homogenate	

	

The	 brain	 tissue	 was	 defrosted	 on	 ice,	 dissected	 either	 grey	 matter	 (LBs)	 or	

white	matter	(GCIs),	and	minced	with	scalpel	blade.	The	tissue	(~2g)	was	then	

put	 into	 the	 Dounce	 homogenizer	 (Wheaton,	 Millville,	 NJ,	 USA)	 with	

SA0015&/&PD&(mid&frontal),&free8floa:ng&sec:on,&12&parts�
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Homogenization	 Buffer	 (HB)	 (~10ml)	 [5mM	 EDTA,	 1μg/ml	 Pepstatin,	 1μg/ml	

Leupeptin,	 0.3mM	 PMSF	 in	 sucrose-tris	 buffer	 (20mM	 Tris,	 0.32M	 sucrose,	

7.7mM	sodium	azide),	pH	7.4],	and	homogenized	with	10x	strokes	with	Pestle	B	

(loose)	and	10x	strokes	with	Pestle	A	(tight).	The	homogenized	tissues	from	the	

same	case	were	mixed	together	and	divided	into	10ml	aliquots,	frozen	in	liquid	

nitrogen	and	stored	at	-80°C.	

Homogenized	brain	tissue	was	defrosted	on	ice	and	filtered	through	glass	wool	

using	 a	 20ml	 syringe,	 then	 flushed	 with	 HB	 and	 diluted	 to	 24ml	 per	 tube	 of	

homogenate.	The	filtrate	was	divided	into	3	centrifuge	tubes,	8ml	per	tube,	and	

centrifuged	 at	 3000	 RPM	 (1000x	 g)	 at	 4°C	 for	 10min	 (JA21	 rotor).	 The	

supernatant	was	collected	and	the	pellet	was	resuspended	with	another	8ml	of	

HB	 and	 another	 centrifugation	 (3000	 RPM,	 4°C,	 10min)	 performed.	 The	 pellet	

was	used	for	purification	of	inclusions.	

	

Table	2-3:	The	preparation	of	percoll	gradient	

Reagent	

name	

Percoll	 Plus	

(ml)	

Percoll	

Buffer	(ml)	

50mM	 DTT	

(μl)	

Total	 vol	

(ml)	

3%	 Percoll	

(vol/vol)	

0.3	 9.63	 62.5	 10	

10%	 Percoll	

(vol/vol)	

1	 8.93	 62.5	 10	

15%	 Percoll	

(vol/vol)	

1.5	 8.43	 62.5	 10	

23%	 Percoll	

(vol/vol)	

2.3	 7.63	 62.5	 10	

	

Four	Beckman	 centrifuge	 polycarbonates	 tubes	were	 prepared,	 and	 five	 layers	

(figure	 2-3)	were	 injected	 into	 each	 tube	 from	 top	 to	 bottom	 in	 the	 following	
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order	very	slowly	(1ml/min)	using	a	long	needle	(Teumo	spinal	needle,	19G	x	3	

1/2),	 2ml	 per	 layer	 (figure	 2-3).	 The	 tubes	 were	 centrifuged	 in	 a	 Ti	 50	 rotor	

using	an	L8	Beckman	ultracentrifuge	at	31000	x	g	(18,500rpm)	at	4°C	for	5min.	

All	 fractions	 were	 collected	 using	 a	 glass	 Pasteur	 pipette.	 Each	 fraction	 was	

diluted	to	35ml	with	ice	cold	sucrose/EDTA	buffer	(Percoll	Buffer)	(1mM	EDTA	

in	sucrose-tris	buffer,	pH	7.4)	 in	35ml	Nalgene	 tubes	and	 then	centrifuged	 in	a	

JA20	 rotor	 at	 20,000	 x	 g	 (12,800rpm)	 at	 4°C	 for	 30min.	 After	 discarding	 the	

supernatant,	the	pellet	was	once	again	resuspended	with	35ml	of	sucrose/EDTA	

buffer	and	centrifuged	as	above.	After	the	second	centrifugation,	the	supernatant	

was	 removed	and	 the	pellet	was	 resuspended	 in	1.5ml	of	 ice	 cold	TBS-azide	+	

Protease	 Inhibitors	 (PIs)	 (20mM	 Tris,	 150mM	NaCl,	 0.1%	 sodium	 azide,	 1mM	

EDTA,	0.3mM	PMSF,	1μg/ml	Pepstatin	A,	1μg/ml	Leupeptin,	pH7.4),	centrifuged	

at	 18,000	 x	 g	 in	 a	 microfuge	 at	 4°C	 for	 5min,	 and	 the	 pellet	 collected	 and	

resuspended	in	TBS-azide	+	PIs	for	use.	

	

	

Layer	1:	2ml	of	supernatant	

Layer	2:	2ml	of	3%	Percoll	

Layer	3:	2ml	of	10%	Percoll	

Layer	4:	2ml	of	15%	Percoll	

Layer	5:	2ml	of	23%	Percoll	

	

Figure	 2-3:	 Diagram	 of	 different	 layers	 of	 percoll	 gradient	 injected	 into	

each	tube.	

	

2.3.2 Lewy	Body	Purification	from	Human	Brain	Homogenate	

	

2.3.2.1 Brain	Tissue	Homogenization	
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The	 brain	 tissue	 was	 defrosted	 on	 ice,	 dissected	 either	 grey	 matter	 (LBs)	 or	

white	matter	(GCIs)	from	inclusion-rich	regions	and	minced	with	a	scalpel	blade.	

After	 recording	 the	 weight	 of	 the	 tissue,	 it	 was	 then	 placed	 into	 a	 Dounce	

homogenizer	 with	 3x	 volume	 of	 HB	 according	 to	 the	 weight	 (e.g.	 approx.	 5g	

tissue	+	15ml	buffer),	and	homogenized	for	10-20	strokes	with	Pestle	B	(loose)	

followed	by	10-20	strokes	with	Pestle	A	(tight).	The	homogenized	tissues	 from	

the	same	case	were	mixed	 together	and	divided	 into	10ml	aliquots	 (each	2g	of	

tissue	 was	 diluted	 with	 10ml	 Homogenization	 Buffer),	 snap	 frozen	 in	 liquid	

nitrogen	then	stored	at	-80°C	until	use.	

	

2.3.2.2 Lewy	Body	Purification	

	

Day1:	Semi-purifying	brain	homogenate	by	using	percoll	gradient	

The	 six	 brain	 homogenate	 tubes	 were	 first	 defrosted	 on	 ice	 (10ml/tube,	 with	

approximately	 2g	 of	 tissue),	 then	 filtered	 through	 glass	 wool	 using	 a	 20ml	

syringes.	The	filtered	homogenate	was	flushed	and	diluted	with	a	total	of	144ml	

homogenization	 buffer	 (24ml/tube),	 then	 the	 filtrate	 was	 loaded	 across	 18	

centrifuge	tubes	(8ml/tube),	centrifuged	at	3,000rpm	(1,000	x	g,	 JA21	rotor)	at	

4°C	 for	 10min.	 After	 collecting	 and	 freezing	 supernatant,	 pellets	 were	

resuspended	in	a	total	of	8ml	HB,	centrifuged	again	at	3,000rpm	(1,000xg)	at	4°C	

for	 10min.	 Then	 supernatant	 was	 discarded	 and	 each	 pellet	 was	 resuspended	

with	 0.84ml	 Percoll	 Plus	 (GE	 Healthcare,	 Buckinghamshire,	 UK)	 together	 with	

5.16ml	HB	(14%	Percoll),	 followed	by	 loading	2.4ml	of	35%	Percoll	Plus	 in	HB	

(17.5ml	Percoll	Plus,	32.5ml	HB)	at	the	bottom	of	the	tube	using	a	large	syringe	

needle.	Another	 centrifugation	was	performed	at	17,500rpm	(34,986xg)	at	4°C	

for	 30min,	 then	 different	 layers	 including	 top	 layer,	 myelin	 layer	 and	 UAN	

(Upper/Aggregates/Nuclear,	fraction	of	interest)	were	collected	by	glass	Pasteur	
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pipettes	separately	and	UAN	was	stored	overnight	at	4°C	for	further	purification.	

	

Day2:	Digestion	and	primary	antibody	incubation	

The	UAN	 fractions	were	diluted	 to	128ml	with	TBS-azide	and	 split	 across	~16	

centrifuge	tubes	(8ml/tube)	and	centrifuged	at	4,000rpm	(1,830	x	g)	at	4°C	for	

10min.	 After	 discarding	 the	 supernatant,	 the	 pellets	 from	 all	 tubes	 were	

combined	and	distributed	into	6	tubes	and	resuspended	in	8ml	TBS-azide	in	each	

tube.	 After	 a	 second	 centrifugation	 at	 4,000rpm	 (1,827	 x	 g)	 at	 4°C	 for	 10min,	

each	pellet	was	resuspended	in	2ml	TBS-azide	and	transferred	into	an	eppendorf	

tube.	 The	 protein	 concentration	 in	 UAN	 fractions	 was	 determined	 by	 EZQ	

analysis	 after	 diluting	 (6μl	 UAN	 fraction	 +	 15μl	 4x	 sample	 buffer	 w/o	

Bromophenol	Blue	w/	DTT	+	39μl	ddH2O,	vortex)	and	heating	(at	95°C	for	5min,	

vortex,	spin	down)	the	fraction	to	allow	solubilisation	of	the	protein.	

DNAse	digestion:	in	each	2ml	fraction,	10μl	of	1M	NaOH	was	added	to	adjust	pH	

to	 8.0.	 After	 pre-warming	 tubes	 at	 37°C	 for	 10min,	 4μl	 of	 diluted	 trypsin	

(0.25mg/ml)	was	added	 into	each	 tube	and	vortexed	briefly	 to	 lyse	nuclei.	The	

digestion	reaction	was	 immediately	stopped	by	adding	6μl	PMSF,	2μl	Pepstatin	

and	 2μl	 Leupeptin.	 DNA	 was	 digested	 by	 adding	 12.25mM	 MgCl2	 and	 200μg	

DNase	 I	 into	 each	 tube	 and	 incubating	 at	 37°C	 for	 1hour.	 The	 samples	 were	

washed	twice	in	TBS-azide	via	centrifugation	at	4,000rpm	(1,830	x	g)	at	4°C	for	

10min,	and	resuspended	in	2ml	TBS-azide.	

Tryptic	 digestion:	 in	each	2ml	 fraction,	10μl	of	1M	NaOH	was	added	to	adjust	

pH	 to	 8.0.	 After	 pre-warming	 tubes	 at	 37°C	 for	 10min,	 trypsin	 (1mg/ml)	 was	

added	into	each	tube	to	give	a	1:4000	enzyme:	protein	ratio	and	incubated	in	a	

thermomixer	 (1400rpm)	 at	 37°C	 for	 5min.	 Previous	 time	 course	 experiments	

were	performed	to	ensure	that	no	decrease	in	the	size	of	Lewy	bodies	was	seen	

at	5min	(personal	communication,	T	Chataway,	Flinders	University).	At	the	end	

of	 the	 5-min	 incubation,	 the	 reaction	 was	 immediately	 stopped	 by	 protease	
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inhibitors	 (6μl	 PMSF	 +	 2μl	 Pepstatin	 +	 2μl	 Leupeptin).	 After	 digestion,	 the	

samples	were	washed	 twice	 in	TBS-azide	 +	 PIs	 via	 centrifugation	 at	 4,000rpm	

(1,830	x	g)	at	4°C	for	10min,	and	resuspended	in	2ml	TBS-azide.	

Antibody	 incubation:	 the	 sample	 in	 each	 tube	 was	 incubated	 with	 20μg	 of	

primary	antibody	(sheep	anti	α-synuclein)	at	1000rpm	at	4°C	overnight.	

	

Day3:	antibody	capture	

The	sample	was	washed	in	TBS-azide	for	3	times	by	centrifugation	at	4,000rpm	

(1,830	x	g)	at	4°C	for	10min	and	removing	the	supernatant,	then	the	pellet	was	

resuspended	in	2ml	TBS-azide.	The	primary	antibody	attached	to	inclusions	was	

first	captured	by	adding	15.4μl	of	biotin-conjugated	donkey	anti-sheep	IgG	and	

mixing	at	1000rpm	at	room	temperature	for	1hr.	After	that,	a	10μl	aliquot	was	

mixed	 with	 2μl	 1:400	 diluted	 Cy3-conjugated	 Streptavidin	 (Jackson	

ImmunoResearch	Laboratories,	West	Grove,	PA,	USA,	product	No.	016-160-084)	

and	 examined	 under	 fluorescent	 microscope	 to	 visualize	 antibody	 binding	 to	

inclusions.	 Then	 6.68μl	 Dynal	 MyOne	 Streptavidin	 T1	 Dynabeads	 (Invitrogen)	

and	 10μl	 Dynal	 M-280	 Streptavidin	 Dynabeads	 (Invitrogen)	 were	 added	 and	

mixed	 at	 1400rpm	 at	 room	 temperature	 for	 10min	 and	 60min	 respectively.	

Unbound	 particles	were	 gradually	washed	 off	 by	 placing	 tubes	 containing	 2ml	

suspension	in	washing	buffer	into	an	EasySepTM	magnet	(Stemcell	Technologies,	

Melbourne,	VIC,	Australia)	for	5min	and	removing	supernatant	3	times,	and	final	

beads	were	gathered	at	the	bottom	of	the	tube	by	high-speed	centrifugation	for	4	

times	at	18,000	x	g	at	room	temperature	(1st	spin	5min,	2nd	spin	5min,	3rd	spin	

2min,	4th	spin	30sec).	In	order	to	solubilize	inclusions,	80μl	of	Protein	Extraction	

Buffer	(TUC)	(7M	urea,	2M	thiourea,	4%	(w/v)	CHAPs)	was	added	into	each	tube	

of	 homogenate	 and	 vortexed	 until	 beads	were	 fully	 suspended,	 then	mixed	 at	

1400rpm	at	room	temperature	overnight.	
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Day4:	ultracentrifugation	

The	beads	were	removed	by	spinning	down	at	18,000	x	g	at	room	temperature	

for	 10min	 and	 supernatant	 containing	 solubilized	 inclusions	 was	 transferred	

into	Beckman	centrifuge	tubes	for	ultracentrifugation	(183,000xg,	4°C,	30min)	to	

further	 purify	 the	 samples	 for	 use.	 Protein	 concentration	 was	 determined	 by	

EZQ®	 Protein	Quantitation	Kit	 (Invitrogen)	 to	 determine	 the	 volume	 to	 use	 in	

the	subsequent	experiment.	

	

	
Figure	2-4:	Procedures	of	Lewy	Body	purification.	

	

2.4 Western	Blot	

	

2.4.1 EZQ	Protein	Quantification	Assay	

	

1μl	 of	 each	 standard,	 sample	 or	 dH2O	 (as	 blank)	 was	 pipetted	 onto	 the	 assay	

paper	 on	 microplate	 in	 triplicate.	 After	 drying,	 the	 assay	 paper	 was	 removed	

from	the	microplate	and	 the	empty	columns	were	 trimmed	off	 from	the	end	of	

the	 paper.	 Then	 the	 assay	 paper	 was	 placed	 in	 a	 tray	 containing	 40ml	 of	

methanol	 and	placed	on	a	 rocking	platform	 for	5min	at	RT.	The	methanol	was	
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then	removed	and	the	assay	paper	was	dried	on	low	heat	using	an	Easy	Breeze	

Gel	Dryer.	Then	35ml	of	EZQ	Protein	Quantification	Reagent	was	added	into	the	

tray	and	again	agitated	as	above	for	30min,	followed	by	rinsing	3	times	for	2min	

in	40ml	of	EZQ	destain	solution	(10%	methanol	and	7%	acetic	acid	in	dH2O).	The	

assay	 paper	 was	 scanned	 in	 a	 BioRad	 EZ-Doc	 Imager	 and	 analyzed	 with	

Carestream	Image	analysis	software.	

	

2.4.2 SDS-PAGE	

	

Immunoblots	were	 used	 to	 determine	 the	 expression	 of	 proteins	 (α-synuclein,	

tVAMP2)	extracted	from	brain	tissues	collected	from	specific	regions	of	interest.	

The	 samples	 (50μg)	 in	 2x	 Laemmli	 sample	 buffer	 (4%	 SDS,	 10%	

2-mercaptoethanol,	20%	glycerol,	0.004%	bromophenol	blue,	0.125M	Tris-HCl,	

pH	 6.8)	 were	 loaded	 onto	 a	 polyacrylamide	 gel	 after	 they	 were	 denatured	 by	

heating	 at	 95°C	 for	 2min,	 and	 then	 electrophoresed	 with	 molecular	 weight	

markers	 (Bio-Rad	 Precision	 Plus	 Protein™	 Standards,	 Dual	 Color,	 10-250kD)	

using	a	SDS	(sodium	dodecyl	sulfate)-PAGE	(polyacrylamide	gel	electrophoresis)	

gel	 (Bio-Rad	 Mini-PROTEAN®	 TGX	 Stain-Free™	 Precast	 gel,	 any	 kD™	 gel)	 in	

running	 buffer	 (25mM	 Tris	 base,	 190mM	 glycine,	 0.1%	 SDS)	 at	 200	 Volts	 for	

approximately	30min	for	a	10-well	gel	or	300	Volts	for	approximately	20min	for	

an	18-well	gel.	After	running,	the	gel	was	imaged	in	a	Bio-Rad	Gel-Doc	EZ	Imager	

to	 check	 the	 electrophoresis	 results	 and	 quality	 prior	 to	western	 blotting.	 The	

images	of	protein	bands	on	 the	gels	 taken	by	 the	 Imager	were	used	as	 loading	

controls	in	the	subsequent	data	analysis.	The	proteins	within	the	gel	were	then	

transferred	 to	 a	 0.2μm	 PVDF	membrane	 (Bio-Rad)	 in	 a	 semi-dry	 Trans-Blot®	

Turbo™	Blotting	 System	 (Bio-Rad)	 at	 25V,	 1.0A	 for	 30min.	After	 transfer,	 both	

the	 gel	 and	 the	membrane	were	 imaged	 in	 the	 Bio-Rad	 Gel-Doc	 EZ	 Imager	 to	

confirm	 the	 efficiency	 of	 the	 transfer.	 The	membrane	was	 then	 blocked	 in	 5%	
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skim	 milk	 in	 PBST	 (0.05%	 Twen-20)	 (blocking	 solution)	 for	 1hr	 at	 room	

temperature	(RT),	and	incubated	with	primary	antibodies	including	mouse	anti	

α-synuclein	 (ELAN)	 11A5	 antibody	 (final	 concentration	 at	 1:2k),	 rabbit	 anti	

AtVAMP2	 antibody	 (final	 concentration	 at	 1:2k),	 rabbit	 anti	 tVAMP2	 antibody	

(final	 concentration	 at	 1:2k)	 or	 rabbit	 anti	 AfVAMP2	 antibody	 (final	

concentration	 at	 1:2k)	 diluted	 in	 antibody	 diluent	 solution	 (2.5%	 skim	 milk	

powder	solution	in	PBST	(0.025%	Tween-20))	at	4°C	overnight.	The	membrane	

was	 washed	 3	 times	 in	 PBST	 and	 incubated	 with	 species	 appropriate	

HRP-conjugated	 secondary	 antibodies	 for	 1hr	 at	 RT.	 Bound	 antibodies	 were	

detected	using	ECL	Substrate	(Bio-Rad	Clarity™	Western	ECL	Substrates	Luminol	

Enhancer	 Solution	 and	 Stable	 Peroxide	 Solution).	 The	membrane	was	 exposed	

and	imaged	in	a	Fuji	LAS-4000	Imager.	

	

2.4.3 2D	Gel	Electrophoresis	

	

Day	1:	Sample	Preparation	and	Strip	Rehydration	

The	isolated	inclusions	were	diluted	in	TUC	buffer	containing	0.4%	DTT	to	make	

the	 final	 volume	 275ul	 for	 a	 13cm	 strip.	 Then	 0.5%	 ampholytes	 and	 a	 trace	

amount	 (~0.5ul)	 of	 saturated	 bromophenol	 blue	 solution	 were	 added	 to	 the	

sample/buffer	 mixture	 to	 complete	 the	 sample	 preparation	 before	 2D	 gel	

electrophoresis.	

The	 prepared	 sample	 solutions	 were	 evenly	 loaded	 along	 the	 strip	 holder	

between	 the	 two	electrodes,	 covered	by	strips	and	Dry	strip	 cover	 fluid,	1-2ml	

per	strip.	The	strip	holder	was	then	placed	into	the	IPGphor	and	the	rehydration	

was	performed	overnight	at	20°C,	50V.	 	

	

Day	2:	Isoelectric	Focussing	(1st	Dimension)	

The	hydrated	strips	were	taken	out	and	the	strip	holder	and	its	lid	were	washed	
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with	IPG	detergent	and	deionized	water	and	dried.	Whatman	filter	paper	(No	1)	

was	cut	into	small	pieces	(“wicks”)	with	the	right	size	to	cover	the	electrodes	in	

the	strip	holder.	The	wicks	were	dampened	with	deionized	water	and	were	then	

placed	over	the	electrodes	 in	the	strip	holder	with	forceps,	and	the	strips	were	

returned	to	the	strip	holder	and	covered	by	1-2ml	of	Dry	strip	cover	fluid	evenly	

afterwards.	 The	 strip	 holder	 was	 once	 again	 placed	 into	 IPGphor	 and	 the	

isoelectric	 focusing	 (IEF)	 was	 performed	 overnight	 with	 gradient	 up	 to	

10,000Vhr	until	69,893	total	Vhr	was	reached	followed	by	holding	at	220V.	The	

program	in	Ettan	IPGphor	3	was	set	as	follows:	

	

	

	

Day	3:	Gel	Electrophoresis	(2nd	dimension)	

The	 strips	 were	 removed	 from	 the	 strip	 holder	 and	 transferred	 into	 the	

equilibration	 (EQ)	 tube	with	 one	 end	 sealed	with	 a	 stopper	 or	 parafilm.	 After	

adding	5ml	of	EQ	Solution	containing	1%	DTT	into	the	tube,	the	other	end	was	

sealed	 and	 the	 tube	 was	 placed	 on	 the	 stirrer	 for	 15min	 before	 pouring	 off	
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Solution	1.	The	procedure	was	repeated	using	5ml	of	EQ	Solution	containing	4%	

Idoacetamide	+	20μl	Bromophenol	blue.	The	strips	were	then	removed	from	the	

equilibration	tube	and	placed	on	top	of	the	gel,	with	a	gel	comb	at	the	negative	

end	 of	 the	 strip	 for	 molecular	 weight	 marker	 (MWM).	 Then	 a	 layer	 of	 1%	

low-melting	point	agarose	was	placed	over	 the	 strip	 to	 the	 top	of	 the	gel	plate	

and	was	cooled	 for	~5min	until	 the	agrose	was	solidified.	After	putting	 the	gel	

plates	 into	 the	 tank	 and	 pouring	 1X	 running	 buffer	 into	 the	 top	 and	 bottom	

compartments,	the	gels	were	run	at	constant	voltage	of	300V	for	approximately	

20min	until	bromophenol	blue	reached	0.5cm	from	the	bottom	of	the	gel	plates.	

After	running,	the	gel	was	detached	from	the	plates	and	transferred	into	a	glass	

dish	 containing	 fixative/destain	 solution	 (20%	methanol,	 7.5%	 acetic	 acid)	 for	

30min	before	proceeding	with	either	Coomassie	blue	or	silver	stain	for	45-60min.	

After	 destaining	 until	 desired	 background	 gained,	 the	 gels	 were	 ready	 for	

imaging.	

	

2.5 Mass	Spectrometry	

	

2.5.1 Coomassie	Staining	

	

After	gel	electrophoresis	of	15ug	of	purified	Lewy	bodies	along	with	molecular	

weight	 markers	 (Bio-Rad	 Precision	 Plus	 Protein™	 Standards,	 Unstained,	

10-250kD,	 Catalogue#	 161-0363),	 the	 1D	 gel	 was	 fixed	 in	 the	 fixing	 solution	

containing	40%	methanol	and	10%	acetic	acid	for	1-2hr,	followed	by	staining	in	

Coomassie	solution	(2g	Coomassie	Brilliant	Blue	R250,	200ml	of	methanol,	50ml	

of	glacial	acetic	acid,	750ml	of	dH2O)	 for	1hr.	The	gel	was	 then	placed	 in	dH2O	

and	heated	in	a	microwave	for	20min	to	washout	excess	stain.	The	gel	was	then	

transferred	 into	 destaining	 solution	 (20%	methanol,	 7.5%	 acetic	 acid),	 imaged	

using	the	BioRad	Gel	Doc	Imager,	and	washed	in	dH2O	3	times	(30min	per	wash)	
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to	 remove	 traces	 of	 acetic	 acid	 from	 the	 fixative	 and	 prepare	 for	 trypsin	

digestion.	

	

2.5.2 In-Gel	Trypsin	Digestion	

	

The	band	or	spot	of	 interest	was	removed	from	the	gel	using	a	scalpel	blade	or	

pipette	 tip,	 respectively.	 The	 band	was	 cut	 into	 1X1	mm	 pieces	 and	 placed	 in	

1.5ml	 low	 bind	 tube	 (Axygen	 1.7ml	 Cat#	 MCT-175-L-C).	 The	 gel	 slices	 were	

washed	in	500ul	of	100mM	ammonium	bicarbonate	(Sigma-Aldridge	Cat#	09830	

Bio	 Ultra	 Grade)	 for	 30min	 twice,	 and	 then	 incubated	 in	 150ul	 of	 100mM	

ammonium	bicarbonate	with	10ul	of	50mM	DTT	(Astral	Scientific	Cat#	C-1029)	

at	 60°C	 for	 30min.	 After	 cooling	 to	 room	 temperature	 (RT),	 10ul	 of	 100mM	

iodoacetamide	 (IAA)	 (BioRad	 Cat#	 163-2109)	was	 added	 to	 the	 gel	 slices	 and	

then	incubated	for	30min	in	the	dark	at	RT.	After	incubation,	the	gel	slices	were	

washed	 twice	 in	 500ul	 of	 100mM	 ammonium	 bicarbonate	 with	 shaking	 for	

30min	each.	 In	order	 to	shrink	 the	gel	slices,	200ul	of	acetonitrile	 (Merck	Cat#	

100029)	was	then	added.	After	10-15min,	the	solvent	was	removed	and	the	gel	

slices	 air-dried.	 When	 dry,	 the	 gel	 slices	 were	 completely	 covered	 by	 trypsin	

working	solution	(stock	solution	1ug/ul	from	Promega	Cat#	V5280	Trypsin	Gold	

Mass	 Spectrometry	 Grade,	working	 solution	 20ng/ul:	 1/50	 dilution	 in	 100mM	

ammonium	 bicarbonate)	 on	 ice	 for	 10-15min,	 followed	 by	 incubation	 at	 37°C	

overnight	 for	 thorough	 digestion.	 On	 the	 following	 day,	 the	 tubes	were	 briefly	

centrifuged	 and	 the	 trypsin	 solution	 containing	 digested	 tryptic	 peptides	 was	

transferred	into	mass	spectrometry	vials.	

	

2.5.3 LC	MS/MS	 	
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Extracts	 digested	 with	 Trypsin	 were	analyzed	 using	 an	 AB	 Sciex	 TripleTOF	

5600+	mass	 spectrometer	 fitted	with	 a	 nanospray	 source	 (AB	 Sciex).	 Digested	

peptides	were	applied	to	a	Polar	3	um	precolumn	(0.3	x	10	mm,	SGE	Analytical	

Science)	and	eluted	onto	a	spraytip	5um	C18	column	(75mm	x	150	mm	with	a	

bead	 pore	 size	 of	 100Å)	 (Nikkyo	 Technos),	 using	 an	 Eksigent	 Ekspert	 415	

nanoLC.		 Peptides	 were	 eluted	 using	 a	 35-minute	 gradient	 from	 5%	 to	 25%	

acetonitrile	/	0.1%	formic	acid	at	a	flow	rate	of	300	nl/minute	over	35	minutes,	

followed	 by	 a	 second	 gradient	 to	 40%	 acetonitrile	 /	 0.1%	 formic	 acid	 over	 7	

minutes	 and	 a	 further	 step	 to	 95%	 acetonitrile	 for	 11	 minutes.	 The	 mass	

spectrometer	 was	 operated	 in	 positive-ion	 mode	 with	 one	 MS	 scan	 of	

mass/charge	 (m/z)	 350–1,500,	 followed	 by	 collision-induced	 dissociation	

fragmentation	of	+2	to	+5	charge	state	ions	that	were	greater	than	10	counts	per	

second	 for	 a	maximum	of	 100	 candidate	 ions.	 	Exclusion	of	 former	 target	 ions	

was	performed	 for	 30	 seconds	 after	 1	 occurrence	with	 a	mass	 tolerance	 of	 50	

mDa.	 Rolling	 collision	 energy	 and	 dynamic	 accumulation	 were	 also	 applied.	

Product	 ion	 scans	were	 from	100	 to	1,500	Da	 in	 high	 sensitivity	mode	 and	 an	

accumulation	time	of	0.01	seconds	was	used.	

Spectra	 were	 searched	 using	 ProteinPilot	 (v4.5b,	 AB	 Sciex)	 using	 the	 Paragon	

search	 engine	 and	 the	 Uniprot	 human	 database	 (version	 03-09-2014).	 The	

software	was	operated	 in	biological	and	 thorough	 ID	modes,	with	 the	detected	

protein	threshold	set	at	0.05.	False	discovery	rate	analysis	was	also	performed.	 	

The	 exported	 .wiff	 files	 from	ProteinPilot™	were	 loaded	 into	 the	PEAKS	 Studio	

7.0	 (build	 20140912)	 software	 (Bioinformatics	 Solutions	 Inc.).	Spectra	 were	

exported	 from	 ProteinPilot	 and	 analysed	 with	 PEAKS	 7.0	(Bioinformatics	

Solutions	Inc.).	The	data	was	refined	with	minimum	charge	of	+2	and	max	charge	

of	 +6.	 Searches	 were	 made	 using	 the	 Uniprot	 human	 database	 with	 an	 error	

tolerance	 of	 15	 ppm	 for	 precursor	 ions	 and	 0.02	 Da	 for	 product	

ions.	 	Carbamidomethylation	 was	 set	 as	 a	 fixed	 modification	 and	 oxidation	 of	
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methionines	as	a	variable	modification	with	a	maximum	of	2	variable	PTMs	per	

peptide.	 	The	 digesting	 enzyme	 was	 set	 as	 Trypsin	 or	 GluC	 with	 a	 maximum	

missed	 cleavage	 of	 1	 and	 non-specific	 cleavage	 allowable	 at	 one	 end	 of	 the	

peptide.		

	

2.6 Protein	concentration	assay	

	

The	protein	concentrations	of	brain	homogenates	or	purified	Lewy	bodies	were	

measured	using	the	EZQ	protein	quantification	assay	 in	order	to	 load	the	same	

amount	of	protein	onto	the	gel.	
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Chapter	3	

Results	

3.1 The	 specificity	 of	 the	 VAMP2	 and	 α-synuclein	 antibodies	 for	 the	

detection	of	Lewy	bodies	and	Lewy	neurites.	

	

At	 the	beginning	of	 this	 study,	 it	was	necessary	 to	determine	which	antibodies	

that	 were	 available	 in	 the	 laboratory	 could	 be	 used	 to	 test	 the	 hypothesis.	 In	

order	to	optimize	the	antibodies	to	visualize	Lewy	bodies	and	Lewy	neurites	in	

this	 study,	 the	 specificity	of	different	 antibodies	were	 tested	on	PD	 case	 tissue	

and	 compared	 to	 normal	 control	 brain	 tissue	 by	 using	 immunohistochemistry	

and	immunoblot.	 	

The	morphology	 of	 classical	 Lewy	 bodies	 was	 initially	 demonstrated	 by	 using	

immunostaining	 with	 the	 tVAMP2	 (truncated	 VAMP2)	 antibody.	 Figure	 3-1	

showed	a	clear	picture	of	 tVAMP2-stained	Lewy	bodies	and	Lewy	neurites	 in	a	

free-floating	section	of	a	PD+AD	brain	(SA0041).	The	classical	Lewy	body	in	the	

middle	of	 the	 figure	appeared	as	a	 spherical	 inclusion	 that	displaced	other	 cell	

components.	It	was	composed	of	a	dense	core	surrounded	by	a	pale-stained	halo	

of	 radiating	 fibrils.	 Lewy	neurites	were	 abnormal	 neurites	 containing	 granular	

material	and	abnormal	filaments	similar	to	those	found	in	Lewy	bodies.	In	figure	

3-2	and	3-3,	immunohistochemistry	was	conducted	on	free-floating	and	paraffin	

sections	 with	 a	 range	 of	 antibodies	 including	 one	 tVAMP2	 antibody,	 one	

AtVAMP2	antibody	that	was	purified	from	tVAMP2,	both	antibodies	were	kindly	

provided	 by	 Dr.	 Weiping	 Gai.	 In	 addition,	 two	 fVAMP2	 (full-length	 VAMP2)	

antibodies	purchased	from	Biochem	and	two	α-synuclein	antibodies	(anti-sheep	

provided	 by	 Dr	Weiping	 Gai	 and	 anti-mouse	 purchased	 from	 Elan)	 were	 also	

tested.	The	quality	 of	 each	 antibody	was	determined	by	 the	number	of	 lesions	

per	field	counted	under	the	 light	microscope	with	a	magnification	of	200X.	The	

specificity	of	each	antibody	was	determined	by	comparing	a	PD	case	(patient	ID:	
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SA0015)	 with	 a	 normal	 case	 (patient	 ID:	 SA0036).	 In	 free-floating	 sections,	

tVAMP2	and	AtVAMP2	antibodies	(corresponding	to	amino	acid	residues	30-47)	

showed	clear	staining	of	Lewy	bodies	and	Lewy	neurites	in	the	PD	case	but	not	in	

the	 normal	 brain	 (figure	 3-2,	 a-d).	 Hence,	 it	 was	 concluded	 that	 tVAMP2	 and	

AtVAMP2	 antibodies	 were	 ideal	 for	 immunohistochemistry	 in	 the	 following	

study.	 However,	 the	 two	 fVAMP2	 antibodies	 (corresponding	 to	 amino	 acid	

residues	2-17)	showed	poor	staining	of	Lewy	bodies	and	Lewy	neurites	but	with	

strong	 staining	 in	normal	 synapses,	 suggesting	 that	 these	 two	 antibodies	were	

not	 useful	 pathological	 indicators	 (figure	 3-2,	 e-h).	 As	 a	 gold	 standard	 for	 PD	

pathology,	both	α-synuclein	antibodies	detected	Lewy	bodies	and	Lewy	neurites	

in	 PD.	 The	 sheep	 α-synuclein	 antibody	 stained	 more	 Lewy	 bodies	 in	 PD	 than	

mouse	anti	α-synuclein	(figure	3-2,	i-l).	 	

To	 further	 test	 the	 quality	 of	 α-synuclein	 and	 tVAMP2	 antibodies	 on	 paraffin	

sections,	immunostaining	was	performed	on	sections	of	a	DLB	brain	(patient	ID:	

SA0046)	 (figure	 3-3).	 Positively	 stained	 Lewy	 bodies	 and	 Lewy	 neurites	 were	

detected	by	all	 three	antibodies	 (rabbit	anti	 tVAMP2,	 rabbit	anti	AtVAMP2	and	

sheep	 anti	 α-synuclein).	 Notably,	 α-synuclein	 antibody	 produced	 very	 strong	

synaptic	 staining,	 making	 the	 background	 unclear	 compared	 with	 tVAMP2	

antibodies	(figure	3-3,	c).	

In	 order	 to	 further	 compare	 the	 quality	 of	 these	 three	 antibodies	 in	 staining	

Lewy	bodies	 in	PD	and	DLB,	 the	numbers	of	positively	stained	Lewy	bodies	by	

each	 antibody	 in	 three	 independent	 cases	 were	 counted	 under	 100X	

magnification	(table	3-1,	a-b)	and	analyzed	using	one-way	anova	to	compare	the	

mean	of	each	group	with	the	mean	of	every	other	group	using	Prism	6	software.	

Both	 tVAMP2	 and	 AtVAMP2	 stained	 significantly	 fewer	 Lewy	 bodies	 than	

α-synuclein-stained	Lewy	bodies	(p<0.05)	(figure	3-4,	a-b).	
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Figure	3-1	

	

Figure	3-1:	Morphology	of	 Lewy	bodies	and	Lewy	neurites	 in	Parkinson’s	

disease.	 Immunostaining	 of	 tVAMP2	 (1:2k)	 in	 the	 free-floating	 section	 of	 a	

PD+AD	brain	(SA0041)	showed	a	clear	picture	of	classical	Lewy	bodies	and	Lewy	

neurites.	 The	 observation	 was	 made	 using	 x1000	 magnification	 with	 oil	

immersion	lens.	Scale	bar	is	50μm,	solid	arrow	indicates	Lewy	body	and	dotted	

arrow	indicates	Lewy	neurite.	The	core	and	surrounded	halo	of	Lewy	body	are	

labeled	with	red	arrows.	
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Figure	3-2,	a-d	

	

Figure	3-2	(a-d):	Immunostaining	with	tVAMP2	and	AtVAMP2	antibodies	in	

free-floating	 sections	 of	 control	 and	 PD	 brains.	 Immunostaining	 with	

antibodies	 against	 tVAMP2	 (rabbit,	 1:2k),	 AtVAMP2	 (rabbit,	 6.8ug/ml)	 in	

free-floating	sections	of	the	mid-frontal	region	of	a	PD	case	(patient	ID:	SA0015)	

(left	panels)	and	the	mid-temporal	region	of	a	normal	case	(patient	ID:	SA0036)	

(right	 panels).	Magnification	 of	 400x	 using	 an	Olympus	 BH-2	 light	microscope	

(Tokyo,	Japan).	The	number	of	Lewy	bodies	and	Lewy	neurites	was	counted	with	

a	magnification	 of	 200x.	 Scale	 bar	 is	 50μm,	 solid	 arrows	 indicate	 Lewy	 bodies	

and	dotted	arrows	indicate	Lewy	neurites.	
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Figure	3-2,	e-h	

	

Figure	3-2	(e-h):	 Immunostaining	with	 fVAMP2	antibodies	 in	 free-floating	

sections	 of	 control	 and	 PD	 brains.	 Immunostaining	 with	 antibodies	 against	

two	 fVAMP2	 antibodies	 (Biochem,	 animal	 ID	 3023	 and	 3024,	 rabbit,	 1:1k)	 in	

free-floating	sections	of	the	mid-frontal	region	of	a	PD	case	(patient	ID:	SA0015)	

(left	panels)	and	the	mid-temporal	region	of	a	normal	case	(patient	ID:	SA0036)	

(right	 panels).	Magnification	 of	 400x	 using	 an	Olympus	 BH-2	 light	microscope	

(Tokyo,	Japan).	Scale	bar	is	50μm.	
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Figure	3-2,	i-l	

	

Figure	 3-2	 (i-l):	 Immunostaining	 with	 α-synuclein	 antibodies	 in	

free-floating	 sections	 of	 control	 and	 PD	 brains.	 Immunostaining	 with	

antibodies	 against	 α-synuclein	 (sheep,	 1:2k)	 and	 α-synuclein	 (ELAN	 11A5,	

mouse,	 1:1k)	 in	 free-floating	 sections	 of	 the	 mid-frontal	 region	 of	 a	 PD	 case	

(patient	ID:	SA0015)	(left	panels)	and	the	mid-temporal	region	of	a	normal	case	

(patient	 ID:	 SA0036)	 (right	 panels).	 Magnification	 of	 400x	 using	 an	 Olympus	

BH-2	 light	 microscope	 (Tokyo,	 Japan).	 The	 number	 of	 Lewy	 bodies	 and	 Lewy	

neurites	 was	 counted	 with	 a	 magnification	 of	 200x.	 Scale	 bar	 is	 50μm,	 solid	

arrows	indicate	Lewy	bodies	and	dotted	arrows	indicate	Lewy	neurites.	

	 	

SA0015&/&PD&(MF)� SA0036&/&Normal&(MT)�

α8synuclein&Shp&1:2k�

α8synuclein&ELAN&11A5&Mou&1:1k�

LB�

LN�

+++�

+�

8�

8�

LB�

LN�

+�

++�

8�

8�

LB�

LN�

LB�

LN�

LB�

LN�

LN�

α8synuclein&Shp&1:2k�

α8synuclein&ELAN&11A5&Mou&1:1k�

(i)� (j)�

(k)� (l)�

LB�



	 71	

Figure	3-3	

	
Figure	 3-3:	 Immunostaining	 with	 tVAMP2,	 AtVAMP2	 and	 α-synuclein	

antibodies	 in	 paraffin	 sections	 of	 a	 DLB	 brain.	 Immunostaining	 with	

antibodies	 against	 tVAMP2	 (rabbit,	 1:2k),	 AtVAMP2	 (rabbit,	 13.6ug/ml),	

α-synuclein	(sheep,	1:2k)	in	paraffin	sections	of	the	inferior	temporal	region	of	a	

DLB	 case	 (patient	 ID:	 SA0046).	Magnification	 of	 400x	 using	 an	 Olympus	 BH-2	

light	microscope	(Tokyo,	 Japan).	Scale	bar	 is	50μm,	solid	arrows	 indicate	Lewy	

bodies	and	dotted	arrows	indicate	Lewy	neurites.	
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Table	3-1,	a	

	 SA0083/DLB	(MT)	 SA0083/DLB	(MF)	 SA0015/PD	(MF)	

Antibody	 Total	

Lewy	

body	

number	

%	of	

α-synuclei

n	-	stained	

Lewy	body	

Total	

Lewy	

body	

number	

%	of	

α-synuclei

n	-	stained	

Lewy	body	

Total	

Lewy	

body	

number	

%	of	

α-synuclei

n	-	stained	

Lewy	body	

α-synuclein	

(1:2k)	

1025	 100	 832	 100	 261	 100	

tVAMP2	

(1:2k)	

848	 82.73	

	

678	 81.49	

	

142	 54.41	

	

AtVAMP2	

(6.8ug/ml)	

637	 62.15	

	

668	 80.29	

	

182	 69.73	

	

	

Table	3-1,	b	

	 Total	Lewy	body	number	 %	of	α-synuclein-stained	

Lewy	body	

Antibody	 Mean	 S.E.M	 Mean	 S.E.M	

α-synuclein	(1:2k)	 706	 229.37	 100	 0	

tVAMP2	(1:2k)	 556	 212.74	 72.88	 9.24	

AtVAMP2	(6.8ug/ml)	 495.67	 157.09	 70.72	 5.26	

	

Table	3-1,	a-b:	Counting	of	Lewy	bodies	that	stained	by	tVAMP2,	AtVAMP2	

and	 α-synuclein	 antibodies	 in	 free-floating	 sections.	 (a)	 Immunostaining	

with	 antibodies	 against	 tVAMP2	 (rabbit,	 1:2k),	 AtVAMP2	 (rabbit,	 6.8ug/ml),	

α-synuclein	(sheep,	1:2k)	in	three	independent	free-floating	sections	of	the	mid	

temporal	region	and	the	middle	 frontal	region	of	a	DLB	case	(SA0083)	and	the	

middle	 frontal	 region	 of	 a	 PD	 case	 (SA0015).	 (b)	 The	 total	 number	 of	 Lewy	

bodies	stained	by	each	antibody	in	every	section	was	normalized	by	the	number	
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of	α-synuclein-stained	Lewy	bodies	in	the	same	case.	Means	and	Standard	Errors	

of	 the	 Mean	 (S.E.M)	 of	 total	 Lewy	 body	 number	 and	 percentage	 of	

α-synuclein-stained	Lewy	bodies	were	calculated	accordingly.	

	
Figure	3-4,	a-b	 	
(a)	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (b)	

	

Figure	 3-4,	 a-b:	 One-way	Anova	 analysis	 of	 the	 total	 Lewy	 body	 numbers	

that	 stained	 by	 tVAMP2,	 AtVAMP2	 and	 α-synuclein	 antibodies	 in	

free-floating	 sections.	 The	 total	 number	 of	 Lewy	 bodies	 and	 the	 normalized	

percentage	 of	 Lewy	 bodies	 were	 analyzed	 with	 one-way	 anova	 of	 multiple	

comparison	in	Prism	6.	*	indicates	p<0.05.	 	

	 	

α-s
yn

ucle
in

tV
AMP2

AtV
AMP2

0

200

400

600

800

1000

1200

To
ta

l L
B

 N
um

be
r

LB inclusions
α-synuclein
tVAMP2
AtVAMP2

α-s
yn

ucle
in

tV
AMP2

AtV
AMP2

0

20

40

60

80

100

120

%
 o

f α
!s
yn
uc
le
in

-s
ta

in
ed

 in
cl

us
io

ns

LB inclusions α-synuclein

tVAMP2

AtVAMP2

*
*



	 74	

Figure	3-4,	c-d	

(c)	

	
	

(d)	

	
Figure	3-4,	c-d:	Lewy	bodies	staining	by	tVAMP2,	AtVAMP2	and	α-synuclein	

antibodies	in	free-floating	sections.	(c)	Morphology	of	positively	stained	Lewy	

bodies	with	α-synuclein	(left),	tVAMP2	(middle)	and	AtVAMP2	(right)	antibodies	

under	1000x	magnification	in	the	free-floating	sections	of	a	DLB	brain	(SA0083)	

that	were	 counted	 for	 analysis.	 Scale	 bar	 is	 20μm,	 solid	 arrows	 indicate	 Lewy	

bodies	 and	 dotted	 arrows	 indicate	 Lewy	 neurites.	 (d)	 Positively	 stained	 Lewy	

bodies	with	antibodies	of	α-synuclein	(red)	or	tVAMP2	(green)	or	both	(yellow)	

under	a	confocal	microscopy	by	double	immunofluorescence	staining.	Scale	bar	

is	50μm.	
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Purified	 Lewy	 bodies	 of	 a	 PD	 case	 (patient	 ID:	 SA0274)	 and	 normal	 tissue	

(patient	 ID:	 SA0230)	was	 subjected	 to	 a	 Lewy	 body	 purification	 protocol.	 The	

samples	 were	 run	 on	 SDS-PAGE	 and	 immunoblotted	 with	 tVAMP2,	 AtVAMP2,	

fVAMP2	and	Pan	α-synuclein	 antibodies	 in	order	 to:	 (1)	 compare	 specificity	of	

each	 antibody	 by	 Western	 blot	 to	 identify	 whether	 each	 antibody	 detects	 a	

protein	of	 the	correct	molecular	weight;	 (2)	examine	 the	protein	expression	of	

truncated	 VAMP2	 and	 α-synuclein	 in	 Lewy	 bodies	 of	 PD	 brain	 compared	 to	

control.	 In	 Western	 blot	 analysis	 (figure	 3-5),	 in	 addition	 to	 the	 band	 for	

full-length	 VAMP2	 monomer	 (at	 around	 17kDa)	 and	 the	 bands	 with	 higher	

molecular	 weights	 for	 VAMP2	 aggregates,	 there	 was	 another	 band	 at	 around	

14kDa	only	detected	by	the	truncated	VAMP2	antibodies	(tVAMP2	and	AtVAMP2)	

which	 detect	 the	 30-47	 amino	 acid	 sequence	 (figure	 3-5,	 e-f),	 but	 not	 by	 the	

full-length	 VAMP2	 antibody	 (fVAMP2)	 which	 detects	 the	 2-17	 amino	 acid	

sequence	 (figure	 3-5,	 g).	 The	 14kDa	 band	was	 only	 detected	 in	 purified	 Lewy	

bodies	of	PD	but	was	absent	 in	purified	sample	of	normal	 case	using	 the	same	

protocol.	This	suggested	that	the	14kDa	band	was	specific	to	Lewy	pathologies.	

tVAMP2	 antibody	 required	 a	 shorter	 exposure	 but	 contained	 a	 higher	

background	with	more	non-specific	bands	(figure	3-5,	b	&	f),	whereas	AtVAMP2	

had	a	much	clearer	background	but	fainter	bands	(figure	3-5,	a	&	e).	α-synuclein	

antibody	 detected	 both	 monomer	 (around	 20kDa)	 and	 aggregates	 in	 purified	

Lewy	bodies	(figure	3-5,	h).	All	of	these	figures	indicated	the	protein	expression	

of	both	truncated	VAMP2	and	α-synuclein	in	Lewy	bodies.	 	
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Figure	3-5,	a’-d’	&	a-d	

	 	 	

	

Figure	3-5,	a’-d’	&	a-d:	Western	blot	analysis	of	brain	homogenate	 from	a	

PD	case	using	tVAMP2,	AtVAMP2,	fVAMP2	and	Pan	α-synuclein	antibodies.	

Western	blot	of	brain	homogenate	of	a	PD	case	(patient	ID:	SA0274)	is	shown	in	

figure	a-d.	Brain	homogenate	was	run	on	a	4-20%	SDS-PAGE	gel	and	blotted	with	

antibodies	against	tVAMP2	(rabbit,	1:1k),	AtVAMP2	(rabbit,	0.34ug/ml),	fVAMP2	

(rabbit,	1:1k)	and	Pan	α-synuclein	(rabbit,	1:2k).	15μg	of	protein	was	loaded	for	

each	sample.	The	corresponding	image	of	each	gel	prior	to	transfer	is	shown	in	

figure	a’-d’.	This	experiment	was	repeated	four	times.	
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Figure	3-5,	e’-h’	&	e-h	

	 	

	
Figure	 3-5,	 e’-h’	&	 e-h:	Western	 blot	 analysis	 of	 purified	 protein	 samples	

from	 a	 PD	 case	 and	 a	 normal	 case	 using	 tVAMP2,	 AtVAMP2,	 fVAMP2	 and	

Pan	 α-synuclein	 antibodies.	Western	blot	 of	 purified	protein	 from	a	PD	 case	

(patient	ID:	SA0274)	and	a	normal	case	(C)	(patient	ID:	SA0230)	using	the	same	

protocol	of	Lewy	body	purification	is	shown	in	figure	e-h.	The	purified	proteins	

were	run	on	a	4-20%	SDS-PAGE	gel	and	blotted	with	antibodies	against	tVAMP2	

(rabbit,	 1:1k),	 AtVAMP2	 (rabbit,	 0.34μg/ml),	 fVAMP2	 (rabbit,	 1:1k)	 and	 Pan	

α-synuclein	 (rabbit,	 1:2k).	 15μg	 of	 protein	 was	 loaded	 for	 each	 sample.	 The	

corresponding	 image	of	 each	gel	prior	 to	 transfer	 is	 shown	 in	 figure	e’-h’.	This	

experiment	was	repeated	four	times.	 	
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3.2 Lewy	bodies	and	Lewy	neurites	were	detectable	 in	various	 regions	of	

PD	brains	while	absent	in	normal	brain	by	using	immunostaining	with	

tVAMP2	and	α-synuclein	antibodies.	

	

Clinically,	different	distribution	of	Lewy	bodies	and	Lewy	neurites	in	brainstem	

and	 cortex	 will	 lead	 to	 various	manifestations	 and	 symptoms	 in	 PD	 and	 DLB.	

Hence,	an	eligible	pathological	marker	for	PD	and	DLB	should	be	able	to	detect	

Lewy	 bodies	 and	 Lewy	 neurites	 in	 different	 regions	 of	 brain.	 In	 3.1,	 the	

antibodies	of	tVAMP2	(rabbit)	and	α-synuclein	(sheep)	and	their	dilutions	were	

optimized	 in	 immunohistochemistry.	 The	 capability	 of	 these	 two	 antibodies	 to	

detect	Lewy	bodies	and	Lewy	neurites	in	regions	of	neocortex	and	brainstem	of	

PD	or	DLB	brains	was	tested	by	using	immunostaining	on	free-floating	sections.	

Firstly,	 the	 distribution	 of	 Lewy	 bodies	 in	 neocortex	 was	 identified	 via	

immunostaining	 with	 α-synuclein	 antibody.	 There	 are	 6	 classically	 recognized	

layers	of	the	cortex	(figure	3-6,	a	&	b)[175]:	

I:	Outer	plexiform	(molecular)	layer:	sparse	neurons	and	glia;	

II:	Outer	granular	layer:	small	pyramidal	and	stellate	neurons;	

III:	Outer	pyramidal	layer:	moderate	sized	pyramidal	neurons;	

IV:	Inner	granular	layer:	densely	packed	stellate	neurons;	

V:	Ganglionic	or	inner	pyramidal	layer:	large	pyramidal	neurons;	

VI:	Multiform	cell	layer:	mixture	of	small	pyramidal	and	stellate	neurons.	

It	 was	 reported	 that	 in	 DLB,	 Lewy	 pathology	 in	 the	 cerebral	 cortex	 affected	

layers	 V-VI	 initially,	 then	 accumulated	 in	 layer	 III,	 and	 finally	 layer	 II.	 The	

amygdala	 was	 first	 affected,	 then	 the	 limbic	 cortex,	 and	 finally	 the	 neocortex	

[176].	Our	observation	of	immunostaining	in	the	amygdala	region	of	a	DLB	brain	

with	α-synuclein	showed	that	Lewy	bodies	are	mainly	distributed	 in	 layer	V-VI	

(figure	3-6,	c),	consistent	with	the	observations	that	were	previously	reported.	 	

Then,	to	further	explore	the	distribution	of	Lewy	pathologies	in	different	regions	
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of	PD	brainstem,	we	applied	immunostaining	on	free-floating	sections	of	two	PD	

brains	 and	 compared	 to	 a	 normal	 case	 (figure	 3-7).	 tVAMP2	positively	 stained	

Lewy	 bodies	 and	 Lewy	 neurites	 were	 detected	 in	 all	 the	 brainstem	 regions	

explored	 in	 the	 PD	 cases	 including	 Pons,	 Medulla,	 Rostral	 Medulla,	 Rostral	

Midbrain	and	Caudal	Pons,	and	absent	in	the	control	case.	Classical	Lewy	bodies	

and	Lewy	neurites	were	clearly	shown	in	tVAMP2	stained	free-floating	sections	

of	PD.	

These	 results	 indicated	 that	 the	optimized	 tVAMP2	and	α-synuclein	 antibodies	

were	 validated	 in	 detecting	 Lewy	 bodies	 and	 Lewy	 neurites	 distributed	 in	

different	 regions	 of	 PD	 and	 DLB	 brains,	 suggesting	 their	 potential	 for	 use	 in	

pathological	analysis	for	PD	and	DLB.	
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Figure	3-6	

	

	

Figure	3-6:	Lewy	body	distribution	in	neocortex	layers.	(a)	&	(b)	Scheme	of	6	

classically	 recognized	 layers	 of	 the	 cortex[175].	 (c)	 Immunostaining	 of	

α-synuclein	 in	 free-floating	 section	 of	 the	 amygdala	 region	 of	 a	 DLB	 brain	

(patient	 ID:	 SA0052).	 I:	 molecular	 layer;	 II:	 outer	 granular	 layer;	 III:	 outer	

pyramidal	layer;	IV:	inner	granular	layer;	V:	inner	pyramidal	layer;	VI:	multiform	

cell	layer.	
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Figure	3-7	

	
Figure	 3-7:	 tVAMP2-stained	 Lewy	 pathologies	 distributed	 in	 various	

regions	 of	 PD	 brainstem.	 Immunostaining	with	 an	 antibody	 against	 tVAMP2	

(1:2k)	 in	 free-floating	 sections	 of	 different	 regions	 (Pons,	 Medulla,	 Rostral	

Medulla,	Rotral	Midbrain	and	Caudal	Pons)	of	two	PD	brains	(patient	ID:	SA0067	

and	 SA0051)	 and	 the	midbrain	 region	 of	 a	 normal	 brain	 (patient	 ID:	 SA0010)	

was	observed	under	the	magnification	of	400x.	Scale	bar	 is	50μm,	solid	arrows	

indicate	Lewy	bodies	and	dotted	arrows	indicate	Lewy	neurites.	

	 	

tVAMP2'1:2k,'Free/floa3ng'sec3on�

SA0067'(PD),'Pons� SA0067'(PD),'Medulla�

SA0067'(PD),'Rostral'Medulla�

SA0051'(PD),'Rostral'Midbrain� SA0051'(PD),'Caudal'Pons�

SA0010'(normal),'Midbrain�

LB�

LN�

LB�

LN�

LB� LB�

LN�

LN� LB�

(a)� (b)�

(c)� (d)�

(e)� (f)�



	 82	

3.3 Co-localization	of	truncated	VAMP2	and	α-synuclein	in	Lewy	bodies	and	

Lewy	neurites.	

	

As	 shown	 above,	 both	 truncated	 VAMP2	 and	 α-synuclein	 exist	 in	 Lewy	 bodies	

and	 Lewy	 neurites.	 The	 next	 question:	 Is	 there	 any	 relationship	 between	

truncated	 VAMP2	 and	 α-synuclein	 in	 the	 formation	 of	 Lewy	 pathologies	 in	 PD	

and	DLB?	It	is	well-documented	that	α-synuclein	is	a	major	component	of	Lewy	

bodies	 and	 Lewy	 neurites	 [26],	 and	 that	 α-synuclein	 can	 act	 as	 a	 molecular	

chaperone	 of	 VAMP2	 in	 stimulating	 SNARE	 complex	 assembly	 and	

neurotransmitter	 release	 [65],	 thus	 we	 hypothesized	 that	 the	 truncation	 of	

VAMP2	may	 play	 a	 role	 in	 α-synuclein-induced	 Lewy	 pathologies.	 In	 order	 to	

provide	 evidence	 for	 the	 hypothesis,	 we	 used	 double	 immunofluorescence	

staining	with	antibodies	of	tVAMP2	and	α-synuclein.	 	

It	was	demonstrated	that	the	tVAMP2	antibody	co-localized	with	α-synuclein	in	

Lewy	 bodies	 (including	 early	 stage)	 and	 Lewy	 neurites	 on	 paraffin	 sections	 of	

DLB	brains	via	double	immunostaining	with	α-synuclein	and	tVAMP2	antibodies	

(figure	3-8	and	3-9)	or	with	α-synuclein	and	AtVAMP2	antibodies	(figure	3-10).	

Mouse	 anti	 α-synuclein	 also	 had	 the	 same	 pattern	 of	 staining	 as	 sheep	 anti	

α-synuclein	(figure	3-9).	This	data	is	consistent	with	our	hypothesis	that	tVAMP2	

may	form	in	the	oligomers	with	α-synuclein	in	the	formation	of	Lewy	bodies	and	

the	 development	 of	 the	 disease.	 Importantly,	 although	 overlapped	 with	 each	

other,	 tVAMP2	 staining	 had	 the	 consistent	 tendency	 of	 a	 more	 central	

localization	 in	 Lewy	 bodies	 and	 Lewy	 neurites,	 while	 α-synuclein	 positive	

staining	was	more	to	the	periphery.	It	was	noteworthy	that	the	tVAMP2	antibody	

detected	many	finer	extensions	from	α-synuclein	positive	Lewy	neurites	(figure	

3-9,	 j-l)	and	numerous	additional	swollen	synapses	that	were	not	detectable	by	

α-synuclein	 antibody	 (figure	 3-9,	 m-o).	 This	 co-localization	 was	 further	

confirmed	in	purified	Lewy	bodies	and	Lewy	neurites	of	PD	(figure	3-11).	 	
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Figure	3-8,	a-d	

	

Figure	3-8,	a-d:	Co-localization	of	tVAMP2	and	α-synuclein	in	Lewy	bodies	

of	DLB	 using	 fluorescence	microscopy.	 Immunofluorescence	double	staining	

was	performed	on	paraffin	sections	of	a	DLB	brain	(patient	ID:	SA0083).	Primary	

antibodies:	 sheep	 anti	 α-synuclein,	 rabbit	 anti	 tVAMP2;	 fluorescence	 labeled	

Secondary	 antibodies:	 Cy3	 donkey	 anti-sheep,	 Alexa	 488	 donkey	 anti-rabbit.	

tVAMP2	(b,	in	green)	was	overlapped	with	α-synuclein	(c,	in	red)	in	Lewy	bodies,	

with	tVAMP2	localized	more	central	than	α-synuclein	(d,	merge).	
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Figure	3-8,	e-h	

	
Figure	3-8,	e-h:	Co-localization	of	tVAMP2	and	α-synuclein	in	Lewy	neurites	

of	DLB	 using	 fluorescence	microscopy.	 Immunofluorescence	double	staining	

was	performed	on	paraffin	sections	of	a	DLB	brain	(patient	ID:	SA0083).	Primary	

antibodies:	 sheep	 anti	 α-synuclein,	 rabbit	 anti	 tVAMP2;	 fluorescence	 labeled	

Secondary	 antibodies:	 Cy3	 donkey	 anti-sheep,	 Alexa	 488	 donkey	 anti-rabbit.	

tVAMP2	 (f,	 in	 green)	 was	 overlapped	 with	 α-synuclein	 (g,	 in	 red)	 in	 Lewy	

neurites.	
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Figure	3-9,	a-i	

	 	 	
Figure	3-9,	a-i:	Co-localization	of	tVAMP2	and	α-synuclein	in	Lewy	bodies	of	

DLB	 using	 confocal	 microscopy.	 Immunofluorescence	 double	 staining	 was	

performed	 on	 paraffin	 sections	 of	 a	 DLB	 brain	 (patient	 ID:	 SA0083).	 (a)~(c):	

Primary	 antibodies:	 sheep	 anti	 α-synuclein	 1:300,	 rabbit	 anti	 tVAMP2	 1:200;	

fluorescence	 labeled	 Secondary	 antibodies:	 Cy3	 donkey	 anti-sheep	 (red),	

Alexa488	 donkey	 anti-rabbit	 (green);	 (d)~(f):	 Primary	 antibodies:	 mouse	 anti	

11A5	 α-synuclein	 1:500,	 rabbit	 anti	 tVAMP2	 1:200;	 fluorescence	 labeled	

Secondary	 antibodies:	 Cy3	 donkey	 anti-mouse,	 Alexa488	 donkey	 anti-rabbit;	

(g)~(i):	 early-stage	 Lewy	 body,	 Primary	 antibodies:	 mouse	 anti	 11A5	

α-synuclein	 1:1k,	 rabbit	 anti	 tVAMP2	 1:200;	 fluorescence	 labeled	 Secondary	

antibodies:	Cy3	donkey	anti-mouse,	Alexa488	donkey	anti-rabbit.	 	
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(d)� (e)� (f)�
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Figure	3-9,	j-o	

Figure	3-9,	j-o:	Co-localization	of	tVAMP2	and	α-synuclein	in	Lewy	neurites	

of	DLB	using	 confocal	microscopy.	 Immunofluorescence	double	staining	was	

performed	 on	 paraffin	 sections	 of	 a	 DLB	 brain	 (patient	 ID:	 SA0083).	 (j)~(l):	

Primary	 antibodies:	 sheep	 anti	 α-synuclein	 1:300,	 rabbit	 anti	 tVAMP2	 1:200;	

fluorescence	 labeled	 Secondary	 antibodies:	 Cy3	 donkey	 anti-sheep	 (red),	

Alexa488	donkey	anti-rabbit	 (green);	 (m)~(o):	Primary	antibodies:	mouse	anti	

11A5	 α-synuclein	 1:500,	 rabbit	 anti	 tVAMP2	 1:200;	 fluorescence	 labeled	

Secondary	antibodies:	Cy3	donkey	anti-mouse,	Alexa488	donkey	anti-rabbit.	
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Figure	3-10	

	

Figure	 3-10:	 Co-localization	 of	 AtVAMP2	 and	 α-synuclein	 in	 Lewy	

pathologies	 of	 DLB	 using	 confocal	microscopy.	 Immunofluorescence	double	

staining	was	performed	on	paraffin	sections	of	the	middle	frontal	region	of	a	DLB	

brain	 (patient	 ID:	 SA0113).	 Primary	 antibodies:	 sheep	 anti	 α-synuclein	 1:300,	

rabbit	 anti	 AtVAMP2	 1:200;	 fluorescence	 labeled	 Secondary	 antibodies:	 Cy3	

donkey	anti-sheep	 (red),	Alexa488	donkey	anti-rabbit	 (green).	 (a):	 Lewy	body;	

(b):	Lewy	neurite.	
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Figure	3-11	

	
Figure	3-11:	Co-localization	of	AtVAMP2	and	α-synuclein	 in	purified	Lewy	

pathologies	 of	 PD	 using	 fluorescence	 microscopy.	 Immunofluorescence	

double	staining	was	performed	on	purified	Lewy	bodies	of	a	PD	brain	(patient	ID:	

SA0274).	Primary	antibodies:	sheep	anti	α-synuclein	1:300,	rabbit	anti	AtVAMP2	

1:200;	fluorescence	labeled	Secondary	antibodies:	Cy3	donkey	anti-sheep	(red),	

Alexa488	donkey	anti	rabbit	(green).	(a):	Lewy	body;	(b):	Lewy	neurite.	
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3.4 Truncated	 VAMP2	 was	 specific	 for	 staining	 synucleinopathies	

inclusions	without	labeling	AD	pathologies.	

	

It	 was	 demonstrated	 that	 tVAMP2	 antibody	 co-localized	 with	 α-synuclein	 in	

Lewy	 bodies	 and	 Lewy	 neurites,	 however,	 whether	 tVAMP2	 reactivity	 was	

specific	 for	PD	and	DLB	but	not	 for	other	neurological	diseases	remained	to	be	

elucidated.	 	

In	 order	 to	 determine	 the	 specificity	 of	 tVAMP2	 staining	 on	 pathological	

inclusions	 of	 various	 neurodegenerative	 diseases,	 we	 immunostained	

free-floating	 sections	 of	 PD,	 DLB,	 MSA	 (Multiple	 System	 Atrophy)	 and	 AD	

(Alzheimer’s	 Disease)	 brains	 and	 compared	 to	 a	 control	 case	 using	 tVAMP2	

antibody	 (figure	 3-12)	 or	 α-synuclein	 antibody	 (figure	 3-13).	 tVAMP2	 or	

α-synuclein	antibodies	positively	stained	Lewy	bodies	and	Lewy	neurites	 in	PD	

and	 DLB	 brains,	 in	 contrast,	 immunoreactivity	 was	 absent	 in	 AD	 and	 normal	

brain.	Notably,	glial	cytoplasmic	inclusions	(GCI),	the	hallmark	of	MSA,	were	also	

stained	by	both	tVAMP2	and	α-synuclein	antibodies	(figure	3-12,	c	and	3-13,	c).	

These	 results	 suggested	 that	 tVAMP2	and	α-synuclein	was	 specific	 for	 staining	

inclusions	 of	 synucleinopathies	 but	 not	 for	 pathologies	 of	 AD.	 Moreover,	 the	

pathological	 observations	 were	 similar	 when	 using	 tVAMP2	 and	 α-synuclein	

antibodies	 in	 immunohistochemistry,	 confirming	 that	 both	 antibodies	 were	

suitable	for	detecting	Lewy	bodies	and	Lewy	neurites.	Hyperphosphorylated	Tau	

is	important	in	the	pathogenesis	of	neurodegenerative	diseases	including	AD	and	

frontotemporal	 dementia	 [93-95].	 In	 figure	3-14,	 it	was	demonstrated	 that	 the	

Tau	 antibody	 (AF	 Tau,	 sheep,	 Antibody	 Technology	 Australia)	 stained	

neurofibrillary	tangles	of	AD	brain,	but	failed	to	stain	Lewy	pathologies	and	GCIs.	

VAMP1/2/3	 antibody	 however	 did	 not	 stain	 any	 inclusions	 of	 these	

neurodegenerative	diseases	(figure	3-15).	

When	 using	 immunohistochemistry	 with	 the	 tVAMP2	 antibody	 on	 paraffin	
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sections	of	PD,	AD,	DLB	and	MSA	brains	(figure	3-16),	it	showed	similar	results	

to	that	found	for	free-floating	sections	in	that	Lewy	bodies	and	Lewy	neurites	in	

PD	 and	DLB	brains	 and	GCIs	 in	MSA	brain	were	 positively	 stained	by	 tVAMP2	

antibody.	However,	 there	were	 no	 inclusions	 detected	 in	AD	 brain	 by	 tVAMP2	

antibody,	 which	 further	 confirmed	 that	 tVAMP2	 was	 specific	 for	 staining	

synucleinopathies	inclusions	without	labeling	AD	pathologies.	
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Figure	3-12	

	
Figure	 3-12:	 Immunostaining	 of	 tVAMP2	 in	 free-floating	 sections	 of	

different	neurodegenerative	diseases	compared	to	control.	Immunostaining	

with	an	antibody	against	tVAMP2	(Rb,	1:2k)	in	free-floating	sections	of	different	

neurodegenerative	diseases	and	a	normal	brain.	Sections:	(a)	mid-frontal	of	PD	

(SA0015),	 (b)	 mid-frontal	 of	 DLB	 (SA0083),	 (c)	 superior	 temporal	 of	 MSA	

(SA0101),	(d)	hippocampus	of	AD	(SA0078)	and	(e)	superior	temporal	of	normal	

control	 (SA0036).	 Magnification	 of	 400x	 under	 an	 Olympus	 BH-2	 light	

microscope	(Tokyo,	Japan)	is	shown	in	the	figure.	Scale	bar	is	50μm.	Lewy	bodies,	

Lewy	neurites	and	Glial	Cytoplasmic	Inclusions	(GCIs)	are	indicated	with	arrows.	
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Figure	3-13	

	

Figure	 3-13:	 Immunostaining	 of	 α-synuclein	 in	 free-floating	 sections	 of	

different	neurodegenerative	diseases	compared	to	control.	Immunostaining	

with	 an	 antibody	 against	 α-synuclein	 (Shp,	 1:2k)	 in	 free-floating	 sections	 of	

different	 neurodegenerative	 diseases	 and	 a	 normal	 brain.	 Sections:	 (a)	

mid-frontal	 of	 PD	 (SA0015),	 (b)	 mid-frontal	 of	 DLB	 (SA0083),	 (c)	 superior	

temporal	of	MSA	 (SA0101),	 (d)	hippocampus	of	AD	 (SA0078)	and	 (e)	 superior	

temporal	of	normal	control	(SA0036).	Magnification	of	400x	under	an	Olympus	

BH-2	light	microscope	(Tokyo,	Japan)	is	shown	in	the	figure.	Scale	bar	is	50μm.	

Lewy	bodies,	Lewy	neurites	and	Glial	Cytoplasmic	Inclusions	(GCIs)	are	indicated	

with	arrows.	

	 	

α"synuclein+Shp+1:2k+�

SA0015/PD(MF)�

SA0036/Normal(ST)�

SA0078/AD(HIP)�

SA0083/DLB(MF)�

SA0101/MSA(ST)�

LB++++++++�

LN++++++++�

LB+++++"�

LN+++++"�

GCI++++++++�

LB++++++++�

LN++++++�

TG+++++"�

GCI�

LB�

LN�

LB�

LN�

(a)� (b)�

(c)� (d)�

(e)�



	 93	

Figure	3-14	

	

Figure	 3-14:	 Immunostaining	 of	 Tau	 in	 free-floating	 sections	 of	 different	

neurodegenerative	 diseases	 compared	 to	 control.	 Immunostaining	with	 an	

antibody	 against	 AF	 Tau	 (Shp,	 1:2k)	 in	 free-floating	 sections	 of	 different	

neurodegenerative	diseases	and	a	normal	brain.	Sections:	(a)	mid-frontal	of	PD	

(SA0015),	 (b)	 mid-frontal	 of	 DLB	 (SA0083),	 (c)	 superior	 temporal	 of	 MSA	

(SA0101),	(d)	hippocampus	of	AD	(SA0078)	and	(e)	superior	temporal	of	normal	

control	 (SA0036).	 Magnification	 of	 400x	 under	 an	 Olympus	 BH-2	 light	

microscope	 (Tokyo,	 Japan)	 is	 shown	 in	 the	 figure.	 Scale	 bar	 is	 50μm.	

Neurofibrillary	tangles	are	indicated	with	arrows.	
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Figure	3-15	

	
Figure	 3-15:	 Immunostaining	 of	 VAMP1/2/3	 in	 free-floating	 sections	 of	

different	neurodegenerative	diseases	compared	to	control.	Immunostaining	

with	 an	 antibody	 against	 VAMP1/2/3	 (Rb,	 1:1k)	 in	 free-floating	 sections	 of	

different	 neurodegenerative	 diseases	 and	 a	 normal	 brain.	 Sections:	 (a)	

mid-frontal	 of	 PD	 (SA0015),	 (b)	 mid-frontal	 of	 DLB	 (SA0083),	 (c)	 superior	

temporal	of	MSA	 (SA0101),	 (d)	hippocampus	of	AD	 (SA0078)	and	 (e)	 superior	

temporal	of	normal	control	(SA0036).	Magnification	of	400x	under	an	Olympus	

BH-2	light	microscope	(Tokyo,	Japan)	is	shown	in	the	figure.	Scale	bar	is	50μm.	
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Figure	3-16	

	

Figure	 3-16:	 Immunostaining	 of	 tVAMP2	 in	 the	 paraffin	 sections	 of	

different	 neurodegenerative	 diseases.	 Immunostaining	 with	 an	 antibody	

against	 tVAMP2	 (Rb,	 1:2k)	 in	 paraffin	 sections	 of	 different	 neurodegenerative	

diseases.	 Sections:	 (a)	 brainstem	 of	 PD	 (SA0057),	 (b)	 mid-frontal	 of	 DLB	

(SA0083),	(c)	mid-frontal	of	AD	(SA0072)	and	(d)	mid-frontal	of	MSA	(SA0061).	

Magnification	of	400x	under	an	Olympus	BH-2	light	microscope	(Tokyo,	Japan)	is	

shown	 in	 the	 figure.	 Scale	 bar	 is	 50μm.	 Lewy	 bodies,	 Lewy	 neurites	 and	 Glial	

Cytoplasmic	Inclusions	(GCIs)	are	indicated	with	arrows.	
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3.5 Truncated	VAMP2	was	identified	in	purified	Lewy	bodies	from	PD	and	

DLB.	

	

In	 order	 to	 confirm	 the	 existence	 of	 truncated	 VAMP2	 in	 Lewy	 bodies	 and	 its	

truncation	 site,	 2D	electrophoresis	 and	mass	 spectrometry	were	performed	on	

purified	 Lewy	 bodies	 from	 homogenate	 of	 PD	 (SA0274)	 and	 DLB	 (SA0249)	

brains.	The	purified	proteins	were	 then	analyzed	by	2D	western	blot	using	 the	

α-synuclein	 and	 AtVAMP2	 antibodies	 (figure	 3-17,	 a-b).	 Four	 spots	 at	 around	

14kDa	 with	 PIs	 of	 5.7,	 5.3,	 5.0	 and	 4.7	 suggesting	 truncated	 VAMP2	 has	 four	

isoforms	and	three	spots	at	around	28kDa	which	could	be	suggesting	dimers	of	

truncated	VAMP2,	 and	one	band	at	 around	17kDa	 corresponding	 to	 full-length	

VAMP2	on	1D	gel	were	detected	in	purified	Lewy	bodies	of	PD	(figure	3-17,	b).	

The	 four	 spots	 could	 represent	 tVAMP2	 with	 multiple	 phosphorylation	 sites.	

Four	 sites	 have	 previously	 been	 reported	 [177].	 The	 AtVAMP2	 antibody	 also	

reacted	with	high	molecular	weight	(HMW)	aggregates	of	30-250kDa	with	a	PI	of	

a	 range	 of	 4	 to	 6.5	 (figure	 3-17,	 b).	 Furthermore,	 one	 band	 at	 around	 17kDa	

indicating	monomer	of	α-synuclein	and	several	bands	with	same	PI	and	higher	

molecular	weight	indicating	aggregates	of	α-synuclein	were	detected	in	purified	

Lewy	bodies	of	DLB	(figure	3-17,	a).	 	

The	 purified	 Lewy	 bodies	 of	 these	 two	 cases	 were	 further	 prepared	 for	 mass	

spectrometry	analysis.	Mass	spectrometry	was	employed	to	attempt	to	 identify	

the	truncation	site	of	tVAMP2.	Purified	Lewy	bodies	were	used	as	the	source	of	

tVAMP2	 due	 to	 their	 enrichment	 in	 synucleinopathy	 inclusions.	 Purified	

inclusions	 were	 solubilized	 and	 digested	 with	 the	 protease	 Trypsin	 and	 in	 a	

separate	 experiment,	 Glu	 C.	 Digestion	 of	 intact	 proteins	 to	 smaller	 peptides	 is	

necessary	to	bring	the	peptides	into	the	mass	range	of	the	nanospray	qTOF	mass	

spectrometer.	Four	micrograms	of	purified	proteins	of	each	case	was	first	loaded	

onto	a	1D	gel,	after	running	and	staining	with	coomassie	blue,	the	area	of	interest	
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on	the	gel	was	divided	and	cut	into	small	pieces	(figure	3-18,	a)	and	digested	by	

trypsin	 for	 preparation	 for	 mass	 spectrometry.	 Importantly,	 peptides	

corresponding	 to	 aa32-47	 and	 aa60-83	 of	 human	 VAMP2	 were	 identified	 in	

purified	Lewy	bodies	of	PD	and	DLB	with	a	confidence	above	95%	(figure	3-18,	b,	

in	green),	hence,	a	total	of	34.5%	amino	acid	sequence	was	identified	(40	out	of	

116	AAs).	Notably,	a	large	peptide	corresponding	to	N-terminal	aa1-31	of	human	

VAMP2	was	not	detected	in	purified	Lewy	bodies	of	PD	and	DLB	(figure	3-18,	b,	

in	 grey).	 The	 presence	 of	 the	 truncated	 peptide	 LLQQTQAQVDEVVDIMR	

suggested	 that	 the	 truncation	point	 could	be	at	 arginine	31	 (R31).	However	as	

digestion	with	trypsin	which	cleaves	at	lysine	and	arginine	residues	was	used	to	

prepare	the	samples	for	mass	spectrometry,	the	presence	of	this	peptide	may	be	

a	 consequence	 of	 this	 trypsin	 digestion.	 Therefore,	 a	 repeat	 experiment	 was	

performed	 using	 GluC	 to	 prepare	 the	 samples	 for	mass	 spectrometry,	 thereby	

avoiding	 the	 possibility	 of	 arginine	 cleavage.	 	 GluC	 cleaves	 at	 glutamic	 acid	

residues	(E)	and	at	a	much	lower	rate,	at	aspartic	acid	residues	(D).	

Theoretically,	digestion	with	Glu	C	should	generate	6	peptides	corresponding	to	

amino	acids	1-16	(1);	17-41	(2);	42-55(3);	56-62	(4);	63-78	(5)	and	79-116	(6).	

Peptides	 corresponding	 to	 peptides	 3,	 4	 and	 5	 of	 VAMP2	 were	 identified.	

Peptides	1	and	6	were	not	detected.	While	peptide	6	was	too	large	to	be	detected	

by	a	mass	spectrometer	using	standard	conditions,	peptide	1	should	have	been	

identified	if	it	was	present.	Its	lack	of	detection	suggested	that	full	length	VAMP2	

was	 not	 present	 in	 sufficient	 quantity	 to	 allow	 detection	 of	 the	 N-terminal	

peptide.	Peptide	2	was	also	not	detected	although	the	mass	of	peptide	2	was	on	

the	edge	of	the	detection	limit	for	the	mass	spectrometer,	so	it	was	not	surprising	

that	 it	 was	 not	 identified.	 However,	 fragments	 of	 peptide	 2	 were	 identified,	

corresponding	to	amino	acids	31-41	(RLQQTQAQVDE)	identified	6	times	and	the	

1	 amino	 acid	 shorter	 peptide	 32-41	 (LQQTQAQVDE)	 identified	 twice	 (figure	

3-19).	 	
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Figure	3-17,	a-b	

	

(a)	

	

	

(b)	

	
	

Figure	 3-17,	 a-b:	 2D	 electrophoresis	 of	 purified	 Lewy	 bodies	 from	 a	 DLB	
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case	(SA0249)	using	α-synuclein	antibody	(a)	and	a	PD	case	(SA0274)	using	

AtVAMP2	antibody	(b).	The	purified	inclusions	(70μg)	focused	on	a	13cm	strip	

(PI	 3-11),	 separated	 by	 SDS	 PAGE,	 and	 transferred	 to	 a	 PVDF	membrane	 and	

blotted	with	antibodies	against:	(a)	Pan	α-synuclein	(rabbit,	1:1k);	(b)	AtVAMP2	

(rabbit,	1:1k).	In	figure	b,	8.5μg	of	purified	inclusions	was	loaded	on	1D	gel.	This	

experiment	 was	 repeated	 three	 times.	 Figures	 are	 representative	 of	 the	 three	

independent	experiments.	
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Figure	3-18,	a	

	
Figure	3-18,	a:	Sample	Preparation	for	Mass	spectrometry.	Purified	Lewy	

bodies	from	a	DLB	case	(SA0249,	left)	and	a	PD	case	(SA0274,	right)	were	run	

on	the	1D	gel	and	stained	in	Coomassie	solution	afterwards.	Four	micrograms	

protein	of	each	sample	was	loaded.	After	staining,	the	specific	part	on	the	gel	

of	interest	was	divided	into	21	equal	parts	and	cut	into	small	pieces	as	shown	

on	the	figure	and	digested	by	trypsin	for	preparation	of	mass	spectrometry.	
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Figure	3-18,	b	
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Figure	 3-18,	 b:	 Peptide	 Sequence	 Detected	 by	 Mass	 spectrometry	 when	

using	 Trypsin	 as	 the	 designated	 protease.	 Amino	 acid	 sequences	 in	 green	

were	detected	in	purified	Lewy	bodies	with	the	confidence	above	95%,	whereas	

sequence	in	grey	was	not	detected.	Peptides	with	conf.	>	95%	are	listed	in	tables.	

Spectros	for	3	peptides	(peptide	1:	LQQTQAQVDEVVDIMR;	peptide	2:	LSELDDR;	

peptide	3:	ADALQAGASQFETSAAK)	are	shown	under	the	tables.	 	
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Figure	3-19	

	
	

	
	

Figure	3-19:	Peptide	Sequence	Detected	by	Mass	spectrometry	when	using	
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Glu	 C	 as	 the	 designated	 protease.	 Purified	 Lewy	 bodies	 from	 a	 DLB	 case	

(Patient	 ID:	SA0069)	was	 run	on	 the	1D	gel	 and	stained	 in	Coomassie	 solution	

afterwards.	 4ug	protein	 of	 each	 sample	was	 loaded.	After	 staining,	 the	 specific	

part	 on	 the	 gel	 of	 interest	was	 divided	 into	 21	 equal	 parts	 and	 cut	 into	 small	

pieces	and	digested	by	Glu	C	for	preparation	of	mass	spectrometry.	Amino	acids	

31-41	 (RLQQTQAQVDE)	 were	 identified	 6	 times	 and	 amino	 acids	 32-41	

(LQQTQAQVDE)	were	identified	twice.	
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Chapter	4	

Discussion	and	Conclusion	

VAMP2	(vesicle	associated	membrane	protein	2,	also	known	as	synaptobrevin-2)	

is	 a	 single	 transmembrane	 synaptic	 vesicle	 anchored	 SNARE	 protein,	 which	

assembles	with	presynaptic	plasma	membrane	anchored	SNARE	proteins	(such	

as	 syntaxin-1	 and	 SNAP-25)	 into	 SNARE	 complexes	 for	 membrane	 fusion	 and	

neurotransmitter	 release.	 VAMP2	 is	 composed	 of	 a	 cytoplasmic	 proline-rich	

N-terminal	domain	(residues	1-31),	a	SNARE	motif	(residues	32-84)	followed	by	

a	 transmembrane	 (TM)	 domain	 (residues	 95-116)[102].	 It	 is	 suggested	 that	

VAMP2	is	 involved	in	neurotransmitter	release	at	a	stage	between	docking	and	

fusion,	chaperoned	by	α-synuclein,	a	neuronal	protein	which	is	composed	of	140	

amino	acids.	In	the	formation	of	SNARE	complexes	in	presynaptic	terminals,	the	

40-residue	highly	acidic	C-terminus	binding	domain	of	α-synuclein	binds	to	the	

N-terminal	 28	 amino	 acids	 sequence	 of	 VAMP2,	 and	 the	 100-residue	

positively-charged	 N-terminus	 binding	 domain	 of	 α-synuclein	 binds	 to	 the	

phospholipids	 of	 the	 plasma	membrane	 simultaneously	 [67].	 The	N-terminally	

truncated	VAMP2,	which	lacks	28	N-terminal	residues,	does	not	bind	α-synuclein,	

and	 diminishes	 the	 effect	 on	 SNARE	 complex	 assembly,	 which	 is	 essential	 for	

neurotransmitter	release.	α-synuclein	is	identified	as	the	prominent	component	

of	 Lewy	 bodies	 and	 Lewy	 neurites,	 the	 pathological	 characteristic	 of	 PD	 and	

other	 neurodegenerative	 diseases	 [26].	 However,	 the	 role	 of	 VAMP2	 in	 the	

aggregation	of	α-synuclein	and	the	formation	of	Lewy	bodies	and	Lewy	neurites	

and	in	the	progress	of	PD	and	other	synucleinopathies	remains	to	be	elucidated,	

especially	 in	 the	 vast	 majority	 of	 sporadic	 PD	 cases	 without	 genetic	

abnormalities	associated	with	α-synuclein.	What	is	the	tVAMP2	neuropathology	

in	 PD	 and	 DLB?	 What	 is	 the	 N-terminal	 truncation	 site	 of	 the	 Lewy	

body-associated	VAMP2	fragment?	Will	the	increase	in	truncated	VAMP2	be	able	

to	 stimulate	α-synuclein	 aggregation	 and	hence	participate	 in	 the	 formation	of	
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Lewy	bodies	and	Lewy	neurites?	Is	tVAMP2	pathology	specific	to	PD	and	DLB?	In	

order	to	answer	these	questions,	we	used	several	antibodies	to	different	regions	

of	human	VAMP2	sequence.	They	were	tVAMP2	antibodies	against	aa30-47	and	

fVAMP2	 antibodies	 against	 aa2-17.	 Two	 fVAMP2	 antibodies	 were	 purchased	

from	Biochem	(animal	ID3023	and	3024).	They	were	synthetic	peptides	(aa	2-17	

in	rabbit	synaptobrevin-2)	coupled	to	key-hole	limpet	hemocyanin	via	an	added	

N-terminal	cysteine	residue.	They	were	able	to	recognize	VAMP2	from	different	

species	 including	 human,	 and	 were	 specific	 for	 VAMP2	 and	 showed	 no	

cross-reactivity	 to	 VAMP1	 and	 VAMP3.	 tVAMP2	 antibody	 was	 provided	 by	 Dr	

Weiping	 Gai.	 It	 was	 raised	 against	 aa30-47	 of	 rabbit	 VAMP2	 and	 showed	 no	

cross-reactivity	to	VAMP1	and	VAMP3.	AtVAMP2	was	affinity	purified	antibody	

from	 tVAMP2	 serum	 using	 the	 immunizing	 peptide.	 This	 study	 revealed	 the	

protein	 expression	 of	 tVAMP2	 (the	 peptide	 correspond	 to	 amino	 acid	 30-47)	

with	a	band	around	14kDa	in	purified	Lewy	bodies	from	postmortem	samples	of	

PD	brain	 using	Western	 blot,	whereas	 this	 14kDa	band	was	 absent	 in	 purified	

samples	 of	 normal	 brain	 (figure	 3-5,	 e-f).	 The	 presence	 of	 the	 14kDa	 tVAMP2	

fragment	 in	 purified	 Lewy	 bodies	 suggested	 the	 possibility	 that	 VAMP2	

proteolysis	could	be	associated	with	Lewy	body	 formation.	 In	order	 to	confirm	

this	phenomenon	and	determine	the	truncation	site,	large	quantities	of	purified	

Lewy	 bodies	 were	 required	 so	 mass	 spectrometry	 and	 neoepitope	 mapping	

strategy	could	be	used	for	peptide	sequencing,	a	similar	strategy	that	was	used	

previously	to	determine	α-synuclein	fragments	[178].	More	importantly,	tVAMP2	

antibody	 appears	 to	 react	 only	 with	 Lewy	 bodies	 and	 Lewy	 neurites,	 while	

α-synuclein	 –	 a	 gold	 standard	 for	 PD	 and	 DLB	 neuropathological	 diagnosis,	

stained	 in	both	Lewy	bodies	and	normal	 synapses	 (figure	3-2	and	3-3).	Hence,	

the	 specificity	 of	 tVAMP2	 antibody	 could	 have	 unique	 value	 for	

neuropathological	diagnoses	for	PD	and	DLB.	DLB	is	a	Parkinsonism	with	early	

development	of	dementia,	often	accompanied	by	prominent	visual	hallucinations	
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and	fluctuations	in	arousal,	and	pathologically	showing	widespread	α-synuclein	

deposition	predominantly	involving	the	neocortex[179].	However,	the	number	of	

Lewy	bodies	that	stained	by	α-synuclein	was	higher	than	tVAMP2	and	AtVAMP2	

with	 statistical	 significance	 (figure	 3-4,	 a-b).	 Furthermore,	 it	 remains	 to	 be	

elucidated	whether	the	VAMP2	pathology	applies	to	all	sporadic	and	familial	PD	

and	DLB	 cases,	 and	whether	 it	 is	 specific	 to	Lewy	body	diseases	or	 appears	 in	

other	 human	 neurodegenerative	 diseases	 such	 as	 Alzheimer’s	 Disease,	 and	

multiple	system	atrophy.	Using	 immunohistochemistry,	 there	was	predominant	

positive	staining	of	 tVAMP2	throughout	 the	brainstem	including	Pons,	Medulla,	

Rostral	Medulla,	Rostral	Midbrain	and	Caudal	Pons	in	PD	brains,	while	absent	in	

control	 brain	 (figure	 3-7).	 In	 addition,	 tVAMP2	 was	 also	 detected	 in	 glial	

cytoplasmic	 inclusions	 in	MSA	brain	but	absent	 in	neurofibrillary	tangles	 in	AD	

brain	(figure	3-12,	3-16).	These	pathologies	were	also	observed	with	α-synuclein	

antibody	 staining	 (figure	 3-13).	 Notably,	 co-localization	 of	 tVAMP2	 and	

α-synuclein	 to	 Lewy	 bodies	 and	 Lewy	 neurites	 was	 observed	 in	 PD	 and	 DLB	

(figure	 3-8	 to	 3-11),	 suggesting	 that	 truncated	 VAMP2	may	 be	 involved	 in	 the	

pathology	 of	 PD	 and	 other	 neurodegenerative	 diseases.	 This	 specific	 VAMP2	

molecular	 pathology	 may	 have	 unique	 value	 in	 both	 understanding	 the	

pathogenesis	 and	pathological	 diagnosis	 of	PD	and	DLB.	 Furthermore,	 tVAMP2	

positively	 stained	 fine	 extensions	 of	 the	 Lewy	 neurite	 and	 abnormal	 synapses	

which	 were	 not	 detected	 by	 α-synuclein	 antibodies	 (figure	 3-9,	 j-o),	 and	 it	

co-localized	 with	 α-synuclein	 in	 the	 early-stage	 Lewy	 body	 (figure	 3-9,	 g-i),	

indicating	 that	 tVAMP2	 could	 be	 used	 as	 an	 early	 marker	 of	 Lewy	 body	

pathologies	in	PD	and	DLB.	 	

	

4.1 Truncated	 VAMP2	 but	 not	 full-length	 VAMP2	 was	 relevant	 to	 the	

pathogenesis	of	Lewy	bodies	and	Lewy	neurites	in	PD	and	DLB.	
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The	 immunohistochemistry	 studies	 revealed	 that	 tVAMP2	 positively-stained	

Lewy	bodies	and	Lewy	neurites	were	clearly	present	in	PD	and	DLB,	in	contrast,	

fVAMP2	only	stained	a	small	number	of	Lewy	bodies	in	PD	and	DLB	with	normal	

synapses	strongly	stained	as	well	 (figure	3-2).	Since	 the	binding	site	of	VAMP2	

and	α-synuclein	was	its	N-terminal	28	amino	acids	sequence,	and	our	antibodies	

were	 specific	 to	 VAMP2	 lacking	 those	 28	 N-terminal	 residues,	 suggesting	 the	

possibility	that	the	N-terminal	truncation	of	VAMP2	may	play	a	significant	role	in	

the	 aggregation	 of	 α-synuclein	 in	 the	 formation	 of	 Lewy	pathologies,	 however,	

the	mechanism	 remained	 to	 be	 elucidated.	 The	 correlation	 between	 truncated	

VAMP2	and	α-synuclein	was	also	reported	in	a	recent	study	by	Burre	et	al.,	which	

showed	 that	 α-synuclein	 had	 no	 effect	 on	 SNARE	 complex	 assembly	 in	 the	

presence	 of	 N-terminally	 28-residues	 truncated	 VAMP2	 by	 co-expressing	

truncated	VAMP2	on	HEK293	cells	[68].	 	

After	counting	positively	immunostained	Lewy	bodies	with	different	antibodies	

in	three	independent	cases	of	PD	and	DLB,	it	was	demonstrated	that	tVAMP2	and	

AtVAMP2	 antibodies	 stained	 similar	 amount	 of	 inclusions,	 which	 was	

significantly	less	than	that	of	α-synuclein	(p<0.05)	(figure	3-4).	In	our	hypothesis,	

the	aggregation	of	α-synuclein	could	be	influenced	by	the	truncation	of	VAMP2,	

however,	 other	 factors	 may	 also	 be	 involved	 in	 its	 mechanism.	 For	 example,	

α-synuclein	dimerization	was	shown	to	play	an	important	part	in	conformational	

transition	and	aggregation	of	α-synuclein	with	 consequent	neurotoxicity	 [180].	

The	dimerization	of	α-synuclein	was	 reported	 to	be	 induced	by	 intramolecular	

oxidative	 cross-linking	 of	 tyrosine	 residues[181],	 and	 its	 existence	 was	

demonstrated	during	the	conversion	of	α-synuclein	from	monomer	to	oligomer	

in	 in-vitro	 experiments[182].	 In	 addition,	 it	was	 reported	 that	 the	 influence	 of	

hydrophobic	 interfacial	 area	 had	 an	 impact	 on	 the	 acceleration	 of	 α-synuclein	

aggregation	[183],	however,	the	reason	was	not	clear.	

When	testing	purified	Lewy	bodies	from	a	PD	brain	in	Western	blot,	the	tVAMP2	
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and	AtVAMP2	antibodies	against	aa30-47	residues	detected	full-length	(17kDa),	

higher	 molecular	 weight	 (HMW)	 aggregates,	 and	 a	 strong	 14kDa	 band	 for	

truncated	VAMP2	fragment,	whereas	 fVAMP2	antibody	against	aa2-17	residues	

only	detected	full-length	17kDa	band	(figure	3-5,	e-g).	Thus,	the	3kDa	molecular	

mass	 indicated	 the	 difference	 between	 full-length	 and	 truncated	 VAMP2.	 The	

14kDa	band	was	not	 detected	by	 fVAMP2	 antibody	 and	 could	 suggest	 that	 the	

aa2-17	 residue	 was	 cleaved	 from	 the	 full-length	 VAMP2	 and	 was	 missing	 in	

truncated	 VAMP2	 in	 the	 formation	 of	 Lewy	 bodies,	 however,	 we	 could	 not	

exclude	the	possibility	that	fVAMP2	antibody	had	lower	affinity	to	the	protein	of	

VAMP2	than	tVAMP2	antibody.	This	14kDa	band	was	absent	in	purified	samples	

of	 normal	 brain	 (figure	 3-5,	 e-f),	 suggesting	 that	 it	 was	 involving	 and	

participating	 in	 two	 Lewy	 body	 pathologies.	 Meanwhile,	 this	 14kDa	 band	 of	

VAMP2	 and	 monomeric	 α-synuclein	 were	 absent	 in	 samples	 of	 brain	

homogenate,	whereas	the	17kDa	band	and	the	HMW	aggregates	of	VAMP2	and	

polymeric	 α-synuclein	 could	 be	 detected.	 As	 discussed	 above,	 the	 17kDa	 band	

represents	 full-length	VAMP2	which	 is	 a	 vSNARE	protein	 and	 exists	 in	 normal	

brain	tissue,	however,	the	14kDa	band	corresponding	to	truncated	VAMP2	only	

appears	 in	 pathological	 conditions	 such	 as	 Lewy	 bodies	 and	 Lewy	 neurites.	 It	

was	 reported	 that	 a	 large	 number	 of	 genes	 (n=13298)	 were	 found	 to	 be	

expressed	 in	 human	 brain[184],	 hence,	 the	 amount	 of	 Lewy	 inclusions	 that	

loaded	 onto	 the	 gel	 might	 not	 be	 sufficient	 to	 observe	 truncated	 VAMP2	 and	

monomeric	α-synuclein.	Another	possible	explanation	 is	 that	 the	 trypsinization	

during	 Lewy	 body	 purification	 causes	 conformational	 change	 of	 the	 protein	

which	exposes	 the	 truncated	site	and	makes	 it	detectable.	Thus,	purification	of	

Lewy	 inclusions	 from	 PD	 and	 DLB	 brain	 tissue	 is	 a	 critical	 method	 in	 the	

research	of	truncated	VAMP2.	The	experiment	needs	to	be	repeated	in	order	to	

perform	 statistical	 analysis	 on	 the	 14kDa	 band	 of	 VAMP2	 when	 comparing	

control	and	PD	cases.	
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4.2 The	regional	specificity	of	VAMP2	neuropathology	in	PD	and	DLB.	

	

The	 brain	 regional	 involvement	 of	 VAMP2	 pathology	 in	 PD	 (figure	 3-7)	 was	

shown	 via	 immunohistochemistry.	 tVAMP2-stained	 Lewy	 bodies	 and	 Lewy	

neurites	 were	 distributed	 in	 different	 regions	 of	 brainstem	 (Pons,	 Medulla,	

Rostral	Medulla,	Rostral	Midbrain	and	Caudal	Pons).	According	to	6	major	stages	

of	PD	pathology	proposed	by	Braak	et	al[31],	Lewy	bodies	and	Lewy	neurites	are	

found	within	 the	medulla	 and	 pons	 in	 early	 stages	 (1-2),	 and	 substantia	 nigra	

will	not	be	affected	until	stage	3,	while	supratentorial	compartment	and	cerebral	

cortex	 will	 be	 involved	 in	 late	 stages	 (4-6).	 In	 neocortex,	 Lewy	 bodies	 were	

mainly	and	 initially	distributed	 in	 the	 inner	pyramidal	 layer	 (V)	and	multiform	

cell	layer	(VI),	as	was	observed	in	figure	3-6.	Further	study	could	be	performed	

to	test	the	consistency	of	tVAMP2	staining	of	pathologies	in	different	stages	of	PD	

by	 co-studying	 the	 medical	 history	 of	 each	 patient.	 For	 example,	 the	 motor	

symptoms	usually	result	from	the	death	of	dopaminergic	cells	 in	the	substantia	

nigra	 especially	 the	 ventral	 part	 of	 the	 pars	 compacta	 [15].	 The	 cognition	 is	

controlled	 by	 caudate	 nucleus.	 It	 was	 reported	 that	 the	 mild	 cognitive	

impairment	(MCI)	of	PD	exhibited	increased	atrophy	and	changes	in	the	bilateral	

occipital,	 left	 temporal,	 and	 frontal	 cortices	 compared	 with	 healthy	 controls	

[185].	The	REM	sleep	behavior	disorder	 is	associated	with	structural	 lesions	 in	

the	 dorsal	 midbrain	 and	 pons	 [186].	 Loss	 of	 sense	 of	 smell	 may	 involve	 the	

olfactory	 epithelium,	 olfactory	 bulb/tract,	 primary	 olfactory	 cortices,	 and	 their	

secondary	targets	[187].	 Interestingly,	 it	was	revealed	that	worse	olfaction	was	

associated	with	poorer	memory	and	executive	performance,	 indicating	 that	 the	

olfactory	 dysfunction	 could	 be	 a	 biomarker	 of	 additional	 extranigral	 disease	

[188].	
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4.3 Truncated	 VAMP2	 was	 co-localized	 with	 α-synuclein	 in	 Lewy	 bodies	

and	Lewy	neurites,	suggesting	their	synergetic	effect	in	PD	pathology.	

	

In	 results	 of	 double	 immunofluorescence	 staining,	 it	 showed	 the	 neuronal	

co-localization	of	VAMP2	and	α-synuclein	in	DLB	(figure	3-8	to	3-11),	providing	

strong	evidence	to	our	hypothesis.	It	was	detected	that	recombinant	and	native	

α-synuclein	purified	from	mouse	brain	promoted	clustering	of	synaptic	vesicles,	

and	 this	 kind	 of	 “clustering”	 was	 dependent	 on	 specific	 interactions	 of	

α-synuclein	with	VAMP2	as	well	as	anionic	 lipids,	and	 it	 could	be	disrupted	by	

one	of	the	Parkinson’s	disease-related	point	mutants	of	α-synuclein,	A30P,	which	

was	 the	 lipid-binding	 deficient	 mutation[146].	 Burre	 et	 al.	 revealed	 a	 direct	

protein	interaction	between	α-synuclein	and	VAMP2	and	demonstrated	that	this	

interaction	 was	 critical	 for	 maintaining	 normal	 functions	 of	 SNARE	 complex	

assembly	and	preventing	neurodegeneration	especially	under	stress	conditions	

[67].	Our	results	provided	new	 insights	 in	 the	 interaction	between	VAMP2	and	

α-synuclein	 in	 the	 pathogenesis	 of	 PD	 and	 DLB.	 Further	 research	 on	 this	

interaction	is	needed	to	bring	the	mechanism	of	α-synuclein	aggregation	to	light,	

particularly	 in	 the	 majority	 of	 sporadic	 cases	 without	 genetic	 abnormalities	

associated	with	α-synuclein.	

Interestingly,	 the	 tVAMP2	 antibody	 detected	 many	 finer	 extensions	 from	

α-synuclein	 positive	 Lewy	 neurites	 that	 were	 not	 detected	 by	 the	 α-synuclein	

antibody	 (figure	 3-9,	 j-o).	 These	 tVAMP2	 positive/α-synuclein	 negative	

structures	 could	be	 the	earliest	 sign	of	pathogenesis	of	Lewy	bodies	 and	Lewy	

neurites,	 indicating	 that	 tVAMP2	 could	 be	 an	 early	 marker	 for	 synaptic	

abnormalities	 prior	 to	 accumulating	 detectable	 α-synuclein	 aggregates.	 It	 has	

already	been	widely	considered	that	Lewy	body	pathology	in	PD,	as	revealed	by	

α-synuclein	 staining,	may	 be	 initiated	 in	 the	medulla	 oblongata	 located	 dorsal	

motor	 nucleus	 of	 the	 vagus	 nerve	 and	 propagated	 rostrally	 to	 the	 substantia	
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nigra	 and	 eventually	 neocortex	 [189].	 Our	 observation	 (figure	 3-9)	 suggested	

that	the	antibody	to	tVAMP2	might	be	able	to	detect	early	stage	of	degenerating	

neurites	 even	 before	 the	 accumulating	 aggregates	 were	 detectable	 by	

α-synuclein	 antibody.	 Also,	 it	 was	 observed	 that	 tVAMP2	 co-localized	 with	

α-synuclein	in	the	early-stage	Lewy	body	(figure	3-9,	g-i).	It	was	noteworthy	that	

tVAMP2	 staining	 had	 the	 consistent	 tendency	 of	 a	more	 central	 localization	 in	

Lewy	bodies	and	Lewy	neurites,	while	α-synuclein	positive	staining	was	more	to	

the	 periphery.	 It	 was	 reported	 that	 the	 mechanism	 of	 Lewy	 body	 formation	

involved	 several	 steps	 of	 α-synuclein	 aggregation	 and	 propagation:	 unfolded	

monomer	 è	 propagating	 dimer	 è	 oligomers	 è	 small	 amyloid	 fibrils	

è amyloid	fibrils,	and	the	accumulation	of	these	amyloid	fibrils	eventually	led	

to	 the	 formation	of	Lewy	bodies	 [190].	Hence,	 it	was	possible	 that	α-synuclein	

fibrils	 enwrapped	 tVAMP2	 in	Lewy	bodies	 and	Lewy	neurites,	 especially	when	

truncation	 of	 VAMP2	 was	 an	 early	 event	 in	 the	 process.	 Further	 research	 is	

needed	 to	 image	 more	 neurons	 with	 tVAMP2	 antibodies	 as	 well	 as	 neuronal	

specific	 markers	 such	 as	 MAP2	 or	 NeuN	 to	 demonstrate	 reliability	 of	

co-localization	and	authenticity	and	neuronal	cells.	In	addition,	it	is	necessary	to	

compare	 VAMP2	 pathology	with	 α-synuclein	 pathology	 in	 a	 large	 inventory	 of	

Lewy	body	cases	and	in	different	brain	regions	to	confirm	if	VAMP2	is	really	an	

early	 event	 during	 Lewy	neurodegeneration	 and	 if	 VAMP2	pathology	precedes	

α-synuclein	 changes.	 Furthermore,	 the	 mechanism	 by	 which	 tVAMP2	 might	

initiate	 α-synuclein	 aggregation	 is	 unclear.	 	It	 is	 possible	 that	 the	 presence	 of	

full-length	VAMP2	might	prevent	α-synuclein	aggregation	and	 that	 the	absence	

of	 full-length	 VAMP2	 through	 N-terminal	 truncation	 could	 initiate	 α-synuclein	

aggregation.	 	To	provide	evidence	to	this	hypothesis,	 further	in-vivo	or	 in-vitro	

studies	 are	 necessary	 to	 examine	 if	 stimulation	 of	 tVAMP2	 or	 attenuation	 of	

fVAMP2	 is	 capable	 of	 inducing	 α-synuclein	 aggregation,	 electron	 and	 atomic	

force	microscopies	could	be	used	to	observe	the	morphology	of	aggregates	after	
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incubating	 with	 varying	 ratios	 of	 recombinant	 α-synuclein	 and	 tVAMP2	 or	

silencing	 fVAMP2	 under	 in	 vitro	 condition,	 or	 immunoblot	 and	

immunofluorescence	 double	 labeling	 could	 be	 used	 after	 transient	

co-transfection	 with	 various	 tVAMP2	 fragments	 and	 α-synuclein	 or	 siRNA	

against	 fVAMP2	on	SY5Y	cells,	a	human	neuroblastoma	derived	cell	 line	widely	

used	for	α-synuclein	research,	or	even	on	rats.	On	the	other	hand,	the	toxicity	of	

tVAMP2	alone	in	the	normal	α-synuclein	expression	level	and	its	effect	on	SNARE	

complex	assembly	should	also	be	 taken	 into	account.	SY5Y	cell	 line	or	primary	

rat	neurons	could	be	used	to	test	the	toxicity	of	tVAMP2	by	transfecting	tVAMP2	

plasmid	into	the	cells	or	neurons.	

Also,	will	 the	 increase	 of	 tVAMP2	 lead	 to	 the	 decrease	 in	 SNARE	 assembly?	 In	

order	 to	 test	 this,	 we	 could	 transfect	 rat	 neurons	 with	 tVAMP2	 vector	 and	

measure	the	SNARE	complexes	assembly	level	by	Western	blot.	We	should	note	

that	the	SNARE	complexes	are	SDS	resistant	in	the	absence	of	boiling.	

	

4.4 The	disease	specificity	of	tVAMP2	neuropathology.	

	

Besides	Lewy	bodies	and	Lewy	neurites	in	PD	and	DLB,	tVAMP2	antibodies	also	

positively	stained	Glial	Cytoplasmic	Inclusion	(GCIs),	the	hallmark	of	MSA	(figure	

3-12	 and	 3-16),	 which	 are	 identical	 to	 the	 α-synuclein	 staining	 (figure	 3-13).	

These	 disorders	 are	 collectively	 called	 synucleinopathies.	 MSA	 is	 a	

neurodegenerative	 disorder	 with	 cell	 loss	 and	 gliosis	 or	 a	 proliferation	 of	

astrocytes	 in	 damaged	 areas	 of	 the	 central	 nervous	 system.	 Currently,	 a	

confirmed	 diagnosis	 of	 MSA	 is	 largely	 based	 on	 the	 post-mortem	 pathological	

diagnosis,	which	shows	Glial	Cytoplasmic	Inclusion	(GCIs)	in	damaged	areas.	

However,	 the	 inclusions	 of	 Alzheimer’s	 disease	 (AD)	 which	 is	 caused	 by	 Tau	

protein	and	so-called	 tauopathy,	was	not	detectable	by	 these	 two	antibodies	 in	

immunohistochemistry,	 indicating	 that	 tVAMP2	 antibody	 has	 as	 high	 disease	
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specificity	 as	 the	 traditional	 biomarker,	 α-synuclein,	 in	 detecting	 inclusions	 of	

synucleinopathies.	 AD	 is	 always	 characterized	 by	 the	 loss	 of	 neurons	 and	

synapses	 in	 the	 cerebral	 cortex	 and	 certain	 subcortical	 regions.	 Except	

neurofibrillary	 tangles,	 amyloid	 plaques	 are	 another	 kind	 of	 neuropathologic	

characterization	visible	by	microscopy.	The	antibody	of	Tau	protein	 is	an	 ideal	

marker	 to	 detect	 tangles,	 as	 seen	 in	 figure	 3-14.	 Tau	 is	 a	 neuronal	

microtubule-associated	 protein	 which	 can	 aggregate	 to	 form	 intracytoplasmic	

pathologic	inclusions	associated	with	neurodegeneration	such	as	neurofibrillary	

tangles	 in	 AD[191].	 In	 AD,	 the	 brain	 accumulates	 Tau	 protein	 in	 the	 form	 of	

neurofibrillary	tangles,	which	can	be	positively	stained	by	Tau	antibody	(figure	

3-12).	 It	 is	 important	 to	 note	 that	 α-synuclein	 stained	 normal	 synapses	

simultaneously	 with	 Lewy	 bodies	 and	 Lewy	 neurites,	 which	 pollutes	 the	

background	 of	 the	 staining	 (figure	 3-13),	 whereas	 tVAMP2	 advantageously	

avoided	 this	 problem,	 providing	 tVAMP2	 a	 superior	 position	 as	 a	 PD	marker.	

However,	 it	 could	 not	 be	 excluded	 that	 the	 deep	 background	 staining	 by	

α-synuclein	was	caused	by	technical	problems	or	quality	of	the	antibodies.	Hence,	

the	immunohistochemical	experiments	with	different	α-synuclein	antibodies	on	

free-floating	 sections	 need	 to	 be	 repeated	 to	 improve	 the	 images.	 However,	

VAMP1/2/3,	an	antibody	detecting	full-length	VAMP1,	VAMP2	and	VAMP3,	failed	

to	stain	all	the	inclusions	mentioned	above	(figure	3-15).	

The	 pathological	 discrimination	 between	 PD	 and	 DLB	 still	 remains	 unclear.	 In	

our	study,	both	tVAMP2	and	α-synuclein	antibodies	successfully	detected	Lewy	

bodies	 and	 Lewy	 neurites	 in	 both	 of	 these	 two	 diseases.	 Besides	 loss	 of	

dopaminergic	 cells	 as	 seen	 in	 PD,	 DLB	 also	 features	 the	 loss	 of	

acetylcholine-producing	 neurons	 like	 AD,	 and	 is	 often	 accompanied	 by	 AD.	

Further	research	should	be	conducted	to	verify	the	value	of	truncated	VAMP2	as	

a	 target	 for	 PD	 and	 other	 synucleinopathies	 by	 knockout	 studies	 using	 either	

siRNA	or	animal	knockout	models.	



	 115	

	

4.5 Detection	of	isoforms	of	tVAMP2	

	

2D	gel	electrophoresis	revealed	four	spots	at	around	14kDa	with	pIs	of	5.7,	5.3,	

5.0	 and	 4.7	 suggesting	 that	 the	 shortened	 truncated	 form	 of	 VAMP2	 has	 4	

isoforms.	 	(figure	3-17,	b).	VAMP2	has	a	theoretical	PI	of	7.8,	and	the	theoretical	

pI	 of	 truncated	VAMP2	 is	 6.4.	 It	was	 reported	 that	 four	 serine	 residues	within	

VAMP2	 could	 serve	 as	 potential	 phosphorylation	 sites[175].	 A	 single	

phosphorylation	will	reduce	the	theoretical	pI	of	full	length	VAMP2	to	6.08,	while	

two,	three	and	four	phosphorylations	will	reduce	the	theoretical	pI	to	5.28,	4.95	

and	4.73	respectively	(calculated	using	the	Isoelectric	Point	Calculator	–	VAMP2	

(human)	-	http://isoelectric.ovh.org).	As	tVAMP2	has	a	lower	pI	when	compared	

to	 intact	 VAMP2,	 the	 four	 spots	 could	 correspond	 to	 phosphorylated	 tVAMP2	

with	one	to	four	phosphorylations.	Alternatively,	the	spots	could	correspond	to	

isoforms	with	between	zero	and	three	phosphorylations.	 	To	determine	which	of	

these	scenarios	is	correct,	the	spots	could	be	excised	from	a	high	capacity	2D	gel	

and	the	spots	analysed	by	mass	spectrometry	to	determine	the	phosphorylation	

sites.	 	However,	 it	 should	 be	 noted	 that	 the	 mass	 spectrometry	 analysis	

performed	 later	did	not	 identify	 any	phosphorylated	peptides.	 	Therefore,	 it	 is	

also	possible	that	other	post	translational	modifications	could	be	responsible	for	

the	charge	shift.	

	

4.6 Truncated	VAMP2	is	a	component	of	Lewy	bodies	in	both	PD	and	DLB.	

	

In	 order	 to	 determine	 the	 exact	 truncation	 site	 of	 VAMP2	 in	 Lewy	 body	

pathologies,	 qTOF	 mass	 spectrometry	 was	 used	 to	 characterize	 protein	

compositions	 of	 purified	 Lewy	 bodies.	 Through	 immunoprecipitation	 of	 the	

tVAMP2	 using	 the	 antibody,	 the	 eluted	 tVAMP2	 could	 be	 applied	 for	 peptide	
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sequencing	 mass	 spectrometry	 to	 determine	 the	 truncation	 site.	 The	 peptide	

sequence	 of	 human	 VAMP2	 is	 already	 known	 (figure	 1-4).	 Alternatively,	 the	

neoepitope	 mapping	 strategy	 could	 be	 used	 to	 define	 the	 truncation	 site	 by	

testing	 various	 antibodies	 overlapping	 different	 VAMP2	 fragments.	 Once	 the	

antibodies	 are	 generated,	we	 can	 use	Western	 blot	 of	 purified	 Lewy	 bodies	 to	

identify	those	that	only	recognize	tVAMP2.	

Digestion	 with	 Trypsin	 revealed	 two	 peptides	 corresponding	 to	 aa32-47	 and	

aa60-83	 of	 human	 VAMP2	 in	 purified	 Lewy	 bodies	 of	 PD	 and	 DLB	 with	 a	

confidence	 level	 above	 95%	 by	 mass	 spectrometry	 (figure	 3-18b,	 in	 green).	

These	amino	acids	covered	a	total	of	34.5%	human	VAMP2	sequence	(40	out	of	

116	AAs),	providing	clear	evidence	for	the	presence	of	VAMP2	in	Lewy	bodies	of	

PD	 and	 DLB.	 Notably,	 a	 large	 peptide	 corresponding	 to	 N-terminal	 aa1-31	 of	

human	VAMP2	was	not	detected	by	mass	spectrometry	 (figure	3-18b,	 in	grey).	

The	 presence	 of	 two	 truncated	 peptides	 with	 cleavage	 sites	 at	 Arg30	 and	 at	

Arg31	 suggested	 the	 potential	 for	 a	 protease	 with	 Trypsin-like	 activity	 to	 be	

responsible	for	the	cleavage.	As	Lewy	body	purification	involved	two	very	short	

Trypsin	steps	to	release	Lewy	bodies	from	the	cytoskeleton,	there	remained	the	

possibility	that	the	cleavage	was	due	to	the	activity	of	Trypsin.	While	this	could	

not	be	excluded,	a	number	of	observations	suggested	this	was	unlikely.	First,	the	

tVAMP2	was	located	at	the	center	of	the	relatively	dense	Lewy	bodies,	and	not	at	

the	 periphery	 (figure	 3-8	 to	 3-11),	 which	 made	 access	 to	 VAMP2	 by	 trypsin	

difficult	 in	 the	 very	 short	 time	 frame	 of	 the	 two	 trypsin	 incubations:	 the	 first	

incubation	was	less	than	10	seconds,	and	the	second	one	was	5	minutes.	Control	

experiments	were	performed	by	the	developers	of	the	purification	technique	(Dr	

Tim	 Chataway	 and	 Dr	 Amy	 McCormack)	 that	 demonstrated	 that	 it	 took	 15	

minutes	of	incubation	with	Trypsin	before	any	reduction	in	size	of	Lewy	bodies	

could	be	seen.	Secondly,	if	Trypsin	was	active,	there	should	be	a	number	of	other	

truncated	peptides	observed.	The	data	 file	which	was	originally	searched	using	
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Glu	 C	 as	 the	 digesting	 enzyme	was	 re-searched	 using	 trypsin	 as	 the	 digesting	

enzyme	as	well	as	a	third	enzyme	Asp	N	as	a	control	to	determine	if	a	significant	

number	 of	 Tryptic	 peptides	 were	 present.	 Despite	 three	 Glu	 C	 peptides	 being	

identified	in	the	purified	Lewy	body	preparation,	the	only	two	Tryptic	peptides	

that	 were	 identified	 were	 the	 Arg	 30	 and	 Arg	 31	 peptides,	 suggesting	 that	

Trypsin	was	not	active	and	was	not	responsible	for	the	2	Arginine	cleavage	sites.	

Finally,	re-searching	the	data	generated	by	the	Glu	C	digestion	using	Trypsin	as	

the	 designated	 protease	 identified	 only	 6	 proteins	 out	 of	 the	 one	 hundred	

proteins	 sequenced:	 Tubulin,	 GFAP,	 Creatine	 Kinase	 B,	 histone	 H3,	 Dynamin-1	

and	Myelin	Basic	Protein.	Each	of	these	proteins	contained	a	very	small	number	

of	 Tryptic	 peptides.	 These	 proteins	 were	 likely	 to	 be	 adherent	 proteins	

associated	 with	 the	 exterior	 of	 the	 Lewy	 bodies	 and	 have	 generated	 Tryptic	

peptides	 as	 a	 consequence	 of	 their	 location.	 Hence,	 this	 very	 small	 number	 of	

proteins	suggested	that	Trypsin	was	not	active	against	core	Lewy	body	proteins.	

Therefore,	the	absence	of	aa1-31	and	the	presence	of	aa32-47	detected	by	mass	

spectrometry	 provides	 evidence	 of	 VAMP2	 truncation	 during	 the	 formation	 of	

Lewy	 body	 pathology,	 which	 would	 be	 greatly	 supportive	 to	 our	 hypothesis.	

Furthermore,	 as	 shown	 in	 figure	 3-5,	 the	 tVAMP2	 antibody	 was	 designed	 to	

recognize	 aa30-47	 of	 VAMP2	 sequence,	 and	 it	 successfully	 detected	 a	 14kDa	

band	 in	Western	 blot	 which	 was	 considered	 as	 the	 truncated	 VAMP2.	 Taking	

both	of	 these	results	 into	consideration,	 the	 truncation	site	of	VAMP2	 is	highly	

possible	at	the	30th	and	31st	amino	acid	of	the	sequence.	 	

The	 lack	 of	 presence	 of	 the	N-terminal	 1-16	 peptide	 suggested	 that	 full	 length	

VAMP2	was	not	present	in	sufficient	quantity	to	allow	detection	of	the	peptide	by	

mass	 spectrometry.	 However,	 an	 important	 control	 would	 be	 to	 sequence	

recombinant	 VAMP2	 to	 ensure	 that	 the	N-terminal	 peptide	 does	 indeed	 ionize	

and	 fragment,	 and	 could	 therefore	 be	 detectable	 by	 mass	 spectrometry.	

Unfortunately,	we	were	not	 able	 to	obtain	any	 recombinant	VAMP2	within	 the	
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time	 frame	 of	 this	 study.	While	 the	 tVAMP2	 cleavage	 is	 likely	 to	 be	 caused	 by	

proteolysis,	it	cannot	be	excluded	that	tVAMP2	is	the	result	of	an	alternate	RNA	

splicing	isoform.	However,	this	 is	unlikely	as	this	specific	 isoform	must	then	be	

specifically	incorporated	into	Lewy	bodies.	 	A	more	plausible	explanation	is	that	

a	protease	acts	on	VAMP2	to	generate	tVAMP2.	

Furthermore,	 in	order	to	 identify	the	truncation	site,	we	need	to	use	additional	

enzymes	 other	 than	 trypsin	 for	 LB	 purification.	 Specific	 cleavage	 is	 critical	 for	

determining	 the	 truncation	 site;	 for	 example,	 trypsin	 cleaves	 peptide	 chains	

mainly	 at	 the	 carboxyl	 side	 of	 lysine	 or	 arginine;	 proline-endopeptidase	

preferentially	 cleaves	 at	 proline	 site;	 endoproteinase	 Glu	 C	 specifically	 cleaves	

peptide	chains	at	glutamate;	and	Asp-N	hydrolyzes	peptide	bonds	at	 the	amino	

side	of	aspartate	and	cysteic	acid	residues.	However,	the	source	of	human	brain	

tissue	was	highly	 restricted	 to	us,	 and	 there	was	not	 sufficient	 tissue	 for	us	 to	

repeat	the	purification	experiment.	The	output	rate	of	purification	was	quite	low,	

for	 instance,	 59	 grams	 of	 grey	 matter	 yielded	 56.7ug	 of	 purified	 Lewy	 body	

inclusions	 in	 PD,	 and	 33	 grams	 of	 grey	matter	 yielded	 66ug	 of	 purified	 Lewy	

bodies	 in	 DLB.	 We	 used	 up	 all	 the	 purified	 inclusions	 from	 six	 independent	

purification	 experiments	 to	 develop	 and	 optimize	 the	 purification	 procedures	

and	 to	 repeat	 and	 ensure	 consistent	 results.	 Hence,	 further	 research	 could	 be	

done	when	brain	tissue	is	available.	

	

Conclusions	
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Figure	4-1:	diagram	of	truncated	VAMP2	in	Lewy	body	formation.	In	PD	and	

DLB,	 VAMP2	 is	 truncated	 and	 fail	 to	 form	 SNARE	 complex	 with	 Syntaxin	 and	

SNAP-25	 and	 hence	 inhibits	 neurotransmitter	 release.	 The	 truncation	 site	 is	

highly	possible	at	the	31st	AA	of	VAMP2	based	on	the	peptide	sequence	detected	

by	mass	spectrometry.	The	absence	of	 full-length	VAMP2	caused	by	N-terminal	

truncation	 triggers	 the	 aggregation	 of	 α-synuclein.	 The	 aggregated	 α-synuclein	

localizes	more	to	the	edge	of	Lewy	bodies	and	overlaps	with	truncated	VAMP2	in	

the	 center	 of	 Lewy	 bodies.	 Both	 of	 these	 two	 proteins	 participate	 in	 the	

formation	of	Lewy	bodies	with	other	proteins.	However,	the	factor	that	triggers	

the	truncation	of	VAMP2	remains	to	be	elucidated.	
	

This	study	characterized	a	novel	VAMP2	pathology	in	Parkinson’s	disease	via	the	

following	findings:	

1. Truncated	VAMP2	existed	in	Lewy	bodies	and	Lewy	neurites	in	PD	and	DLB	

and	co-localized	with	α-synuclein.	 	

2. Truncated	 VAMP2	 localized	 to	 the	 core	 of	 Lewy	 bodies	 and	 detected	 finer	

extensions	 of	 Lewy	 neurites	when	 compared	 to	 α-synuclein,	 and	 truncated	

VAMP2	existed	in	early-stage	Lewy	bodies,	indicating	that	it	could	be	an	early	

marker	for	pathologies	of	PD	and	DLB.	
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3. The	 tVAMP2	 antibody	 corresponding	 to	 aa30-47	 residues	 was	 an	 eligible	

antibody	 to	 detect	 Lewy	 pathologies.	 It	 was	 specific	 to	 synucleinopathies	

without	detecting	inclusions	of	Tauopathies.	

4. Two	peptide	sequences	of	VAMP2	were	detected	by	mass	spectrometry	from	

purified	Lewy	bodies,	whereas	the	N-terminus	was	missing,	highly	suggesting	

that	the	truncation	site	was	at	31st	AA	of	VAMP2.	
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